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Abstract

Heparan sulfate proteoglycans (HSPGs) play vital roles in every step of tumor progression allowing
cancer cells to proliferate, escape from immune response, invade neighboring tissues, and metastasize
to distal sites away from the primary site. Several cancers including breast, lung, brain, pancreatic,
skin, and colorectal cancers show aberrant modulation of several key HS biosynthetic enzymes such
as 3-0 Sulfotransferase and 6-O Sulfotransferase, and also catabolic enzymes such as HSulf-1,
HSulf-2 and heparanase. The resulting tumor specific HS fine structures assist cancer cells to
breakdown ECM to spread, misregulate signaling pathways to facilitate their proliferation, promote
angiogenesis to receive nutrients, and protect themselves against natural killer cells. This review
focuses on the changes in the expression of HS biosynthetic and catabolic enzymes in several cancers,
the resulting changes in HS fine structures, and the effects of these tumor specific HS signatures on
promoting invasion, proliferation, and metastasis. It is possible to retard tumor progression by
modulating the deregulated biosynthetic and catabolic pathways of HS chains through novel chemical
biology approaches.
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Introduction

It has been known for decades that heparan sulfate proteoglycans (HSPGs) and chondroitin
sulfate proteoglycans (CSPGs) are involved in the progression of cancer at various stages [1-
3]. Many excellent reviews have described cancer growth, development, and metastasis [4—
6]. However, knowledge on the detailed molecular interactions between tumor cells and ECM
components including HS chains has only recently been devolved. In lieu of this new
knowledge, this review article focuses on the role of HSPGs in several types of cancer and
provides insights into how future cancer therapies can be developed based on changes in HS
biosynthesis and catabolism.

Tumor Transformation, Growth, Invasion and Metastasis

The development of cancer typically involves four distinct stages: transformation into a
cancerous phenotype, sequestration of nutrition through angiogenesis, invasion into nearby
tissue, and metastasis to distal sites away from the primary location. While the transformation
of normal cells into a cancerous phenotype hasn’t yet been linked to HSPGs, there is an
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abundance of evidence relating HSPG fine structures to cancer growth, invasion, and
metastasis.

Tumor cells upregulate the production of several angiogenic factors such as fibroblast growth
factor (FGF) and vascular endothelial cell growth factor (VEGF) [7]. In order to support altered
growth patterns and metabolism, these molecules trigger angiogenesis, the growth of blood
vessels, which provides nearby cells with increased nutrition and oxygen-supply [8].

Malignant cancers are characterized by their invasiveness into nearby tissues and metastasis
to distal locations away from the primary tumor site. In order for these processes to take place,
tumor cells breakdown the surrounding ECM by activating or releasing various proteases such
as matrix metalloproteases (MMPs) and serine proteases [9-12]. These proteases make the
ECM maore permeable for invading cells to pass through established ECM boundaries [13].
Malignant cancers can even invade into the blood stream and metastasize to distal locations in
the body by cleaving off their adhesions to the ECM, entering the bloodstream, and then binding
to ECM at a distal location. Since HSPGs are implicated in the above-mentioned critical
processes, controlling their fine structures can significantly impact the growth, invasion and
metastatic properties of tumor cells.

Common HSPG- Growth factor and Cytokine interactions

One of the primary methods by which HSPGs control cancer progression is by regulating the
interactions between cells and signaling molecules such as growth factors and cytokines.
Several insightful reviews discuss the roles that HSPGs play in binding to signaling molecules
and localizing them to their cognate receptors on cell surfaces, storing them in tissues for later
use, and/or helping to form molecular gradients for directional cellular activities during the
development [14-16].

FGF2-HS interactions are well-studied example of GAG-growth factor interactions. The
binding of FGF2 to its receptor causes autophosphorylation of the receptor’s tyrosine kinase
domains and leads to increased growth, migration and differentiation in several cancers [17,
18]. HSPGs play an integral role in the FGF2-FGFR interactions by localizing FGF2 near the
receptor and forming a bridge that stabalizes the ligand-receptor complex and allows for signal
transduction [19,20].

However, only specific HS fine structures allow FGF2-FGFR-mediated signaling. To bind
FGF2, HS chains require N-Sulfated glucosamine units and 2-O-Sulfonated iduronic acid units
[21-23]. Concurrently, for HS chains to bind FGFR, they require 6-O-Sulfonated glucosamine
residues in addition to 2-O-Sulfonated iduronic acid and N-Sulfonated glucosamine residues
[21,23,24].

Similar to HS-FGF2 interactions, HSPGs are essential to the signaling pathways triggered by
other growth factors and cytokines as well. The following are some particularly important
signaling molecules affected by HSPG interactions: VEGF, Heparin binding epidermal growth
factor (HB-EGF), Transforming growth factor (TGF), Bone morphogenic protein (BMP), and
FGF. Manipulating HS biosynthesis and catabolism can drastically affect several of these
signaling pathways.

Proteoglycans: Biosynthesis and Catabolism

Cancer cells have inherently altered proteoglycan fine structures that allow them to invade,
metastasize and grow uncontrollably [25,26]. These fine structural changes are due to errors
in the regulation of biosynthetic and catabolic enzymes that control proteoglycan fine
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structures. The following section details several of the enzymes that are responsible for PG
synthesis and catabolism.

Proteoglycans are composed of a core protein substituted with one or more glycosaminoglycan
(GAG) polysaccharide side chains [27,28]. PG assembly involves the following steps: (1)
assembly of the linkage tetrasaccharide (2) concurrent elongation and modification of the GAG
backbone such as epimerization, deacetylation and N-/O- sulfonation (Fig. 1).

Synthesis begins with the transfer of xylose residues to certain serine amino acids in the core
protein. Next, transfer of galactose and glucuronic acid residues by glycosyl transferases such
as GalT-I, GalT-11, and GIcAT-I results in the formation of a tetrasaccharide linkage region
[29,30]. Subsequently, the GAG chain is elongated via the alternate addition of D-glucuronic
acid (GlcA) and N-acetyl-D-hexosamine (N-acetyl-D-glucosamine, GIcNAc or N-acetyl-D-
galactosamine, GalNAC) to the tetrasaccharide linker [31-34]. HS contains GIcNAc and GIcA/
Iduronic acid (IdoA), CS contains GalNAc and GIcA, and dermatan sulfate (DS) contains
GalNAc and GIcA/ldoA disaccharide units.

Subsequently EXT enzymes and CS synthases elongate HS and CS chains, respectively, by
adding the appropriate sugar building blocks [35-40]. While the elongation is in progress, parts
of the GAG chain are modified via sulfonation and epimerization to yield the final complex
PG structure [41-43]. A host of HS biosynthetic and catabolic enzymes that have been
implicated in cancer progression are listed below:

HSulf-1 and HSulf-2

A set of HS 6-O-endosulfatases that are secreted from the Golgi and localized in the ECM.
HSulfs selectively remove 6-O sulfate groups on GIcN residues of HS; preferentially catalyzing
the desulfonation on trisulfated disaccharides (Fig. 2) [44-48].

3-0 Sulfotransferase (3-OST)

A group of 7 related enzyme isoforms that catalyze the 3-O sulfonation of GIcN residues, a
rare HS modification [49-52].

6-O Sulfotransferase (6-OST)

A group of three enzyme isoforms that catalyze the 6-O sulfonation of GICNAc as well as
GIcNS residues [53-56].

Heparanase (Hpa)

The Heparanase (Hpa) family consists of endo-p-D-glucuronidases that cleave HS into several
smaller chains ~5-7 kDa in size (Fig. 3) [57-59].

In several cancer cells, these enzymes and their isoforms are either up- or down- regulated.
Bret et al. found that RT-PCR analysis of several melanoma cells revealed a significant
difference in the expression of genes encoding for EXT2, HS3ST2 (3-OST-2), HS2ST1(2-
OST-1), HPSE (Heparanase), and SULF2 (HSulf-2) between normal and malignant plasma
cells [60]. Determining enzymes and their isoforms that are misregulated, decoding their
respective PG fine structural modifications, and understanding how these changes affect cancer
progression, are essential for directing future research endeavors that could lead to the
development of anti-cancer drugs.
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Roles of HS and Important HS-Protein Interactions in Cancer

Growth

Cell-surface HSPGs, especially glypican-1 (Gpcl) and syndecan-1 (Sdcl), are greatly
upregulated in late-stage (malignant) breast cancer tissue [61]. It is possible that these changes
allow increased growth factor signaling since certain sulfated residues of HS are required for
FGF receptor (FGFR) activation [62,63]. These HSPGs could also be responsible for protecting
the cancer cells from natural killer cell (NK) recognition [64]. Since NK cells recognize
particular HS fine structural patterns, cancer cells modify their HS patterns to evade NK cells
and the immune system. Emerging evidence suggests that interactions between HS and
HSulf-1, HSulf-2, and 3-OST, may also play an important role in breast tumor growth. The
gene encoding HSulf-1 is down regulated in breast cancer cells [46]. Lower HSulf-1 expression
increases autocrine activation of the EGFR-ERK (epidermal growth factor receptor-
extracellular signal regulated kinase) pathway and stimulates cell growth [46]. Breast
carcinoma cells also express 8-fold more HSulf-2 mRNA than normal tissues [65] Increased
HSulf-2 mRNA correlates with increased angiogenesis and FGF binding capacity [65]. Several
cancers also demonstrate 3-OST-2-gene silencing via methylation [66]. While it is unknown
how 3-OST-2 specifically modulates growth factor binding to HS, it is possible that 3-OST-2
has anti-tumor properties that are stifled in cancer cells.

Invasion and Metastasis

Over expression of Hpa, which cleaves HS chains and facilitates migration of tumor cells
through the ECM, is a key indicator of malignant breast cancers. In a clinical study, Hpa-1
expression was significantly upregulated in microinvasive lesions in ductal carcinoma in situ
(DCIS) [67]. Hpa over-expressing breast tumors are 7 times larger and significantly more
vascularized [68]. Increased Hpa also induces shedding of cell surface Sdc-1, which forms a
paracrine signaling complex and in-turn signals distal breast cancer cells to proliferate [69,
70]. Surprisingly, breast cancer can increase Hpa expression throughout the body.
Lymphocytes in peripheral blood mononuclear cell fractions (PBMCs) from breast cancer
patients express Hpa [71]. When serum containing these leukocytes is introduced to fresh
lymphocytes, Hpa expression is stimulated in the normal lymphocytes [71]. Such tumor-system
interactions lead to increased systemic heparanase expression in breast cancer [71]. Given the
multitude of functions of Hpa, systemic Hpa amplification can perpetuate the tumor-promoting
autocrine, paracrine, and growth factor signaling. Heparanase inhibitors can be effective
against invasive cancers. However, it is also possible to control Hpa activity by controlling HS
sulfonation since Hpa substrate recognition requires certain sulfonation and acetylation
patterns [72].

Pancreatic Cancer

Growth—HSPGs such as Gpc-1 and Sdc-1 play key roles in the interactions between stromal
elements and pancreatic cancer cells. Pancreatic ductal adenocarcinoma (PDAC) cells and
adjacent fibroblasts over express Gpc-1, which is involved in FGF2, HB-EGF, VEGF, BMP,
activin, and TGF-p signaling [73-76]. Down-regulation of Gpc-1 in PANC-1 cells attenuates
tumor growth, angiogenesis, and metastasis in vivo in athymic mice [75]. Both HSulf-1 and
HSulf-2 are also significantly upregulated in PDAC cell lines and stimulate autocrine Wnt
signaling, which augments cancer growth [77]. HSulf-2 silencing blocks Wnt signaling and
significantly reduces PDAC cell growth in an immuno-compromised mouse model. As with
breast cancer, pancreatic cancer cells also protect themselves from NK activity. Since NK cells
can only recognize cancer cells exhibiting certain 6-O-Sulfonation and N-Acetylation patterns,
pancreatic cancer cells that express increased extracellular Hpa and aberrant HSulf activity
exhibit much lower NK cell recognition [78].
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Invasion and Metastasis—Sdc-1 is overexpressed in the majority of the pancreatic cancer
tissue, surrounding metastatic lesions, and a significant amount is shed into serum [79]. Sdc-1
shedding correlates with increased mitogenic activity and cell invasive potential [79]. Hpa
plays an important role in pancreatic cancer invasion and metastasis as well. Hpal mRNA is
upregulated 7.9- and 30.2-fold in chronic pancreatitis and pancreatic cancer cells, respectively
[80,81]. Hpa mRNA over expression is preferentially higher in primary tumor sites and
correlates with decreased postoperative survival of patients [80]. Overexpression of Hpa leads
to Sdc-1 and Gpc-1 cleavage, which in-turn leads to cellular growth via FGF-2 signaling and
invasion of surrounding tissue [3].

Growth—Smetsers et al. found that melanoma cells only displayed certain GAG epitopes
with particular sulfonation patterns on their cell-surface [82]. While the identity of these GAGs
wasn’t devolved in their findings, it is possible that the GAGs represented a combination of
fragments from Glypican, Syndecan, and Perlecan (Plc) HSPGs. Gpc, Sdc, and Plc are involved
in growth factor binding. Plc, overexpressed (upto 150 fold) in human melanoma samples, also
acts as a co-receptor for growth factors such as FGF-2 and FGF-7 [83,84]. Plc knockdown
greatly inhibits murine melanoma tumor growth and neovascularization [85].

Invasion and Metastasis—Exogenous Hpa and cell-surface Gpc expression moderate the
ability of skin cancer to metastasize. Lung metastatic melanoma cells overexpress Hpal mRNA
(upto 29-fold) compared to normal lung tissue [86]. In melanoma patients with lung metastases,
Hpalis found around vascularized regions and in blood vessels near the invasion front, whereas
tumor nodules contain very little Hpa [86,87]. Hpal-expressing melanoma cells demonstrate
increased invasion in vitro and metastasis to lung and liver in vivo [88,89]. Gpc expression also
affects melanoma invasion and metastasis characteristics since antisense-mediated-Gpc1-
knockdown reduces B16-F10 melanoma cell pulmonary metastasis by attenuating Gpcl-
HBGF (Heparin binding growth factor) signaling [75]. In combination with Hpa
overexpression, melanoma cells exhibit 3-OST gene hypermethylation and subsequent gene
silencing [90]. While the implications of this modification are not yet known, it is possible that
certain patterns of 3-O sulfonation impart cancerous phenotypic changes. Ma et al. have found
that P-Selectin, a cell adhesion molecule, bound to HS-like molecules on melanoma cells even
in the absence of its recognition motif [91]. Interplay between 3-OST, 6-OST, and HSulf-1/2
might play a role in modifying HS to confer P-Selectin binding ability and hence promote
metastasis by allowing cells to migrate to secondary sites.

Colorectal Cancer

Growth—In human colorectal cancers, Sdc-1 and Sdc-4 are downregulated while Sdc-2 is
upregulated [92,93]. In conjunction with these HSPGs, 6-OST-2 is also upregulated. Sdc-2
knockdown leads to GO/G1 cell cycle arrest, increased expression of tumor suppressor proteins,
and consequentially reduced tumorigenic activity [93]. In contrast, Sdc-2 expression in
colorectal cancer cells contributes to cell evolution into a migratory mesenchymal-like
phenotype (flatter shape, more membranal projections, and loss of intercellular contacts)
[94]. 6-OST-2 mRNA is also significantly upregulated in colonic mucinous adenocarcinoma
whereas 6-OST-3 is the predominant isoform present in normal mucosa [95]. Evidence from
ovarian cancer suggests that 6-OST overexpression correlates with FGF-2 signaling and cell
proliferation [96].

Invasion and Metastasis—Hpa over- expression correlates with increased colon cancer
proliferation, invasion, and metastatic potential. Friedmann et al. have found high levels of
Hpa in lung, liver, and lymph tumor metastases, while the highest amounts were found in
deeply invading colon carcinoma cells [97]. Hpa activity is critical in colon cancer progression
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because stored FGFs attached to cell-surface HS are released by Hpa and MMP-7 [98]. Thus,
in addition to making the ECM more permeable and susceptible to invasion, Hpa expression
promotes cell proliferation and other growth factor related signals.

Lung and Brain Cancer

Growth—The roles of HS in lung and brain cancer are largely unknown, perhaps due to the
delicacy of lung and brain tissue. Furthermore, since both these tissues are highly vascularized,
cancers here are usually secondary metastases [99]. For lung cancer patients, serum Sdc-1 (S-
Sdc-1) levels decline following tumor resection; whereas recurrent lung cancers demonstrate
elevated S-Sdc-1 levels [100]. High S-Sdc-1 levels probably indicate high Hpa activity and
extensive paracrine growth and proliferation signals.

Similarly, malignant glioma cells express high levels of Sdc-1 whereas nonneoplastic tissues
do not [101]. Cell-surface Sdc-1 expression may correspond with FGF based growth factor
signaling. Itis also possible that overexpression of Sdc-1 and similar HSPGs is a distinguishing
mark of cancer. Steck et al. generated antibodies that bound favorably to HSPGs from higher-
grade gliomas [102]. From this they hypothesized that alternate HSPG expression patterns,
and possibly sulfonation patterns, pertained to malignant transformation and growth potential
of glial-cells. However, it is uncertain whether these alterations in HSPG expression are a cause
or an effect of the transformation process.

Invasion and Metastasis—Hpa activity and mRNA are upregulated in lung and brain
cancers as well. In a clinical study involving 114 lung cancer patients, cancer cells from 75%
of the patients overexpressed Hpa [103]. Hpa over expression indicates increased invasive
potential since Hpa knockdown in A549 lung cancer cells decreases their invasive potential
in vivo [104]. Similarly in brain tumors, melanoma cells that are highly metastatic to the brain
overexpress Hpal [105]. Hpal pretreated cells invade brain tissue in greater numbers and to
greater tissue depths [105].

Other Cancers

While the focus of this review is on cancers of the brain, breast, lung, skin, pancreas, and colon,
aberrant HS biosynthesis and catabolism play a role in several other cancers as well. EXT-1
and EXT-2, involved in heparan sulfate biosynthesis, are known tumor suppressor genes
involved in preventing progression of osteochondromas to chondrosarcomas [106]. Several
cancers, including ovarian cancer and head and neck squamous carcinoma, demonstrate
extensive HSulf-1 silencing [107,108]. Re-expression of HSulf-1 in these cancers suppresses
proliferation, enhances apoptosis in vitro and reduces angiogenesis [109]. Chen et al. found
that the HSulf-1 promoter was more frequently methylated in DNA samples from cell-free
serum samples of gastric cancer patients (55%) compared to healthy patients (19%) [109].
They proposed that this methylation-induced silencing of HSulf-1 could be used as an early
diagnostic tool for cancer. Hpa is overexpressed in the invading front of endometrial cancers
in humans where Hpa expression correlates with tumor-associated angiogenesis and invasion
into lymph vascular space and myometrium [110,111]. It is also over expressed in renal cell
carcinomas and head and neck carcinomas [112,113].

Underlying patterns of HSPG involvement in all cancers

Based on the previously stated roles of HS biosynthetic and catabolic enzymes in cancer, it is
now possible to see several overarching patterns (Table 1, Fig. 4). Hpa, the sole mammalian
enzyme to degrade HS, is overexpressed in most cancers. Hpa activity breaks down
proteoglycans, increases endothelium permeability, releases stored cell-surface FGFs, and
permits serum-HS to interact with FGFs. 3-OST, an enzyme that moderates rare HS fine
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structural changes, is silenced by hypermethylation in several cancers [66]. Although
demethylation of 3-OST in breast cancer cells didn’t produce any visible changes, there must
be a reason behind 3-OST silencing in such an array of cancers [66]. HSulf-1 also seems to be
downregulated (via methylation) in several cancers. Since re-expressing HSulf-1 decreases
cancer mitogenesis, cancer cells probably utilize hyper-sulfated residues that are normally
controlled by HSulf-1 for growth signaling via FGF-2 signaling [114]. Interplay between Hpa
and Sdc-1 in several cancers is also noteworthy. Both entities seem to act together to induce
proliferation and autocrine growth signaling. Changes in HS biosynthetic and catabolic
enzymes are essential to cancer growth. HS is a profound target for developing novel cancer
therapeutics because modifying HS chains would affect Hpa, HSulf-1, HSulf-2, and 3-OST
activity in tumor cells, which in turn would affect angiogenesis, growth-factor signal over-
amplification, and tumor growth, invasion, and metastasis.

Current HS-based treatments

It has been known for decades that HS and other GAGs modulate tumor biology and are
essential to cell survival. However, HS-specific treatments have only recently begun
preliminary clinical trials. Several different treatment strategies have been the focus of recent
research efforts. These strategies include: inhibition of Hpa with HS analogs such as PI-88,
inhibition of tumor invasion and metastasis using non-anti-coagulant LMWH analogs, and
inhibition of tumor growth using carbodiimide modified GAGs or ‘neoglycans’.

Difficulties associated with cancer treatment

Treating cancer poses a challenge because cancer cells have several inherent defense
mechanisms. Not only do cancer cells originate from the host system, but they also use natural
cellular metabolic pathways to grow. Additionally, due to the genetic errors that manifest
cancer, tumors are composed of heterogeneous populations of cells that respond differently to
treatments and impart multi-drug resistance to tumors [115]. Moreover, cancer patients exhibit
a hyper-coagulable state because cancer cells employ platelets and modified HS to evade
immune cells. Several insightful studies implicate platelets in forming barriers that prevent NK
cells from recognizing and destroying tumors by coagulating around cancer cells [116-118].
Depletion of platelet P-Selectins, which allow platelets to adhere to tumor cells, leads to
reduced tumor dissemination, and increased tumor cell death [119]. To further complicate
cancer diagnosis, there is an epigenetic aspect to the development of cancer. The probability
of being diagnosed with cancer increases with age, as published by the American Cancer
Society [120]. Since the disease manifests at varying ages, it is not yet possible to predict the
onset of cancer. To combat such a variety of defense mechanisms employed by cancer cells,
effective cancer therapies should be based on multiple anti-tumor mechanisms while utilizing
pathways that are essential to survival of all cells.

Heparanase, a potent anti-cancer target

Hpa is a potent anti-cancer target because it is upregulated in a majority of cancers and plays
a major role in tumor-induced angiogenesis, invasion and metastasis (Fig. 5). Based on
available information, it is possible to propose one comprehensive pathway by which Hpa aids
cancer by providing tumor cells with a self-induced proliferation loop. During hypoxia, cancer
cells overexpress Hpa well above their normal Hpa levels [121]. Overexpressed Hpa is secreted
in a pro-enzyme form. After reuptake, the proenzyme is cleaved, activated, and secreted once
again [57,122]. The active enzyme then cleaves cell surface HS (i.e. Sdc-1 shedding) to form
paracrine and autocrine signaling complexes [69].

Autocrine signaling complexes enhance FGF-HS-FGFR interactions and upregulate cellular
signaling pathways. On one hand shed Sdc-1 are taken up by cancer cells and localized to the
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nucleus where they affect expression of MMP-9, VEGF, and tissue factors [123,124]. On the
other hand, shed Sdc-1 form trimeric complexes to stabilize FGFR-1 and FGF-1 interactions
[114] Paracrine signaling complexes induce other tumor cells to proliferate as in breast cancer.
The MMP activity then potentiates tumor invasion whereas VEGF and FGF activity increase
tumor lymph node metastasis, angiogenesis and growth. Moreover, tissue factors promote
clotting, angiogenesis, and platelet barrier formation around the tumor [125-129]. Newly
formed cancer cells and improved nutrient supply then perpetuate tumor growth and heparanase
production so that the self-proliferation loop continues (Fig. 5).

P1-88 and related Heparan Sulfate analogs

The structures, advantages, and disadvantages of several Hpa inhibitors have been discussed
in detail by Ferro et al.[130] One particularly interesting Hpa inhibitor is PI1-88 (Fig. 6), a highly
sulfated oligosaccharide mixture, which is currently undergoing phase 1l clinical trials for
treating patients with metastatic melanoma [131,132]. It prevents angiogenesis and tumor
growth by blocking FGF-1, FGF-2, and VEGF interactions with their receptors and HS [131]
P1-88 reduces the growth of invasive rat mammary adenocarcinoma cells by 50%. It also
reduces lymph node and blood metastases [133]. Among 400 patients already tested, P1-88 has
shown minimal side-effects and excellent efficacy whereby one patient with melanoma had a
partial response for >50 months [131]. Based on improvements to P1-88 chemistry, several
new analogs of P1-88, known as the PG500 series, have been developed [134]. Some
advantages of these new molecules include improved inhibition of FGF- and VEGF- induced
endothelial cell tube formation and lower plasma clearance levels compared to PI-88 [131]

Low molecular weight non-anticoagulant heparins

Another current HS-based treatment strategy is based on heparin’s natural anti-cancer
properties. While the molecular details of heparin’s effects on cancer have not been completely
resolved, it is believed that heparin inhibits tumor metastasis by inhibiting Hpa activity,
preventing P-Selectin mediated cell-platelet interactions, and releasing tissue factor pathway
inhibitor, a potent endogenous anti-angiogenic agent [135,136]. However, heparin is also a
potent anti-coagulant and cannot be used to treat cancer patients for a prolonged period of time
because it may lead to bleeding complications. Several groups have prepared low molecular
weight anti-coagulant heparin (LMWH) derivates to mimic heparin’s anti-mitogenic activity
without its anti-coagulant properties. Non-anticoagulant LMWH are produced by separating
the anti-thrombin binding sequence from unfractionated heparin, chemically desulfating
heparin at the 2-O and 3-O sulfonation sites or by using periodate oxidation (also known as
the “glycol split’) to decrease the number of glucuronic acid residues which are critical for
binding to antithrombin 111 [136] Dalteparin, a 5kD non-anticoagulant LMWH, has been shown
to improve 1- year survival of cancer patients with small cell lung cancer by 11% and 2-year
survival by 17% in clinical studies without presenting bleeding complications [137]. Anti-
coagulant LMWHSs have shown promise in mouse models but have not yet entered clinical
trials [136].

Neoglycan and carbodiimide modified GAGs

Pumphrey et al. have developed a new class of anti-cancer agents, termed ‘neoglycans’, based
on carbodiimide-modified CS and heparin chains. While the actual structure of these chains is
unclear, carbodiimide modification of GAG chains could produce crosslinked chains that form
GAG complexes via reaction of the free amine groups. These crosslinked meshes may resemble
multimeric arrays of GAGs found on syndecans/glypicans. However, it is essential to note that
GAG chains have abundant carboxyl groups and limited amine functionality. Therefore, the
carbodiimide reaction may not go to completion and thus may produce highly sulfated
neoglycans functionalized with several O-acylisourea groups along the chains.
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These molecules significantly reduce myeloma and breast cancer cell viability in vitro in a
dose dependent manner [138]. NeoCS treatment at 32 pg/ml reduced ARP-1 cell viability by
96%. As reported in this study, the 1C5q values for neoHeparin and neoCS on ARP-1 myeloma
cells are 21.94 pg/ml and 14.79 pg/ml, respectively. These molecules trigger apoptosis in
ARP-1 and MDA-MB-231 (breast cancer) cells, however the mechanism of their action and
uptake are still not known. neoCS was a more potent inhibitor for a majority of cell lines tested
in vitro and a single dose of neoCS completely eliminated MDA-MB-231 tumors implanted
into BALB/c nu/nu mice. After treatment with the neoCS, only 1 tumor reemerged out of 15
separate in vivo tests. These modified GAGs show promise for future anti-cancer drug
development. However, one should exercise caution because these modified GAG chains are
unlikely to be metabolized in vivo and therefore may possess toxicity.

There are also several other therapeutic strategies based on HS-like molecules. Other areas of
research include: developing FGF-2 inhibitors that prevent FGF-HS-induced cellular growth,
developing drug delivery vehicles that utilize HS-mediated internalization into cells, and
modulating HS-GAG production in cancer cells using novel drugs [139-142]. Suramin, a non-
heparin Hpa inhibitors, has also shown promise in vitro and has undergone several phase |
clinical trials [143]. Preliminary results from these studies are promising and reinforce our
hypothesis that modulating HS fine structures, their biosynthesis and interactions with the
tumor microenvironment will lead to potential drug therapies for cancer in the near future.

Future Directions

HS-based treatments can be more effective against cancer

Cancer cells have been suggested to mimic misbehaving stem cells where erroneous cellular
machinery causes cells to trigger abnormal signals, misinterpret incoming signals, and
differentiate into several families of cancerous cells [144]. HS chains, ubiquitously expressed
on cell-surfaces and in ECM throughout the body, act as molecular antennae that send and
receive signals through binding to a wide variety of molecules such as FGF-2, VEGF, HB-
EGF, P-Selectin, MMP-7 and MMP-9 [15,123,135,145,146] or releasing these sequestered
molecules from the cell surface/ECM. Thus, therapeutics that modify HS will be able to attack
cancer cells on multiple fronts because they can target P-Selectin interactions, growth factor
binding, the coagulation cascade, protease activation and inhibition, Heparanase activation and
activity, and possibly tumor evolution/differentiation [147].

Novel chemical biology approaches to treating cancer

Future research should utilize knowledge of the downstream effects of fine structural changes
in HS to invent novel therapeutics that affect a wide range of tumor-specific pathological
processes. Unraveling the mysteries of ‘GAGOSOMES’, which are responsible for forming
and controlling the HS biosynthesis enzyme complex, may also yield a valuable target [148,
149]. Modulating HS fine structures will affect HS-ECM, HS-FGF, and HS-protein
interactions and prevent cancer growth without causing any adverse downstream effects.

It is possible to inhibit HS/CS biosynthesis by utilizing 4-deoxy-4-fluoro-xylosides [150].
Decreasing overall levels of HS may reduce FGF and VEGF signaling and affect tumor
proliferation, invasion and metastasis. Inhibiting HS production may also prevent Hpa
activation and hence restrain Hpa activity [122]. It is also possible to stimulate HS and CS
GAG production by utilizing xylosides to prime GAG chains in vitro or in vivo [151].
Increasing HS can render cancer cells more adherent and less metastatic due to enhanced
integrin binding [152]. However, these methods produce a wide array of GAGs with no specific
properties. Further research into the chemistry and biology of these xylosides is necessary to
make treatments from xyloside-induced GAGs with fine structural elements that can compete
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with endogenous GAGs made by cancer cells and disrupt cancer growth factor signaling and
Hpa activity.

In summary, this article proposes that controlling GAG biosynthesis and catabolism in general,
and HS biosynthesis and catabolism in particular, may be a powerful tool to design effective
treatments against cancer and perhaps even other diseases. Key enzymes involved in "HS
biosynthesis and catabolism include HSulf-1, HSulf-2, Hpa, 3-OST, and 6-OST; each of these
enzymes is differentially expressed in various cancers. By changing HS structure, these
enzymes affect several downstream cellular processes that are integral to cancer progression.
However, there are still several unanswered questions relating to the use of HS in treating
cancer. Which Xylosides prime GAGs with fine structural elements that prevent FGF binding
and inhibit cancerous phenotype changes? What is the role of 3-O sulfation, a rare HS
modification, in cancer progression? In a novel experiment, Liu et al. injected Heparinase |
and Il into mice with B16BL6 melanoma and found that the specificity of the enzymes dictated
whether tumors regressed (Heparinase 111) or advanced (Heparinase 1) due to enzymatic
cleavage of cellular HS [153]. They found that the tumor cell GAG fragments produced by
Heparinase 111 digestion caused upto 75% tumor growth inhibition whereas fragments
produced by Heparinase | digestion significantly enhanced growth. This experiment reinforces
the concept that there is an incredible specificity to the structural/biological relationships
between HS fine structures and the biological effects of these molecules on cancers. However,
the metaphorical HS elephant has many facets that need to be extensively studied before we
can develop any effective anti-cancer drugs [154]. Thus, chemical biologists, who are at the
interface of understanding both the biological as well as the chemical roles of HS, have ample
opportunity to research and collaborate in order to find an effective HS-based scaffold for
treating cancer without any side effects.
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Abbreviations

HS Heparan Sulfate

CS Chondroitin Sulfate

DS Dermatan Sulfate

HSPG Heparan Sulfate Proteoglycan
CSPG Chondroitin Sulfate Proteoglycan
Sdc Syndecan

S-Sdc Shed Syndecan

Gpc Glypican

Hpa Heparanase

HSulf HS 6-0 Endosulfatase

3-0ST 3-0O Sulfotransferase
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6-0OST
FGF
VEGF
HBGF
HB-EGF
FGFR
VEGFR
BMP
TGF-p
MMP
GAG
ECM
PG
DCIS
PBMC
NK
LMWH

6-O Sulfotransferase

Fibroblast Growth Factor

Vascular Endothelial Cell Growth Factor
Heparin Binding Growth Factor

Heparin Binding Epidermal Growth Factor
Fibroblast Growth Factor receptor
Vascular Endothelial Cell Growth Factor Receptor
Bone Morphogenic Protein

Transforming Growth Factor Beta

Matrix Metalloprotease
Glycosaminoglycan

Extraceullar Matrix

Proteoglycan

Ductal Carcinoma in situ

Peripheral blood mononuclear cell fraction
Natural Killer Cell

low molecular weight heparin
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Fig. 1. Proteoglycan Biosynthesis

Biosynthesis begins with the addition of xylose to serine residues of the core protein.
Subsequently, glycosyl transferases add two Gal residues and one GIcA residue. EXT-1 and
EXT-2 then extend the GAG chain by alternatively adding GIcCNAc and GIcA. While
elongation takes place, NDST-1 and NDST-2 convert certain GICNACc to GICNS residues.
Epimerization and 2-O Sulfonation also occur in parallel; certain GIcA are converted to IdoA
while 2-OST acts on certain GIcA and IdoA residues. Subsequent action of 6-OST and 3-OST
yields the final PG chain that contains regions that have several N-Sulfated residues (NS
Domain), others that have several N-Acetylated residues (NA Domain), and short regions that
have a mixture of both (NA/NS Domain).
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Fig. 2. HSulf 1 & 2 Enzymatic Activity
HSulfs provide arylsulfatase activity selectively removing 6-O-Sulfate groups from GIcNAc
and GIcNS residues. Deviant H-Sulf mMRNA expression is present in several cancers.
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The Heparanase family is the only mammalian enzyme family that can cleave HS to form
oligosaccharride units. Due to its unique activity, Hpa modulates growth factor signaling, ECM
permeability and remodeling, cell clustering and adhesion, and several other cancer-related
functions. Increased extracellular Hpa is an early indicator of malignant carcinomas.
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Fig. 4. The roles of HS in cancer

From gathered evidence presented in this article, HS is involved in several key functions
regarding cancer progression. Cell metastasis depends on HS to provide P-Selectin binding so
cells can adhere. As an antenna molecule, HS also plays a role in transducing signals from
external growth factors by forming complexes with growth factor receptors. Additionally it is
necessary for efficient activation of Heparanase, which is necessary for invasion, angiogenesis,
and inflammation. By binding P-Selectins on platelets, HS also protects cancer cells from
natural Killer (NK) cell activity. Systemically, shed cell-surface HS can form paracrine
signaling complexes FGFRs. Additionally, though not completely understood, cancer cells
instigate circulating lymphocytes to upregulate heparanase activity; as an antenna molecule,
HS is probably involved in this pathway as well.
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Fig. 5. Current HS-Based drug development strategies and their target signaling pathways in the
Heparanase-induced self-proliferation loop

P1-88 and related oligosaccharides are potent anti-cancer agents because they interrupt
Heparanase activity and also affect several growth signaling pathways such as the FGF2
pathway. Heparin and its low molecular weight anti-coagulant derivatives are natural Hep
inhibitors that competitively inhibit Heparnase enzymatic activity by acting as the enzyme
substrate. However, it is possible to affect both Heparanase as well as HS binding growth
factors by utilizing modified HS and xylosides to tailor endogenous HS on cells to resist Hpa
enzymatic activity and growth factor binding.
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Fig. 6. Chemical Structure of P1-88
A potent Heparanase inhibitor, PI-88 is a hyper-sulfated oligosaccharide that blocks Hpa and
several HS/Growth factor interactions.
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Summary of HS and HS-related-enzyme expression aberrations.
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