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Chapter 13
Involvement of Heparanase in Gastric 
Cancer Progression and Immunotherapy

Bo Tang and Shiming Yang

13.1  Introduction

Heparanase is a 61.2 kDa protein with 543 amino acids encoded by its mRNA, and 
then this pro-enzyme is post-translationally cleaved into 8 and 50 kDa subunits that 
non-covalently associate to form the active heparanase [1, 2]. Heparanase is an 
endo-β-glucuronidase that cleaves heparan sulfate (HS) side chains, regulating the 
structure and function of heparan sulfate proteoglycans (HSPG) and remodeling 
cell surfaces and the extracellular matrix [3–6]. HSPGs mainly inhibit cellular inva-
sion through promoting tight cell-cell, cell-ECM interactions, and self-assembly of 
the ECM [7, 8], which facilitate the biological activity of bound ligands (i.e., FGF, 
HGF, VEGF). Cleavage of HSPGs by heparanase could release these bound ligands 
and convert them into bioactive mediators, ensuring rapid tissue response.

In normal cells and tissues, heparanase is kept tightly regulated at transcriptional 
and post-translational levels as well [9], and the gene promoter of which is consti-
tutively inhibited and the gene is not transcribed, largely due to promoter methyla-
tion [10–12]. Nevertheless, heparanase expression is enhanced in almost all cancers 
including ovarian, stomach, pancreas, colon, bladder, brain, prostate, breast, liver, 
myeloma and rhabdomyosarcoma and so on [13–19]. Multiple evidence indicate 
that heparanase could not only promote the breakdown of ECM but is also is 
involved in regulating the bioavailability and activity of growth factors and cyto-
kines. Briefly, cleavage of HS by heparanase could promotes tumor progression via 
disassembly of extracellular barriers for cell invasion, release of HS-bound angio-
genic and growth promoting factors, and induction of signal transduction pathways 
bound to heparan sulfate to promote growth and metastasis signaling [20–22] (see 
chapters xyz). Various studies showed that enhanced heparanase expression correlates 
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with increased tumor size, tumor progression, advanced metastasis and poor prog-
nosis [23–25]. Moreover, knockdown or inhibition of heparanase markedly impairs 
tumor progression further highlighting the role of heparanase in cancer progression 
and the potential role of anti-heparanase therapy for multiple types of cancer [26–
33]. Recent studies demonstrate that a major function of heparanase in various can-
cers. This review will mainly focus on the role of heparanase in gastric cancer 
progression and immunotherapy.

13.2  Heparanase in Gastric Cancer Progression

13.2.1  Heparanase Expression in Gastric Cancer

The role of heparanase in gastric cancer has not been well elucidated. To date, sev-
eral studies investigated the expression levels of heparanase in gastric cancers. Chen 
et al. investigated the expression of heparanase in gastric cancer tissues and non- 
cancerous gastric tissues and found that the expression of heparanase mRNA was 
positive in 29 cases of gastric cancer with a positive rate of 67.4%, while its expres-
sion rate was only 10% in non-cancerous gastric tissues [34]. And the Expression 
was correlated with the tumor size, serosal infiltration, lymph node metastasis, dis-
tant metastasis and TNM staging of gastric carcinomas [32]. Tang et al. [35] inves-
tigated the expression levels of heparanase mRNA of heparanase in 116 cases of 
gastric carcinomas and showed that heparanase mRNA was positive in 83% of 
cases, while no positive labeling was identified in normal gastric epithelium. Endo 
et al. [36] evaluated the heparanase mRNA expression in gastric cancer tissues and 
normal gastric tissues using qPCR analysis, and the positive rate in gastric cancer 
tissues was significantly higher than that in normal tissues. Our research group also 
examined the expression levels of heparanase by immunohistochemistry and found 
that the expression levels of heparanase were significantly higher in gastric cancer 
tissues than those in adjacent normal tissues [37]. Thus, various studies validated 
the higher expression of heparanase in gastric cancer tissues.

13.2.2  Heparanase in Gastric Cancer Metastasis 
and Progression

The prognosis of gastric cancer is poor due to the early invasion and metastasis 
which are the most common causes of death in gastric cancer [38]. It is generally 
known that the invasion of the basement membrane and extracellular matrix is 
one of the critical steps for cancer cell metastasis [39]. As an important compo-
nent of the extracellular matrix (ECM), heparan sulfate proteoglycans (HSPGs) 
can serve as extracellular barrier and functional receptor coupling with various 
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growth factors. Thus, degradation of HSPGs may plays a critical role in cancer 
cell invasion and metastasis. Heparanase is an endo-β-glucuronidase that cleaves 
heparan sulfate (HS) side chains, thus facilitating disassembly of the ECM and 
enhancing cell invasion, suggesting heparanase plays an important role in tumor 
invasion and metastasis. So far, The role of heparanase in tumor development 
and progression is well documented. Wang et al. [40, 41] reported that heparan-
ase expression in primary gastric carcinoma cells was related to the metastatic 
behavior of gastric cancer. Similarly, Xie et al. [42] found that heparanase mRNA 
expression was significantly correlated with invasion and TNM stage of gastric 
cancer. Our research group also reported that heparanase is weakly expressed in 
the normal gastric tissues but is significantly increased in gastric cancer tissues. 
and the Higher expression of heparanase was associated with advanced TNM 
stage and depth of invasion [43] and, importantly, shorter survival time post-
operation [43]. Nevertheless Notably, specific silencing of the heparanase gene 
significantly suppressed the adhesion, invasion, and metastasis of gastric cancer 
cells in vitro [44, 45]. Taken together, heparanase is overexpressed in gastric 
cancer and greatly associated with the invasion and metastasis of gastri cancer 
metastasis and poor prognosis. While inhibition of heparanase could suppress 
gastric cancer invasion.

13.2.3  Regulation of Heparanase Expression in Gastric 
Cancer

The vast majority of studies showed that heparanase was overexpressed in gastric 
cancer cells and played a key role in tumor invasion and metastasis. Various studies 
also focused on the regulatory mechanisms of heparanase expression in gastric can-
cer. Cao et al. [46] found that NF-ĸB signaling was significantly activated in gastric 
cancer tissues, and the activation was related to increased heparanase gene expres-
sion and correlated with poor clinicopathological characteristics such as lymphatic 
invasion, pathological stage, and depth of invasion, suggesting that NF-ĸB signaling 
is a major controller for regulator of heparanase expression in gastric cancer. 
Moreover, our research group further reported that HGF, a growth factor that binds 
HSPGs, could significantly increase heparanase expression at both mRNA and pro-
tein levels through PI3K/Akt/NF-ĸB signaling pathway and finally promote gastric 
cancer metastasis [43]. We also found that telomerase reverse transcriptase (TERT) 
could act as a co-activator of c-Myc to transactivate heparanase promoter activity, 
upregulate heparanase expression in gastric cancer cells, and promote invasion and 
metastasis of gastric cancer [37]. MicroRNA (miRNA) as small non-coding RNA 
molecules with 18–25 nucleotides post-transcriptionally regulate gene expression 
in various cancer types [47, 48]. Shi et al. [49] reported that miR-1258 could act as 
a tumor suppressor to inhibit invasion and metastasis by inhibiting heparanase 
expression. miR-429 also acts as a tumor-suppressor gene to inhibit transcription 
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and translation of the heparanase gene, and reduce the invasion ability of gastric 
cancer cells by downregulating heparanase expression [50]. On the other hand, 
miR-558 recognizes its complementary site within the heparanase promoter to 
decrease the binding of Smad4, and hence activate the transcription and expression 
of heparanase in gastric cancer cell lines [51]. These findings demonstrate that 
 different genes facilitate the progression of gastric cancer through directly regulat-
ing heparanase expression.

13.3  Heparanase as an Immunotherapeutic Target in Gastric 
Cancer

Nowadays, immunotherapy has emerged as a novel strategy for cancer therapy 
because of its weak side effects and targeting characteristics. One of the key compo-
nents of immunotherapy is using the immune cells to be loaded with the tumor- 
associated antigens (TAAs) to induce antigen-specific anti-tumor immunity [52–54]. 
An ideal TAA is supposed to be uniquely expressed in tumors, which can induce not 
only antitumor immunity but also have crucial functional roles in tumor development 
[55, 56]. It is well documented that heparanase is overexpressed in almost all malig-
nant tumors, and higher expression is associated with tumor progression and poor 
prognosis [57, 58]. Therefore, heparanase has been recognized as a suitable universal 
TAA in because of its crucial role in progression and metastasis of multiple tumors.

13.3.1  Heparanase Gene-Based Immunotherapy

Dendritic cells (DCs), the most efficient antigen-presenting cells (APCs), have 
an important role in the initiation and regulation of tumor-specific immune 
responses, leading to the rapid development of DC-based cancer immunother-
apy. Genetic modification of DCs with TAA genes is an effective strategy for 
activating DCs in tumor immunotherapy [59, 60]. Our research group firstly 
used the recombinant adenovirus vector containing the full-length cDNA of 
heparanase (rAd-Hpa) to transfect DCs from peripheral blood mononuclear 
cells of healthy HLA-A2-positive donors to generate heparanase gene-modified 
DC vaccine [61]. Then, this genetically modified DC vaccine was used to acti-
vate T lymphocytes from the same donors to generate heparanase- specific cyto-
toxic T lymphocytes (CTLs). The study showed that the modified DCs activate 
heparanase-specific CTLs, resulting in specific lysis of human gastric cancer 
KATO-III cells that were heparanase positive and HLA-A2 matched, while 
there was no killing effect on SGC-7901 cells that were heparanase positive but 
not HLA-A2 matched. Meanwhile, the studies revealed that the modified DCs 
can increase interferon IFN-γ secretion by the CTL cells to enhance non-spe-
cific immunological killing [61].
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13.3.2  Heparanase Peptide-Based Immunotherapy

CTLs play key roles in tumor immunosurveillance through recognition of TAAs 
expressed on the surface of tumor cells [62, 63]. It is well known that CTL epitopes 
binding to MHC, rather than integral TAA, induce CTL reactions [64]. These epit-
ope peptides usually are comprised of eight to ten amino acids, with two to three 
primary anchor residues that interact with the MHC-I molecules and two to three 
amino acid residues that bind to the T cell receptor (TCR) [64–66]. Therefore, iden-
tification of suitable CTL epitopes from TAA is extremely important for targeted 
immunotherapy.

Heparanase, as a suitable universal TAA, was firstly predicted Three epitopes 
derived from the human heparanase amino acid sequence were first predicted by 
Sommerfeldt et al. [67]. Their results showed that DCs loaded with the three pre-
dicted peptides of human heparanase (hHpa) could promote heparanase-specific 
CTLs to lyse cancer cells [67]. Our research group used super motif and quantitative 
motif methods to predict another three HLA-A2-restricted heparanase epitopes 
including hHpa277 (277–285, KMLKSFLKA), hHpa405 (405–413, WLSLLFKKL), 
and hHpa525 (525–533, PAFSYSFFV), which were found to elicit HLA-A2- 
restricted CTL responses specific for KATO-III gastric cancer cells, SW480 colorec-
tal cancer cells and U2OS osteogenic sarcoma cells [68]. To investigate the in vivo 
immune response elicited by heparanase CTL epitopes, we further predicted candi-
date CTL epitopes derived from the mouse heparanase protein (mHpa) [69]. In vitro 
experiments showed that the predicted peptides could activate heparanase-specific 
CTLs to lyse three kinds of carcinoma cells expressing both heparanase and H-2Kb. 
In vivo experiments further indicated that the predicted peptides could immunize 
against tumors and successfully treat tumor-bearing hosts [69]. We further evalu-
ated the in vivo immune response elicited by the above human heparanase CTL 
epitopes including hHpa277, hHpa405 and hHpa525 using HLA-A2 transgenic 
C57BL/6 mice and showed that these peptides could be presented naturally in vivo 
and also elicited heparanase-specific lysis of various gastric cancer cells [70]. These 
results suggest that the predicted heparanase peptides are novel CTL epitopes capa-
ble of inducing heparanase-specific CTLs in vitro and in vivo, serving as valuable 
targets for immunotherapy.

13.3.3  Multiple Antigen Peptide (MAP)-Based Immunotherapy

Synthetic epitope peptides are inadequate to clinical use due to their small molecu-
lar weight, single structure, weak immunogenicity, and rapid degradation, which 
cannot elicit an ideal immune response in the body [71, 72]. Nowadays, the multiple 
antigen peptides (MAP) can increase the molecular weight of the peptide, elevate 
immunogenicity and boost its activity against tumors [73, 74]. Yang et al. [75] firstly 
designed 3 MAP vaccines of human heparanase based on B-cell epitopes and found 
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that these MAP vaccines could inhibit the invasiveness of tumor cells in vitro. We 
then designed three 4-branched MAPs based on the human leukocyte antigen 
(HLA)-A2-restricted CTL epitopes of human heparanase. The results showed that 
the MAP vaccines could induce heparanase-specific CTL and much stronger lysis 
of gastric cancer cells compared with their corresponding linear peptides without 
killing effect on heparanase-expressing autologous lymphocytes and dendritic cells 
[72]. Zhang et al. [76] designed 8-branched MAPs comprising FLNPDVLDI and 
found that it could induce specific CTLs for human heparanase in vitro, which effec-
tively secreted IFN-γ and potently lysed human tumor cells. These findings indicate 
that MAP vaccines based on CTL epitopes of human heparanase might be valuable 
for cancer immunotherapy.

13.3.4  Heparanase in CAR T-Cell Therapy

The generation of chimeric antigen receptor (CAR) T-cell therapy has revolution-
ized T cell-based immunotherapy for the treatment of some cancers [77–79]. CAR 
T-cells (which are genetically engineered T cells expressing CARs on their surface) 
therapy is a form of adoptive cell therapy which has recently gained attention due to 
success in clinical trials and FDA approval [80–82]. CAR T-cell therapy is mainly 
used in treating hematological malignancies particularly in infants, achieving up to 
90% clinical response rates in acute lymphoblastic leukemia [83], which leads to 
numerous clinical trials of CAR T-cell therapy against multiple hematological anti-
gens such as CD19, CD20 and CD22 [84, 85]. However, the clinical efficacy of 
CAR T-cell therapy in solid tumors has been greatly limited with side effects and 
lack of therapeutic response [86–88]. Multiple factors are responsible for limiting 
the efficacy of CAR T-cell therapy in solid tumors such as gastric cancer, colorectal 
cancer and breast cancer. Among these factors, the extracellular matrix (ECM) 
around solid tumors may hinder T-cell penetration [89]. Heparanase is the only 
known mammalian β-D-endoglycosidase capable of cleaving the heparan sulfate 
chains of HSPGs, thereby degrading ECM. Based on this, Ignazio et al. [90] firstly 
engineered CAR-T cells to express heparanase and showed improved capacity to 
degrade ECM, which promoted tumor T-cell infiltration and antitumor activity. The 
results suggest that modification of CAR T-cells to express high levels of heparan-
ase may be of benefit for the application of CAR-T cells in individuals with stroma- 
rich solid tumors.

13.4  Conclusions and Perspectives

Since the cloning of the heparanase gene, its effect was mainly associated with 
tumor metastasis and angiogenesis, both major aspects of tumor progression [91–
93]. In addition to its enzymatic HS-degrading activity, heparanase also acts via 
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non-enzymatic mechanisms that regulate various signal transduction, exosome for-
mation [94–96], autophagy [97, 98], inflammation [99, 24, 100] and chemoresis-
tance [101]. Nevertheless, the role and mode of heparanase action in gastric cancer 
remain to be better elucidated. Increasing studies focusing on the expression and 
role of heparanase in gastric cancer demonstrated that heparanase is overexpressed 
in gastric cancer and closely associated with cancer metastasis and poor prognosis. 
It is therefore essential to elucidate the mechanisms regulating heparanase expres-
sion in gastric cancer, including the involvement of TERT, HGF, and miRNAs. Our 
understanding of how heparanase is upregulated in gastric cancer is still incomplete. 
Another challenge in the field is the development of clinically effective heparanase- 
targeted therapy to treat cancer. Nowadays, immunotherapy has emerged as a novel 
strategy for cancer therapy because of its weak side effects, specificity and targeting 
characteristics. Heparanase has been recognized as a suitable universal TAA because 
of its crucial role in progression of multiple tumors. Several heparanase-based CTL 
epitopes have been shown to elicit specific antitumor immunity in vitro and in vivo 
against various tumors, which could be further enhanced by creating MAP vaccines. 
Moreover, generation of CAR-T cells with high expression levels of heparanase was 
found to promote tumor T-cell infiltration and antitumor activity. Further studies are 
needed to unravel the mechanisms of heparanase action in gastric cancer and opti-
mize heparanase-targeted immunotherapy of gastric cancer.
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