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Activity of the endo-beta-glucuronidase heparanase, capable of cleaving heparan sulfate (HS), is most often elevated in many types of tumors, associating with increased tumor metastasis and decreased patients’ survival. Heparanase is therefore considered to be a valid drug target, and heparanase inhibitors are being evaluated clinically in cancer patients. Heparanase 2 (Hpa2) is a close homolog of heparanase that gained very little attention, likely because it lacks HS-degrading activity typical of heparanase. The role of Hpa2 in cancer was not examined in detail. In head and neck cancer, high levels of Hpa2 are associated with decreased tumor cell dissemination to regional lymph nodes and prolonged patients’ survival, suggesting that Hpa2 functions to attenuate tumor growth. Here, we examined the role of Hpa2 in normal thyroid tissue and in benign thyroid tumor, non-metastatic, and metastatic papillary thyroid carcinoma (PTC) utilizing immunostaining in correlation with clinicopathological parameters. Interestingly, we found that Hpa2 staining intensity does not significantly change in the transition from normal thyroid gland to benign, non-metastatic, or metastatic thyroid carcinoma. Remarkably, we observed that in some biopsies, Hpa2 is accumulating on the membrane (envelop) of the nucleus and termed this cellular localization NM (nuclear membrane). Notably, NM localization of Hpa2 occurred primarily in metastatic PTC and was associated with an increased number of positive (metastatic) lymph nodes collected at surgery. These results describe for the first time unrecognized localization of Hpa2 to the nuclear membrane, implying that in PTC, Hpa2 functions to promote tumor metastasis.
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Introduction

Heparanase is an endo-beta-glucuronidase capable of cleaving heparan sulfate (HS) side chains of heparan sulfate proteoglycans (HSPGs). HSPGs are highly abundant in the extracellular matrix (ECM) and assist in assembling the major protein constituents of the ECM (i.e., laminin, fibronectin, collagen-IV, etc.) into a three-dimensional, non-soluble, thick matrix that provides structural support and biochemical cues to various cell types. Cleavage of HS by heparanase thus results in remodeling of the ECM. These structural and biochemical alterations are expected to exert a profound impact on cell behavior including, among others, cell differentiation, proliferation, migration and invasion. The latter is most often associated with increased metastatic capacity of tumor cells and augmented entry of inflammatory cells (i.e., T-cells, macrophages, NK-cells) to sites of inflammation (1–3). Heparanase also cleaves HSPGs on the cell surface (i.e., syndecans), affecting their ability to function as co-receptors in signaling pathways (4). This, and other mechanisms utilized by heparanase to promote tumorigenesis (5–9), have turned this enzyme into a promising drug target and heparanase inhibitors are currently being evaluated in clinical trials as anti-cancer drugs (10, 11). Elevated levels of heparanase were documented in an increasing number of human carcinomas and hematological malignancies, often associating with increased tumor metastasis and shorter survival rates (5–9). In head and neck (H&N) cancer, heparanase expression is inversely correlated with patient status (12). Moreover, the cellular localization of heparanase had a profound impact on the patients’ outcome. Thus, cytoplasmic staining of heparanase inversely correlated with patient survival and predicted poor prognosis, whereas nuclear heparanase predicted a favorable outcome (12).

Heparanase 2 (Hpa2) is a close homolog of heparanase that lacks intrinsic HS-degrading activity, the hallmark of heparanase, yet retains the capacity to bind HS with high affinity (13). The consequences of HS binding and clustering by Hpa2 are not entirely clear but may lead to inhibition of heparanase activity and uptake (13). Moreover, studies revealed a physical association between Hpa2 and heparanase proteins (13), providing an additional route by which Hpa2 can inhibit heparanase enzymatic activity. The role of Hpa2 in cancer is largely unknown. In H&N cancer, high levels of Hpa2 were associated with prolonged patients’ survival and decreased tumor cell dissemination to regional lymph nodes (13, 14). Notably, overexpression of Hpa2 in H&N cancer cells resulted in a marked decrease in tumor growth, associating with a prominent reduction in tumor vascularity (15), and further supporting the notion that Hpa2 functions to attenuate H&N cancer.

Thyroid cancer is the most common endocrine malignancy with increasing incidence. Papillary thyroid carcinoma (PTC) is the most common pathology of thyroid cancer. It has a high propensity to lymph node (LN) metastases, and gross metastases may be seen in up to 35% of patients at the time of diagnosis (16, 17). Surgical resection is the mainstay of treatment, and worldwide guidelines specify the extent of surgery needed (17, 18). Some clinical and pathological risk parameters have been reported as important predictors of disease recurrence and patient survival, and for decision-making strategies in treating metastatic PTC. These parameters include patients’ age, tumor (T) stage, extrathyroidal extension (ETE), positive surgical margins, extracapsular extension, lymphovascular invasion, total nodal yield, and the number of positive nodes (16–19).

Given that Hpa2 exhibits different expression patterns in various tissues and their respective carcinomas (20, 21), we examined the expression of Hpa2 in normal thyroid tissue and in benign, non-metastatic, and metastatic PTC in correlation with clinicopathological parameters.



Materials and Methods


Study Design

This is a retrospective study of patients diagnosed with PTC and who underwent thyroid surgery, with or without neck dissection, in the Department of Otolaryngology, Head and Neck Surgery at Carmel Medical Center during 2010-2019. Medical records were collected and, according to pathological diagnosis, patients were enrolled in the following study groups:

Group A- Patients with benign lesions of the thyroid gland: Goiter and follicular adenoma. These patients underwent hemithyroidectomy or total thyroidectomy.

Group B- Patients diagnosed with PTC, localized to the thyroid gland, with no lymph node metastasis. These patients underwent thyroidectomy (hemithyroidectomy or total thyroidectomy). Patients with follicular carcinoma of the thyroid were not included in the current study.

Group C- Patients diagnosed with regional metastatic PTC who underwent thyroidectomy and neck dissection (ND) due to lymph node metastasis.

Demographic, imaging, pathology, staging, surgery, and outcome data were collected from medical files. We evaluated the following clinicopathological parameters: patient age, status of the disease, tumor (T), nodal (N) and distant metastasis (M) stage, extra thyroid extension (ETE), perineural and vascular invasion, total number of positive nodes, locoregional and distant recurrence of the disease. The respective paraffin-embedded pathological specimens were withdrawn from the archives and prepared for immunohistochemical analysis.



Hpa2 Immunostaining

Immunostaining of formalin-fixed, paraffin-embedded 5-micron sections was performed essentially as described (13), utilizing anti-Hpa2 polyclonal antibody #58. Antibody #58 was raised in rabbits against a peptide (43DRRPLPVDRAAGLKEKT59) mapped at the N-terminus of Hpa2. This peptide was preferred because it exhibits minimal sequence homology with heparanase (22) and the respective antibody was expected and later shown to recognize the wild type (Hpa2c) and alternatively spliced Hpa2 (Hpa2a, Hpa2b) by immunoblotting of cell extracts (22). Moreover, the antibody was found suitable for immunostaining of paraffin sections, and its immunoreactivity was abolished by the peptide, thus granting specificity of the staining (13). Briefly, slides were deparaffinized, rehydrated and endogenous peroxidase activity was quenched (30 min) by 3% hydrogen peroxide in methanol. Slides were then subjected to antigen retrieval by boiling (20 min) in 10 mM citrate buffer, pH 6. Following washes with phosphate-buffered saline (PBS), slides were incubated with 10% normal goat serum (NGS) in PBS for 60 min to block nonspecific binding and incubated (20 h, 4°C) with anti-Hpa2 antibody #58 (13) diluted in blocking solution. Slides were extensively washed with PBS and incubated with a secondary reagent (Envision kit) according to the manufacturer’s (Dako, Glostrup, Denmark) instructions. Following additional washes, color was developed with the AEC reagent (Dako, Glostrup, Denmark), sections were counterstained with hematoxylin and mounted. Immunostained specimens were examined by a senior pathologist and were scored according to the intensity of staining (0-none;1-weak; 2-strong) and the cellular localization of Hpa2 staining (C-cytoplasmic, N-nuclear, NM-nuclear membrane). Images were acquired by Nikon ECLIPSE microscope and Digital Sight Camera (Nikon) with objectives x40, x100.



Statistical Analysis

All the parameters were analyzed for normal distribution. Correlations between variables were done using the Pearson`s and Spearman`s coefficients of correlation, for parametric and non-parametric groups, respectively. Univariate analyses of disease control for the measured variables were performed by constructing Kaplan Meier curves, and statistical significance between subgroups was tested using the Log-Rank test. For all analyses, p <0.05 is considered significant.




Results


Study Design

162 patients were enrolled in the study and were divided into the following study groups (Table 1):


Table 1 | Demographic, pathology, staining intensity and cellular localization of Hpa2 in benign lesions (group A), non-metastatic (group B), and metastatic (group C) thyroid carcinoma.



Group A- Benign lesions of the thyroid gland. This group included 56 patients (33 females and 23 males) with pathological diagnoses of benign lesions of goiter (42 patients) or follicular adenoma (14 patients). Mean age of patients with goiter was 45.8 (11-70.7), 27 females and 15 males. Fourteen patients with follicular adenoma had a mean age of 54.6 (27.9-73.3), 6 females and 8 males. Forty-two patients (75%) underwent hemithyroidectomy and fourteen patients (25%) underwent total thyroidectomy. Types of tumors were non-toxic nodular and multinodular goiter (37 patients, 66%), toxic goiter/thyrotoxicosis (4 patients, 7%), follicular adenoma (14 patients, 25%), or metaplasia (1 patient, 2%).

Group B- Non-metastatic papillary thyroid carcinoma. This group included 44 patients (28 females and 16 males) with pathological diagnoses of PTC without lymph node or distant metastasis. Patient’s age was 53.2 ± 16.4 years (range 21.5-80.4). Twenty-one patients (48%) underwent hemithyroidectomy and twenty-three patients (52%) underwent total thyroidectomy. The follow-up time of group B was 53.7 ± 27 months (range 9.1-107.3).

At the end of follow-up, all patients (44) were alive and with no evidence of disease (NED). Hpa2 staining was also examined in normal thyroid tissues adjacent to the tumor lesions (control tissue).

Group C- Metastatic papillary thyroid carcinoma. This group included 62 patients (35 females and 27 males) with a pathological diagnosis of PTC with lymph node metastasis. Patients age was 49.1 ± 18.5 years (range 15.3-86.5). All patients underwent total or complete thyroidectomy. Fifty-eight patients (94%) underwent neck dissection of the central compartment, with or without lateral compartment. The follow-up time of group C was 55.2 ± 27.2 months (range 14-117.2). At the end of the follow-up, 61 patients were alive and 1 patient died of the disease. Fifty-six patients (90%) had no evidence of disease and 5 patients (8%) were alive with disease.



Immunostaining of Hpa2

To reveal the role of Hpa2 in PTC we subjected biopsies of benign, non-metastatic and metastatic PTC to immunostaining applying anti-Hpa2 antibody, and staining intensity was categorized as Hpa2-negative (0), weak (+1), or strong (+2) (Figure 1). Notably, we found that Hpa2 staining intensity does not significantly change in the transition from normal thyroid gland (Figure 1, left panels) to benign (Figure 1, goiter, second left), non-metastatic (second right) or metastatic (right panels) thyroid carcinoma. For each category, some biopsies were stained negative for Hpa2 (Figure 1, upper panels) and some were stained positive, exhibiting weak (Figure 1, middle panels) or strong (Figure 1, bottom panels) staining, but the overall staining pattern was similar among all study groups (Table 1 and Figure 2A) and did not correlate with tumor size (p = 0.84), T-stage (p = 0.12) and the total number of positive lymph nodes (p = 0.64).




Figure 1 | Immunostaining. Five-micron sections of normal thyroid gland adjacent to thyroid carcinoma (left panels), benign (Goiter; second left), non-metastatic (second right), and metastatic thyroid carcinoma (right panels) were subjected to immunostaining applying anti-Hpa2 antibody (#58). Shown are representative photomicrographs of Hpa2-negative (upper panels) and positive biopsies exhibiting weak (+1; middle panels) or strong (+2; lower panels) staining intensity. Original magnifications x100.






Figure 2 | (A) Staining intensity of Hpa2 in the study groups. Hpa2 staining was scored according to its staining intensity (0- negative, 1- weak, 2- strong) in normal, benign (group A), non-metastatic (group B), and metastatic (group C) PTC. Shown is a graphical presentation of the percent of patients in each group according to the staining intensity of Hpa2. (B) Cellular localization of Hpa2. Hpa2 staining was scored according to its cellular localization (c- cytoplasm, c+N- cytoplasm and nucleus, c+NM- cytoplasm and nuclear membrane) in normal, benign (group A), non-metastatic (group B) and metastatic (group C) PTC. Shown is a graphical presentation of the percent of patients in each group according to the cellular localization of Hpa2. Note that NM Hpa2 is much more abundant in metastatic PTC (group C). (C) NM (nuclear membrane) localization of Hpa2. Metastatic PTC was subjected to immunostaining applying anti-Hpa2 antibody. Note, accumulation of Hpa2 immunoreactivity on the membrane of the cell nuclei. No immunostaining is observed once the primary antibody is omitted (lower left panel), or when purified Hpa2 protein (1 µg/ml) was added together with the primary antibody (#58+Hpa2; lower right panel). Original magnifications: upper panel x250, lower panels x100. (D) Plot of locoregional control stratified by cell distribution of Hpa2: c+NM (blue line) vs. other groups 0, c, c+N (red line), p=0.039. (E) Hpa2 splice variants. HEK 293 cells were transfected with control empty vector (Vo) or plasmids that carry the wild type, full-length Hpa2 (2c), or Hpa2 splice variants (2a, 2b) gene constructs. Cell lysate samples were subjected to immunoblotting applying anti-Hpa2 antibody #58 (upper panel) and anti-actin antibody (lower panel). ns- non specific.



Follicular adenoma exhibited a higher percentage of weak staining (+1) for Hpa2 (71%), compared to Goiter (40.5%), PTC (43%), or metastatic papillary carcinoma (42%). Likewise, strong staining (+2) for Hpa2 was low in the follicular adenoma group (7%) as compared to goiter (47%), PTC (36%), or metastatic papillary carcinoma (30.6%), but these differences were statistically insignificant (p=0.16).

In addition to the expected localization of Hpa2 in the cell cytoplasm, it was also detected in the cell nucleus (Figure 1, middle panels) but, again, this localization appeared comparable among the study groups (Figure 2B and Table 1). Remarkably, we observed that in some biopsies, Hpa2 is accumulating on the membrane (envelop) of the nucleus and termed this cellular localization NM (nuclear membrane; Figure 2C, upper panel). Notably, no immunostaining is observed once the primary antibody is omitted (Figure 2C, lower left panel), or when purified Hpa2 protein (1 µg/ml) was added together with the primary antibody (Figure 2C, lower right panel). We found that NM localization of Hpa2 occurred primarily in metastatic PTC; none of the benign lesions (follicular adenoma and goiter) exhibited NM staining, compared to 7% of PTC and 21% of metastatic PTC, differences that were statistically highly significant (p<0.0001; Figure 2B and Table 1). Moreover, NM localization of Hpa2 was associated with a lower locoregional control rate (Figure 2D). Furthermore, NM Hpa2 correlated with an increased number of positive (metastatic) lymph nodes collected at surgery (F=3.5, p = 0.02) (Table 2); Borderline correlation was found between NM Hpa2 and tumor extra thyroid extension (ETE) (Pearson X2 = 6.4, p = 0.09).


Table 2 | NM Hpa2 correlates with increased number of positive nodes in metastatic PTC (group C).



In multivariate analysis for predicting the total number of positive lymph nodes in neck dissection, significant and independent parameters were age (p = 0.00031), NM Hpa2 (p = 0.00668), and tumor size (T; p = 0.01926). Thus, cellular localization of Hpa2 to the nuclear membrane appears as an important parameter that predicts patient failure in PTC.




Discussion

Intensive research effort devoted in the last two decades to explore the significance of heparanase in cancer led to the recognition that heparanase is a valid drug target (6, 7, 9). As such, heparanase inhibitors are being evaluated clinically as anti-cancer therapeutics (10, 11). In contrast, little attention was given to its close homolog, Hpa2, possibly because it lacks HS-degrading activity typical of heparanase (13). Several lines of evidence suggest that unlike heparanase, Hpa2 functions to attenuate tumor growth. Hpa2 staining is evident in the normal epithelium of the bladder, breast, gastric and ovarian tissues. Notably, Hpa2 levels are reduced substantially in the resulting carcinomas (20, 21), a staining pattern typical of a tumor suppressor. Recently, Zhang et al. reported that Hpa2 gene methylation results in decreased Hpa2 expression (23). Importantly, hypermethylation of Hpa2 was associated with poor prognosis of colorectal cancer patients (23), thus further supporting the notion that Hpa2 functions to suppress tumorigenesis. Moreover, we have reported that in head & neck (H&N) cancer high levels of Hpa2 are associated with prolonged patients’ survival and decreased tumor cell dissemination to regional lymph nodes (13, 14). Also, overexpression of Hpa2 in H&N cancer cells resulted in a marked decrease in tumor growth, associating with a prominent reduction in tumor vascularity (blood and lymph vessels) likely due to reduced Id1 expression (15), a transcription factor highly implicated in VEGF-A and VEGF-C gene regulation (24). Tumors produced by cells overexpressing Hpa2 were not only smaller but also exhibited a higher degree of cell differentiation (15), further strengthening the significance of Hpa2 as a tumor suppressor (20, 21). In accordance with this notion, Hpa2 was found to attenuate the migration of primary (i.e., endothelial cells) and tumor-derived (i.e., 5637 bladder carcinoma) cells (25, 26), and to support cell adhesion. Surprisingly, exogenous addition of Hpa2 was noted to dissociate cell colonies (25), resulting in cell scattering effect that is considered to be pro-metastatic, raising the possibility that Hpa2 may function to promote tumorigenesis in certain tissues.

Our results indicate that in thyroid carcinoma, Hpa2 functions to promote lymph node metastasis once localized to the nuclear membrane. Hpa2 is expressed to relatively high levels in thyroid epithelium (Figure 1, left) but unlike carcinomas of the bladder, gastric, breast and ovarian tissues (20, 21), its expression was not altered in thyroid carcinoma (Figure 2A). Unlike the study of Matos et al (27), we did not find colloidal staining of Hpa2, possibly due to a different anti-Hpa2 antibody utilized. It may well be that the commercial anti-Hpa2 antibody utilized by Matos et al detects Hpa2 variants or modifications that are not detected by our antibody. It is also possible that the secreted Hpa2, accumulated in colloids, assumes a different conformation so that some epitopes are more or less exposed. These aspects, and the characterization of novel Hpa2 variants and modifications, are the subject of a separate study.

Notably, we observed that Hpa2 is accumulating on the nuclear membrane (NM; Figure 2B) of thyroid carcinoma cells, a unique cellular localization that has not been described for Hpa2 before. Remarkably, NM localization of Hpa2 prevailed in metastatic thyroid carcinoma (Figure 2B) and was associated with an increased number of infected (metastatic) lymph nodes (Table 2). Moreover, multivariate logistic regression analyses revealed that NM Hpa2 is an important parameter that predicts, at high statistical significance, the outcome of PTC patients. Thus, unlike previous results with H&N cancer patients where high levels of Hpa2 in the tumor lesions were associated with good prognosis (13), in thyroid carcinoma, Hpa2 appears to promote the disease when localized to the NM. In this regard, our results and the publication of Matos et al (27) come to a similar conclusion, linking Hpa2 to a more severe PTC disease.

It should be noted that the anti-Hpa2 antibody being employed (Ab #58) recognizes not only the wild type, full-length, Hpa2 protein (Hpa2c) but also Hpa2 splice variants Hpa2a and Hpa2b (22) (Figure 2E). Notably, Hpa2a and Hpa2b are not secreted (13) and their biological significance is unclear. It is therefore possible that one of these splice variants, reported to exist in thyroid carcinoma (27), or other spliced variants of Hpa2 described by others (28), is the one being localized to the NM. This possibility awaits the development of splice variant-specific antibodies. The nuclear lamina was described as a structure underlying the nuclear membrane that coordinates essential processes including DNA repair, genome organization, and epigenetic and transcriptional regulation. Loss of protein regulation (proteostasis) resulted in accumulation of protein aggregates within the lamina, affecting its integrity (29). Given the abundance of HS in the cell nucleus (30) and the high affinity of Hpa2 to HS (13), NM localization may involve the interaction of Hpa2 with HS on the nuclear membrane. Interestingly, the expression of heparanase was found to be substantially increased in PTC vs benign lesions, associating with increased metastasis (31). This suggests that in PTC, heparanase and Hpa2 may co-operate in driving tumor metastasis. This may involve physical interaction between the two proteins (13), interactions with HS in the cell nucleus and/or nuclear membrane, or independent function of heparanase and Hpa2. The nuclear membrane is also an integral part of the endoplasmic reticulum (ER) (32). Preliminary results indicate the Hpa2 promotes ER stress response in pancreatic carcinoma cells (21). NM Hpa2 may therefore result from such stress conditions that often occur in tumors due to the high proliferative rate and metabolic demands of cancer cells.

The results presented in this work provide new insight into Hpa2 cellular localization and its seemingly pro-tumorigenic properties in PTC. This opens new directions in Hpa2 research and mode of action, which by far is still lacking. Given the significance of the nuclear lamina in pathological conditions such as neurodegenerative diseases and aging (29), NM Hpa2 may turn important in pathologies and genetic disorders other than urofacial syndrome (33), but more work is required to study these aspects in detail.
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