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Abstract

The endoglycosidase heparanase specifically cleaves the heparan sulfate (HS) side chains on 

proteoglycans, an activity that has been implicated strongly in tumor metastasis and angiogenesis. 

Heparanase-2 (Hpa2) is a close homolog of heparanase that lacks intrinsic HS-degrading activity 

but retains the capacity to bind HS with high affinity. In head and neck cancer patients, Hpa2 

expression was markedly elevated, correlating with prolonged time to disease recurrence and 

inversely correlating with tumor cell dissemination to regional lymph nodes, suggesting that Hpa2 

functions as a tumor suppressor. The molecular mechanism associated with favorable prognosis 

following Hpa2 induction is unclear. Here we provide evidence that Hpa2 overexpression in head 

and neck cancer cells markedly reduces tumor growth. Restrained tumor growth was associated 

with a prominent decrease in tumor vascularity (blood and lymph vessels), likely due to reduced 

Id1 expression, a transcription factor highly implicated in VEGF-A and VEGF-C gene regulation. 

We also noted that tumors produced by Hpa2 overexpressing cells are abundantly decorated with 

stromal cells and collagen deposition, correlating with a marked increase in lysyl oxidase 

expression. Notably, heparanase enzymatic activity was unimpaired in cells overexpressing Hpa2, 

suggesting that reduced tumor growth is not caused by heparanase regulation. Moreover, growth of 

tumor xenografts by Hpa2-overexpressing cells was unaffected by administration of a monoclonal 
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antibody that targets the heparin binding domain of Hpa2, implying that Hpa2 function does not 

rely on heparanase or heparin sulfate
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Introduction

Heparanase is an endoglycosidase that specifically cleaves heparan sulfate (HS) side chains, 

a class of glycosaminoglycans abundantly present in the extracellular matrix (ECM) and on 

the cell surface. Heparanase activity is strongly implicated in tumor angiogenesis and 

metastasis attributed to remodeling of the subepithelial and subendothelial basement 

membranes (1, 2). Augmented level of heparanase was documented in an increasing number 

of human carcinomas and hematological malignancies (3, 4). In many cases, heparanase 

induction correlates with increased tumor metastasis, vascular density, and shorter survival 

post-operation, thus providing a strong clinical support for the pro- tumorigenic function of 

the enzyme (4–6). These studies depict compelling evidence for the clinical relevance of 

heparanase, making it an attractive target for the development of anti-cancer drugs (5, 7, 8). 

Cloning of a single human heparanase cDNA sequence was independently reported by 

several groups (9–12) implying that one active heparanase enzyme exists in mammals. 

Further analysis of human genomic DNA led researchers to conclude that the heparanase 

gene is unique, and that the existence of related proteins is unlikely. Based on amino acid 

sequence, McKenzie and colleagues nonetheless reported the cloning of heparanase 

homolog termed heparanase 2 (Hpa2) (13). Unlike heparanase, Hpa2 lacks intrinsic HS-

degrading activity, the hallmark of heparanase, but retains the capacity to bind heparin/HS 

(14). In fact, Hpa2 exhibits even higher affinity towards heparin/HS than heparanase, 

suggesting that Hpa2 may inhibit heparanase activity by competition for the HS substrate 

(14). Clinically, Hpa2 expression was markedly elevated in head and neck carcinoma 

patients, correlating with prolonged time to disease recurrence (follow-up to failure) and 

inversely correlating with tumor cell dissemination to regional lymph nodes, suggesting that 

Hpa2 functions as a tumor suppressor (14). The molecular mechanism associated with 

favorable prognosis following Hpa2 over expression is unclear. Here, we provide evidence 

that Hpa2 over expression in head and neck cancer cells markedly reduces tumor growth. 

Restrained tumor growth was associated with a prominent reduction in tumor vascularity 

(blood and lymph vessels) likely due to reduced Id1 expression, a transcription factor highly 

implicated in VEGF-A and VEGF-C gene regulation (15). Notably, heparanase enzymatic 

activity was not impaired in cells over expressing Hpa2, suggesting that reduced tumor 

growth is not due to heparanase regulation. Moreover, growth of tumor xenografts produced 

by Hpa2 over-expressing cells was not affected by a monoclonal antibody that targets a 

heparin binding domain of Hpa2, implying that Hpa2 functions in heparanase-, and HS-

independent manner.
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Materials and methods

Cells and cell culture, immunoblotting, and heparanase activity assay

Cal27 tongue carcinoma and FaDu pharyngeal carcinoma cells have been described 

previously (16–18). Cells were grown in Dulbecco’s modified Eagle’s medium (Biological 

Industries, Beit Haemek, Israel) supplemented with 10% fetal bovine serum and antibiotics. 

Cells were passed in culture no more than 2 months after being thawed from authentic 

stocks. Cells were infected with control empty vector (Vo) or Hpa2 gene construct, selected 

with Puromycin (2 μg/ml; Invitrogen), expended and pooled. Cell clones were isolated by 

limiting dilution and clones exhibiting higher Hpa2 expression vs. the pool of cells were 

evaluated by immunoblotting, carried out essentially as described (14). Preparation of dishes 

coated with sulfate labeled ECM and determination of heparanase enzymatic activity (i.e., 

release of sulfate labeled HS degradation fragments) were carried out essentially as 

described previously (14).

Antibodies and reagents

Anti-Hpa2 polyclonal (Ab 58) and monoclonal (20c5, 1c7) antibodies have been described 

previously (14). Immunohistochemical-grade anti-LOX and anti-LOXL2 polyclonal 

antibodies have been described elsewhere (19, 20). Antibodies directed against Ki67, 

LYVE-1, LOX, cytokeratin 13, cytokeratin 15, β3-tubulin, cleaved-caspase 3, HIF-1 alpha, 

and carbonic anhydrase IX were purchased from Abcam (Cambridge, UK); Rat anti-mouse 

CD31 was from Dianova (Hamburg, Germany); Anti VEGF-A and anti VEGF-C antibodies 

were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-actin and anti-smooth muscle 

actin (SMA) monoclonal antibodies, Masson’s/Trichrome staining kit and beta-3-

aminopropionitrile fumarate (BAPN) were purchased from Sigma. Human Id1 gene 

construct was purchased from Addgene (Cambridge, MA).

Real time-PCR

Real time-PCR analyses were performed using ABI PRISM 7000 Sequence Detection 

System employing SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA). 

The following primers were used:

Actin F: 5′-CGCCCCAGGCACCAGGGC, R: 5′-GCTGGGGTGTTGAAGGT;

VEGF-A F: 5′-TCTACCTCCACCATGCCAAGT, R: 5′ 

TGTCCACCAGGGTCTCGATT;

VEGF-C F: 5′-GCCAACCTCAACTCAAGGAC, R: 5′-

CCCACATCTGTAGACGGACA;

LOX F: 5′-GTACGTGCAGAAGATGTCC, R: 5′-CTGAGCAGCACCCTGTGATC;

LOXL2 F: 5′-TCGAGGTTGCAGAATCCGATT, R 5′ 

TTCCGTCTCTTCGCTGAAGGA;

Id1 F: 5′-CTGCTCTACGACATGAACGG, R 5′-GAAGGTCCCTGATGTAGTCGAT.
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Tumorigenicity and immunohistochemistry

Cells were detached with trypsin/EDTA, washed with PBS, and brought to a concentration 

of 5×107 cells/ml. Cell suspension (5×106/0.1ml) was inoculated subcutaneously at the right 

flank of 6 week-old NOD/SCID mice. Xenografts size was determined by externally 

measuring tumors in 2 dimensions using a caliper. At the end of the experiment, mice were 

sacrificed; tumor xenografts were removed, weighed, and fixed in formalin. Paraffin-

embedded 5 μm sections were subjected to immunostaining with the indicated antibody 

using the Envision kit according to the manufacturer’s (Dako) instructions, as described 

previously (14). Immunocytochemistry was carried out essentially as described (21). Lymph 

and blood vessels density was quantified by the Image Pro software or were counted under 

light microscope at high (×40) magnification.

Statistics

Data are presented as means ± SE. Statistical significance was analyzed by 2-tailed 

Student’s t test. Values of P < 0.05 were considered significant. Data sets passed 

D’Agostino-Pearson normality (GraphPad Prism 5 utility software). All experiments were 

repeated at least 3 times with similar results.

Results

Hpa2 over expression attenuates tumor growth

In order to reveal the function of Hpa2 in head and neck cancer, FaDu pharyngeal carcinoma 

cells were infected with control (Vo) or Hpa2 gene constructs and expression was confirmed 

by immunoblotting (Suppl. Fig. S1A; Pool) and immunofluorescent staining (Suppl. Fig. 

S1B). Tumor xenografts produced by FaDu cells over expressing Hpa2 were markedly 

smaller by volume and weight compared with control tumors (Fig. 1A; p=0.001). 

Histological examination showed that xenografts produced by control cells were highly 

necrotic (Fig. 1B, left panels). In contrast, xenografts produced by cells over expressing 

Hpa2 were by far less necrotic and were decorated with large cysts (Fig. 1B, right panels). 

Similar robust cysts formation was evident in Cal27 cells over expressing Hpa2 (Fig. 1B, 

lower panels). In head and neck cancer patients, high levels of Hpa2 expression were 

associated with reduced lymph nodes metastasis and prolonged survival rates (14). We 

therefore examined the occurrence of lymph vessels in tumor xenografts produced by 

control and Hpa2 over expressing cells. We observed a significant 2–3 fold decrease in 

lymphangiogenesis following Hpa2 over expression (Fig. 1C, D; p=0.002), associated with a 

comparable decrease in the expression of VEGF-C (Fig. 1D, lower panel), a predominant 

factor for the proliferation of lymphatic endothelial cells (22, 23).

Tumor growth and vascularity are markedly reduced by Hpa2 over expressing cell clones

In order to further delineate the impact of Hpa2 on tumor growth, we selected cell clones 

that exhibit high levels of Hpa2 expression. Three such cell clones were isolated from Hpa2 

infected cells (clones #6, 60, 64; Suppl. Fig. S1A) and their tumorigenic capacity was 

compared to that of three randomly selected control cell clones (clones #3, 5, 8). Tumor 

xenografts produced by Hpa2 over expressing clones were strikingly, 10-fold smaller 
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compared with xenografts produced by control cell clones, decrease that is statistically 

highly significant (Fig. 2A; Suppl. Fig. S1C). Proliferating, Ki67-positive cells were 

detected in the entire non-necrotic tumor mass produced by control clones (Fig. 2B, left 

panels). Endothelial cells and tumor cells residing in lymphatics were also stained positive 

for Ki67 in control tumors (Suppl. Fig. S2A). In contrast, Ki67 reactivity was restricted to 

the tumor periphery in tumors produced by Hpa2 clones (Fig. 2B, right panels) and was 

decreased significantly even in these areas (Fig. 2B, lower panel). In addition, tumors 

produced by Hpa2 clones exhibited higher levels of apoptotic cell death evident by 

caspase-3 staining (Suppl. Fig. S2B), altogether attenuating tumor growth. Histologically, 

tumors produced by control cell clones exhibited massive areas of necrosis vs. large cysts 

that decorated the tumors produced by Hpa2 clones (Fig. 2C), in agreement with the 

histological phenotype of tumors produced by cell pools (Fig. 1B). Careful pathological 

examination revealed that tumors produced by Hpa2 clones exhibit higher degree of 

differentiation (Fig. 2C, right panels), and this was confirmed by a marked increase in 

cytokeratin 13 and cytokeratin 15 immunostaining (Fig. 2D) and immunoblotting (Suppl. 

Fig. S2C). Furthermore, a noticeable decrease in lymph vessels (positive for LYVE-1) 

density was quantified in tumor xenografts produced by Hpa2 clones compared with 

controls (Fig. 3A, second and fifth left panels), associating with a 3-fold decrease in VEGF-

C expression levels (Fig. 3B). This agrees with decreased lymphangiogenesis and VEGF-C 

expression observed in the cell pools (Fig. 1C, D). Notably, while tumor cells were readily 

detected within lymph vessels of control tumors (Fig. 3A, second left panels), Hpa2 over 

expression resulted not only in fewer lymph vessels but also reduced tumor load in 

lymphatics (Fig. 3A, second right panels). While this observation is in accordance with our 

previous experimental (Fig. 1C,D) and clinical results (14), it cannot explain the robust 

attenuation of tumor growth. We therefore examined also the density of blood vessels in 

tumors produced by control and Hpa2 over expressing cells. We found that blood vessel 

density was prominently reduced in tumors produced by Hpa2 over expressing cells 

compared with control tumors (Fig. 3A, third and fifth-right panels), associating with a 

comparable decrease in VEGF-A expression (Fig. 3C; Suppl. Fig. S1D). Consequently, 

tumors produced by Hpa2 clones exhibited augmented tumor hypoxia evident by increased 

HIF-1α (Fig. 3A, fourth panels) and carbonic anhydrase IX (CAIX; Suppl. Fig. S2D) 

staining intensity.

Hpa2 enhances collagen deposition and LOX induction

Histological examination revealed that tumors produced by Hpa2 cells are decorated 

extensively with host, stromal cells (Suppl. Fig. S3A). Masson’s/Trichrome staining showed 

a marked increase in collagen staining following Hpa2 over expression (Fig. 4, upper panels, 

blue). A similar increase in collagen staining was observed in tumors produced by Cal27 

cells over expressing Hpa2 (Suppl. Fig. S3B). We therefore examined the expression of lysyl 

oxidase (LOX), an enzyme that is strongly implicated in collagen deposition and tissue 

fibrosis (24, 25). We found a prominent increase in LOX immunostaining in cancer cells that 

surround the stromal elements within tumors produced by Hpa2 clones compared with 

control (Fig. 4A, second panels; Suppl. Fig. S4A, upper panels). LOX up-regulation by 

Hpa2 was further ascertained by real-time PCR (Fig. 4B). In contrast, the expression of lysyl 

oxidase-like 2 (LOXL2) was decreased in Hpa2 clones (Fig. 4C). Notably, however, LOXL2 
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was predominantly localized to the nuclei of cancer (Fig. 4A, lower right panels) and 

stromal cells (Suppl. Fig. S3C, arrows). Similar phenotypes were observed in tumors 

produced by Cal27 cells over expressing Hpa2 (Suppl. Fig. S3B, lower panels).

Hpa2 mode of action

In order to reveal the mechanism underlying the potent suppression of tumor growth by 

Hpa2 we first evaluated heparanase activity in control and Hpa2 over expressing cells, 

because heparanase exhibits pro-tumorigenic properties in many types of cancers including 

head and neck (26), and Hpa2 can inhibit heparanase enzymatic activity (14). Notably, 

heparanase activity appeared unchanged in control vs. Hpa2 over expressing cells (Fig. 5A), 

suggesting that the decrease in tumor growth by Hpa2 is not due to heparanase inhibition. 

Despite its lack of HS-degrading activity, Hpa2 exhibits high affinity towards heparin/HS 

(14). We therefore sought to examine whether binding and clustering of HS proteoglycans 

(HSPG) by Hpa2 on the cell surface is responsible for tumor suppression. To this end, we 

screened a panel of anti-Hpa2 monoclonal antibodies (mAb) for inhibition of cellular 

binding of Hpa2 shown previously to be mediated by cell membrane HSPG such as 

syndecans (14). We found that mAb 1c7 efficiently inhibits cellular binding of Hpa2 in a 

dose-dependent manner (Fig. 5B), suggesting that this mAb targets a functional HS-binding 

domain of Hpa2. Importantly, tumor growth was not altered by administration of mAb 1c7 

to mice inoculated with Hpa2 clones (Fig. 5C; Suppl. Fig. S5A). Interestingly, the formation 

of cysts within tumors appeared to be increased in mice treated with mAb 1c7 (Fig. 5C; 

Suppl. Fig. S5A). Immunoblotting revealed reduced levels of VEGF-A in Hpa2 over 

expressing clones (Fig. 5D upper panel, - ; Suppl. Fig. S1D), in agreement with real-time 

PCR (Fig. 3C), but VEGF-A levels were not affected by treatment with mAb 1c7 (Fig. 5D, 

upper panel, +). Taken together, it appears that inhibition of tumor growth and vascularity by 

Hpa2 does not involve regulation of heparanase activity or the activation of cell membrane 

HSPG. Furthermore, treatment with BAPN, which inhibits the enzymatic activity of all 

lysyl-oxidases (27) reduced tumor fibrosis (i.e., collagen content) but had no effect on tumor 

size (Fig. 5E; Suppl. Fig. S5B), implying that reduced tumor growth by cells over expressing 

Hpa2 is not due to the elevation of LOX activity. We therefore considered the reduced tumor 

vascularity as the main cause for tumor growth inhibition by Hpa2. Interestingly, we found 

that expression of Id1, a transcription factor implicated in the induction of VEGF-A and 

VEGF-C gene transcription (15, 28), is reduced in Hpa2 over expressing cells (Fig. 6A). 

Over expression of Id1 in Hpa2 clones (Fig. 6B) resulted in a 2.5–3-fold increase in tumor 

growth (Fig. 6C) and a comparable increase in tumor vascularity (Fig. 6D; Suppl. Fig. S5C), 

implying that down regulation of Id1 mediates, at least in part, the tumor suppressor function 

of Hpa2.

Discussion

Compelling pre-clinical and clinical evidences tie heparanase with cancer initiation and 

progression (8, 29–31), making it a promising drug target (5, 7). In striking contrast, the 

biological significance of its close homolog Hpa2 in tumorigenesis is largely obscure. We 

have reported previously that Hpa2 levels are increased in head and neck carcinoma 

compared with adjacent normal tissue, and that patients with high levels of Hpa2 are 

Gross-Cohen et al. Page 6

Cancer Res. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



endowed with reduced lymph node metastasis and prolonged survival rates (14). Similarly, 

increased Hpa2 expression was associated with prolonged survival of gastric cancer patients 

(32) but the mechanism underlying this favorable effect has not been resolved yet. Here, we 

provide evidence that high levels of Hpa2 are associated with reduced lymph vessel density. 

This was noted in pool of FaDu cells infected with Hpa2 gene construct (Fig. 1C, D) and 

was most evident in three different cell clones selected for higher levels of Hpa2 expression 

(Fig. 3A). Importantly, these clones express Hpa2 levels comparable with patients exhibiting 

high levels of Hpa2, [(14); Suppl. Fig. S4B] and are thus considered relevant to the disease. 

Lymph-angiogenesis is significant clinically for many types of cancers but most appealing in 

head and neck cancer because lymph node metastasis is the most important clinical 

parameter for this malignancy (33). We found reduced lymph vessel density in Hpa2 tumors 

combining with a comparable decrease in VEGF-C expression (Fig. 3B), a most potent pro-

lymphatic mediator secreted by tumor cells (34). While decreased VEGF-C expression and 

lymph-angiogenesis by Hpa2 nicely agrees with the clinical results (14, 32), it cannot 

explain the prominent decrease in tumor growth following Hpa2 over expression (Fig. 2A; 

Suppl. Fig. S1C). Notably, we found that not only VEGF-C but also VEGF-A expression is 

reduced by Hpa2 (Figs. 3C & 5D; Suppl. Fig. S1D), associating with reduced blood vessel 

density (Fig. 3A) that likely attenuates tumor growth. This agrees with increased levels of 

hypoxia in tumors produced by Hpa2 clones, evident by higher levels of HIF-1α and 

carbonic anhydrase IX (Fig. 3A; Supp. Fig. S2D), well recognized markers of hypoxic 

conditions. Tumors produced by Hpa2 over-expressing clones appeared significantly less 

necrotic despite being poorly vascularized. This is due to a marked decrease in tumor cell 

proliferation (Fig. 2B) and increased apoptosis (Suppl. Fig. S2B), thus balancing tumor mass 

and blood vessel density closer to the ratio occurring in normal tissues.

The mechanism responsible for VEGF-A and VEGF-C down regulation is not entirely clear 

but likely involves Id1. This transcription factor is implicated in the induction of VEGF-A 

and VEGF-C gene expression (35, 36) and is decreased following Hpa2 over expression 

(Fig. 6A). Notably, transfection of Hpa2 clones with Id1 gene construct, resulting in two-

folds increase in its mRNA levels (not shown), restored tumor vascularity and growth (Fig. 

6C, D; Suppl. Fig. S5C), thus supporting the notion that reduced Id1 levels underlie tumor 

inhibition by Hpa2 and suggesting that modest changes in the expression levels of this 

transcription factor are highly effective in modulating tumor progression. This appears 

relevant clinically, because Id1 expression has been shown to be elevated in a variety of 

primary human tumors including head and neck cancer, correlating with increased tumor 

aggressiveness (37). It should be noted that Id1 is thought to function as a cellular proto-

oncogene (37) and regulates the transcription of several other genes implicated in tumor 

growth such as metalloproteinases and integrins (35). Decreased Id1 gene expression by 

Hpa2 may therefore affect tumor growth also by means other than reduced vascularity. 

Interestingly, we found that the expression of cytokeratin 13 & 15 was reduced markedly in 

tumors produced by Hpa2 clones over expressing Id1 (Suppl. Fig. S6), while LOX 

expression was unchanged (Suppl. Fig. S7, lower panels). Accordingly, collagen deposition, 

evident by Masson’s/Trichrome staining, was not affected by Id1 over expression (Suppl. 

Fig. S7, third panels), but appeared disrupted in the large necrotic areas that accompanied 

accelerated tumor growth (Suppl. Fig. S7, upper and second panels), suggesting that 
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collagen deposition preceded tumor necrosis. These results may imply that cytokeratins are 

also regulated, directly or indirectly, by Id1. An inverse correlation between Id1 levels and 

cytokeratin expression was also reported in ovarian carcinoma cells (38).

Over expression of Hpa2 affect the resulting tumors in several aspects other than reduced 

tumor vascularity. Despite the reduced vascularity, tumor xenografts produced by Hpa2 over 

expressing cells were by far less necrotic but rather contained large cysts structures. These 

structures, observed in FaDu and Cal27 cell models (Fig. 1B, Fig. 2C), were negative for 

endothelial cell marker (CD31, Suppl. Fig. S4A, right lower panel), thus nullifying their 

being abnormal vessels. Cysts are most often non-malignant structures but can appear in 

primary tumors and metastases (39). The molecular mechanism responsible for cyst 

formation by Hpa2 is obscure but may be related to increased cellular differentiation. 

Histological examination revealed that tumor xenografts produced by Hpa2 over expressing 

cells and clones exhibit higher degree of differentiation (Fig. 2C) and this was evidently 

confirmed by a marked increase in cytokeratins levels (Fig. 2D, Suppl. Fig. S2C). 

Cytokeratin 15 staining was most intense in cells lining, or in close proximity with the cyst 

structure (Fig. 2D, lower panels), but the cause and relationship between increased cell 

differentiation and cyst formation is yet to be resolved. Alternatively, increased formation of 

cyst structures in Hpa2 tumors may possibly reflect adaptation to reduced lymph vessels 

density and the formation of edema.

We have also noted that tumors produced by Hpa2 clones had far more nerve bundles than 

control tumors (β3-tubulin; Suppl. Fig. S4A, second panels). While the contribution of 

neurogenesis to tumorigenesis is questionable (40), a possible role for Hpa2 in neurogenesis 

appears relevant to urofacial syndrome (UFS). This congenital disorder features somatic 

motor neuropathy, obvious in the face but occasionally more widespread, and an autonomic 

neuropathy causing bladder dysfunction leading to renal failure (41). Notably, biallelic 

mutation in the HPSE2 gene is held responsible for some cases of UFS in families from 

different ethnic groups (42–44), resulting in frameshift or nonsense, postulated functionally 

null, Hpa2 variants (45). Moreover, mice carrying mutant Hpa2 exhibit bladder dysfunction 

(44, 46), associating with increased bladder fibrosis (46). The relevance of our findings with 

Hpa2 over expressing head and neck carcinoma cells (i.e., increased cell differentiation, 

neurogenesis, LOX expression) to UFS and the lethality phenotype of Hpa2 mutant mice 

(46) are yet to be resolved.

Augmented collagen deposition was observed in tumor xenografts produced by Hpa2 clones 

(Fig. 4), correlating with a marked increase in LOX expression (Fig. 4). This enzyme 

catalyzes the cross-linking of collagen and/or elastin in the ECM, and is highly implicated in 

ECM remodeling and tissue fibrosis (24, 25). In tumorigenesis, LOX was first proposed to 

act as a tumor suppressor, inhibiting the transformation effect of HRAS. Subsequent studies 

revealed nonetheless that LOX plays a far more complex role in cancer. For example, the 

LOX propeptide (LOX-PP) domain has been shown to bear tumor-suppressor activity, while 

the active enzyme is thought to promote metastasis (27, 47). Tumor suppressor properties 

have also been attributed to the LOX-like 2 enzyme, LOXL2. For example, a significant 

decrease in LOXL2 expression was observed in prostate and non-small-lung cancers 

compared with matched normal tissue (27) and low LOXL2 levels were associated with a 
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more advanced pathological TNM stage and poorly differentiated lung adenocarcinomas 

(48). Not only the expression levels but also the cellular localization of LOXL2 appears 

important clinically. LOXL2 was noted to reside in the nucleus of normal esophagus, and 

esophageal cancer patients having nuclear LOXL2 survive longer than patients with 

cytoplasmic LOXL2 (49). We found that LOXL2 localizes to the nucleus of Hpa2 over 

expressing cancer cells (Fig. 4) and cells that comprise the tumor microenvironment (Suppl. 

Fig. S3C). This agrees with the notion that nuclear localization of LOXL2 attenuates tumor 

growth by transcriptional regulation of tumor (50) and stromal cells that may affect tumor 

growth (51). Interestingly, administration of the LOX inhibitor BAPN to the drinking water 

of mice inoculated with Hpa2 clones did not reverse the strong attenuation of tumor growth 

by Hpa2 (Fig. 5E; Suppl. Fig. S5B). This may imply that LOX functions extracellularly in a 

manner that does not involve enzymatic activity (52), or that nuclear LOXL2 is responsible 

for tumor attenuation. It should be noted that in contrast with the above examples, other 

studies find that LOX and LOXL2 promote tumor growth and metastasis, making these 

enzymes a target for the development of anti-cancer therapeutics (24, 27). Clearly, more 

work is required to delineate the mode by which Hpa2 regulates LOX and LOXL2 

expression and cellular localization, the clinical significance of LOX/LOXL2 expression and 

localization in head and neck cancer, and the implication of a Hpa2-TGFβ-LOX axis (20, 

53) on tumor growth, metastasis and fibrosis. It should be noted that while hypoxic 

conditions have been reported to induce LOX expression (54), increased LOX transcription 

was noted in Hpa2 cells grown in vitro under normoxic conditions (Fig. 4B), suggesting that 

Hpa2 regulates LOX gene expression directly.

The mode by which Hpa2 exerts its tumor suppressor properties is not entirely clear. An 

instrumental tool for deciphering this question was the finding that mAb 1c7 inhibits cellular 

binding of Hpa2 (Fig. 5B). Like heparanase, Hpa2 is subjected to rapid and efficient cellular 

binding (14). This process is due primarily to the interaction of heparanase/Hpa2 with HSPG 

on the cell surface because addition of heparin to cell cultures competes with cell membrane 

HS, resulting in accumulation of heparanase/Hpa2 in the cell culture medium (14). Unlike 

heparanase (18), the heparin binding domains of Hpa2 have not been characterized yet. 

However, the ability of mAb 1c7 but no other anti-Hpa2 mAbs, to efficiently block cellular 

binding of Hpa2 (Fig. 5B) strongly implies that this mAb targets a functional domain 

required for the interaction of Hpa2 with HS. The consequence of the high affinity 

interaction of Hpa2 with cell membrane HS has not been sufficiently resolved but likely 

affects cellular behavior (i.e., cell adhesion) (55). Notably, tumor growth inhibition by Hpa2 

does not appear to involve HS because treatment with mAb Ic7 did not affect tumor size 

(Fig. 5C; Suppl. Fig. S5A). Moreover, heparanase activity appeared practically identical in 

control and Hpa2 over expressing cells (Fig. 5A). These results may suggest that Hpa2 

exerts its tumor suppressor properties in a HS- and heparanase activity-independent manner, 

possibly involving as yet unrecognized Hpa2-binding protein.

Taken together, our results support the notion that Hpa2 functions as a tumor suppressor in 

head and neck cancer. Moreover, we provide mechanistic insights to this function of Hpa2 

and describe for the first time that Hpa2 modulates gene transcription and thereby affects 

tumor vascularity, growth and fibrosis in apparently heparanase-activity-, and HS-

independent manners, thus expanding Hpa2 repertoire and mode of action.
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Figure 1. 
Hpa2 over expression attenuates tumor growth. Control (Vo) and Hpa2 over expressing 

FaDu cells (5×106) were implanted subcutaneously in SCID mice and tumor volume was 

inspected (A, left). At termination, tumor xenografts were collected, weighed (A, right) and 

formalin-fixed. Paraffin-embedded 5 micron sections were subjected to histological 

examination. Shown are representative images of hematoxylin & eosin (H&E) staining at 

low (B, upper panel) and high (B, middle panel) magnifications. H&E staining of tumor 

xenografts produced by control (Vo) and Hpa2 over expressing Cal27 oral carcinoma cells is 

shown in B, lower panels. Note massive necrosis in control tumors vs. cysts structures in 

tumors over expressing Hpa2. Original magnifications: Upper panels ×4, middle and lower 

panels ×10. C–D. Lymph angiogenesis and VEGF-C expression. Five micron sections of 

tumor xenografts produced by control (Vo) and Hpa2 over expressing FaDu cells were 

stained with anti-LYVE-1 antibody, a marker for lymphatic endothelial cells (C); 

quantification of lymph vessel density is shown graphically in D (upper panel). Original 

magnification: ×40. Extracts of control and Hpa2 over expressing cells were subjected to 

immunoblotting applying anti-VEGF-C and anti-actin antibodies (D, lower panels).
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Figure 2. 
Marked inhibition of tumor growth by Hpa2 over-expressing cell clones. Cell clones were 

isolated by limited dilution and clones that showed Hpa2 expression significantly higher 

than the cell pool were selected for subsequent experiments (#6, #60, #64). Three clones 

from control (Vo) cells were selected randomly (#3, #5, #8). A. Tumor growth. The 

indicated clone or pool cells were implanted subcutaneously in SCID mice and tumor 

growth was inspected over time (A, upper panel). At termination, tumors were collected, 

photographed (insets), weighed (A, lower panel) and fixed in formalin for histological 

evaluation. B. Cell proliferation. Five micron sections of control (Vo #3) and Hpa2 over 

expressing (#6) cell clones were subjected to immunostaining applying anti-Ki67 antibody. 

Shown are representative photomicrographs at low (×4; upper panels) and high (×40; lower 

panels) magnifications. Quantification of Ki67-positive cell is shown in the lower panel. C–

Gross-Cohen et al. Page 14

Cancer Res. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



D. Cell differentiation. Five micron sections of tumor xenografts produced by control (#3) 

and Hpa2 over expressing (#6) cell clones were subjected to histological evaluation. Shown 

are representative photomicrographs of H&E staining at low (×4; C, left panels) and high 

(×40; C, right panels) magnifications. Sections were subjected to immunostaining applying 

anti-cytokeratin 13 (D, upper panels) and cytokeratin 15 (D, lower panels) antibodies. Note, 

increased differentiation of tumor cells over expressing Hpa2. Original magnifications: ×40.
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Figure 3. 
Hpa2 over expression is associated with decreased tumor vascularity. A. Immunostaining. 

Sections of tumor xenografts produced by control (#3, #5) and Hpa2 over expressing (#6, 

#64) cell clones were subjected to immunostaining applying anti-Hpa2 (upper panels), anti-

LYVE-1 (second panels), anti-CD31 (third panels), and anti-HIF-1α (fourth panels) 

antibodies. Note, reduced tumor vascularity and increased tumor hypoxia following Hpa2 

over expression. Original magnifications: upper, third and fourth panels ×40, second panels 

×20. Quantification of lymph (LYVE-1-positive) and blood (CD31-positive) vessels is 

shown graphically in the lower panels. B–C. Real time PCR. Total RNA was extracted from 

the indicated cell clones and corresponding cDNAs were subjected to quantitative real-time 

PCR analyses. Expression of VEGF-C (B) and VEGF-A (C) are presented graphically in 

relation to the levels in control clone #3, set arbitrarily to a value of 1.
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Figure 4. 
Hpa2 induces LOX expression and LOXL2 nuclear localization. A. Masson’s/Trichrome and 

immunostaining. Five micron sections from tumor xenografts produced by the indicated 

control (#3, #5) and Hpa2 over expressing (#60, #64) cell clones were stained with 

Masson’s/Trichrome reagents (upper panels). Blue staining denotes collagen type I 

deposition. Corresponding tumor sections were subjected to immunostaining applying anti-

LOX (second panels) and anti-LOXL2 (third panels) antibodies. Note increased collagen 

deposition by cells over expressing Hpa2, associating with increased LOX levels and nuclear 

localization of LOXL2. Original magnification: ×40. B–C. Real-time PCR. Total RNA was 

extracted from the indicated cell clones and corresponding cDNAs were subjected to 

quantitative real-time PCR analyses. Expression levels of LOX (B) and LOXL2 (C) are 

shown graphically in relation to the levels in control clone #3 set arbitrarily to a value of 1.
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Figure 5. 
Hpa2 mode of action. A. Heparanase activity. Control (#3) and Hpa2 over expressing (#6) 

cell clones were plated on dishes coated with sulfate-labelled ECM and grown for three 

days. Conditioned medium was then collected and evaluated for heparanase activity as 

described in ‘Materials and Methods’. B. Characterization of monoclonal antibody (mAb) 

1c7. Hpa2 (1 μg/ml) was added to 293 cells together with the indicated anti-Hpa2 mAb or 

control mouse IgG (5 μg/ml; 30 min, 37ºC) under serum-free conditions. Medium was then 

aspirated, cells were washed twice with PBS and lysate samples were subjected to 

immunoblotting applying anti-Hpa2 (upper panel) and anti-actin (second panel) antibodies. 

Decreased cellular binding of Hpa2 by mAb 1c7 is shown to be dose-dependent (third 

panel). C. Tumor xenografts. Hpa2 over expressing clone #6 cells were implanted (5×106) 

subcutaneously in SCID mice (n=7) and mice were administrated with mAb 1c7 (250 μg/

mouse) three times a week. At termination, tumors were collected, weighed (left panels) and 

processed for histological examination. Shown are representative images of whole sections 

stained with Masson’s/Trichrome reagents and scanned by 3DHISTECH Pannoramic MIDI 

System attached to HITACHI HV-F22 color camera (3dhistech kft, Budapest, Hungary). 

Note that mAb 1c7 does not affect tumor growth but appears to enhance cyst formation. D. 

VEGF-A expression. The indicated cell clones were incubated without (-) or with (+) mAb 

1c7 (5 μg/ml, 18 h, 37ºC) and lysate samples were subjected to immunoblotting applying 

anti-VEGF-A (upper panel) and anti-actin (lower panel) antibodies. Note decreased VEGF-

A levels in cells over expressing Hpa2, which is not affected by mAb 1c7. E. LOX inhibitor. 
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SCID mice (n=7) were inoculated subcutaneously with Hpa2 over expressing clone #6 cells 

(5×106) and mice were administrated with LOX inhibitor BAPN (0.75% in drinking water). 

At termination, tumors were collected, weighed (left panels) and processed for histological 

examination. Shown are representative images of whole sections stained with Masson’s/

Trichrome reagents and scanned by 3DHISTECH Pannoramic MIDI System (right panels). 

Note that LOX inhibitor does not affect tumor growth but reduces tumor fibrosis (i.e., 

collagen content).
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Figure 6. 
Over expression of Id1 restores tumor growth and vascularity. A. Id1 expression. Real-time 

PCR analysis of Id1 expression in tumor xenografts produced by control (Vo) and Hpa2 over 

expressing cells. Expression of Id1 is presented graphically in relation to the levels in control 

clone #3, set arbitrarily to a value of 1. B. Id1 over expression. The indicated Hpa2 clone 

cells were stably transfected with Id1 gene construct (Addgene; Cambridge, MA) or control 

empty vector (Vo) and cell lysates were subjected to immunoblotting applying anti-Id1 

(upper panel) and anti-actin (lower panel) antibodies. C. Tumor growth. Control (Vo) and 

Id1 over expressing cells were inoculated subcutaneously in SCID mice and tumor growth 

was inspected over time (upper panel). At termination, tumors were collected, weighed 

(lower panel) and processed for histological examination. D. Five micron sections of tumors 

produced by control (Vo) and Id1 over expressing clone #60 cells were subjected to 

immunostaining applying anti-LYVE-1 (left panels) and anti-CD31 (right panels) antibodies. 

Quantification of LYVE-1- and CD31-positive vessels is shown graphically in the lower 

panels. Original magnifications: left panels ×40, right panels ×20.
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