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Abstract
Proteoglycans are a group of molecules that contain at 
least one glycosaminoglycan chain, such as a heparan, 
dermatan, chondroitin, or keratan sulfate, covalently 
attached to the protein core. These molecules are 

categorized based on their structure, localization, 
and function, and can be found in the extracellular 
matrix, on the cell surface, and in the cytoplasm. 
Cell-surface heparan sulfate proteoglycans, such as 
syndecans, are the primary type present in healthy 
liver tissue. However, deterioration of the liver results 
in overproduction of other proteoglycan types. The 
purpose of this article is to provide a current summary 
of the most relevant data implicating proteoglycans 
in the development and progression of human and 
experimental liver cancer. A review of our work and 
other studies in the literature indicate that deterioration 
of liver function is accompanied by an increase in 
the amount of chondroitin sulfate proteoglycans. 
The alteration of proteoglycan composition interferes 
with the physiologic function of the liver on several 
levels. This article details and discusses the roles of 
syndecan-1, glypicans, agrin, perlecan, collagen XVIII/
endostatin, endocan, serglycin, decorin, biglycan, 
asporin, fibromodulin, lumican, and versican in liver 
function. Specifically, glypicans, agrin, and versican 
play significant roles in the development of liver cancer. 
Conversely, the presence of decorin could potentially 
provide protective effects.
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Core tip: Proteoglycans are molecules that contain at 
least one glycosaminoglycan chain and are primarily 
found on the cell surface and in the extracellular 
matrix, where they serve as structural components. 
In addition, their glycosaminoglycan chains interact 
with numerous regulatory molecules, thus potentially 
influencing a myriad of cellular processes, including 
those linked with cancer development. For example, 
they can support or inhibit signaling of growth factors, 
cytokines, and hormones. This article reviews current 
data demonstrating the versatile role of proteoglycans 
in the development, maintenance, and progression of 
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INTRODUCTION
Proteoglycans are molecules with glycosaminoglycan 
(GAG) chains covalently attached to the protein core 
and are typically found on the cell surface or in the 
extracellular matrix (ECM). They were believed to 
be responsible for the maintenance of tissue turgor 
in the interstitial matrix, and were thought to act as 
molecular sieves in basement membranes. Although 
their sugar chains hindered the determination of their 
exact structure[1,2], gene technologies introduced in 
the second part of the last century provided a clearer 
picture. DNA sequencing of the regions encoding the 
protein cores led to the identification of glycanation 
sites. It then became possible to classify proteoglycans, 
initially based on sugar chains, and then subsequently 
by protein structure and function. It became clear 
that both the sugar chains and the protein cores of 
proteoglycans possess distinct and well-determined 
functions that are independent of each other.

The GAG chains of proteoglycans are comprised 
of repeating disaccharide units, each containing a 
uronic acid and an acetylated or sulfated hexosamine 
(D-glucosamine, N-acetyl-D-glucosamine, or N-acetyl-
D-galactosamine). The length of these chains is 
variable, though the number of chains that attach 
to the protein core is determined by the number of 
sugar attachment sites, marked by Ser-Gly dipeptide 
motifs. Whereas the backbone of heparan sulfate 
(HS) is comprised of glucuronic acid and N-acetyl-
D-glucosamine, chondroitin sulfate (CS) contains 
glucuronic acid and N-acetyl-galactosamine, and 
dermatan sulfate (DS) contains iduronic acid and 
N-acetyl-galactosamine. Instead of uronic acid, keratan 
sulfate (KS) contains sulfated galactose with N-acetyl-
glucosamine residues. Partial sulfation of D-glucosamine 
residues in HS chains create a domain structure of 
alternating N-acetylated and N-sulfated regions. The 
latter can potentially interact with growth factors, 
cytokines, growth factor receptors, lipoproteins, and 
viruses, among others.

With the classification of proteoglycans (Table 
1), it became evident that CS and DS proteoglycans 
primarily reside within the connective tissue ECM (bone, 
joints, tendons), whereas a considerable number of 
HS proteoglycans reside on the cell surface. Currently, 
more than 40 proteoglycans have been discovered, 
though only a few have been studied in the liver. This 

review describes what is currently known about the 
proteoglycans, with particular focus on the role of 
these molecules in the healthy and cancerous liver. 

GAGS IN THE LIVER
As a parenchymal organ, the liver contains a limited 
amount of stromal components. As a result, HS would 
likely be the major GAG present on the surface of 
hepatocytes in normal conditions. Indeed, immuno
histochemical analyses demonstrate positivity with anti-
HS antibodies along the sinusoids and on the surface 
of hepatocytes[3]. Moreover, electrophoresis of GAGs 
isolated from normal human liver confirms that the 
majority of GAG chains are HS, with additional minor 
amounts of DS; CS is barely detectable (Figure 1).

The development of liver cancer is accompanied 
by dramatic changes in both the quantity and the 
composition of liver GAGs. The most conspicuous 
change is a 20-fold increase in CS, though enhancement 
of other GAGs has also been observed (Figure 1)[4]. 
This progressive increase in CS is accompanied by a 
relative decrease in HS[5]. Surprisingly, there is also a 
substantial increase in the amount of GAG components 
that appear in the seemingly normal peritumoral tissue. 
The alteration of GAG composition is a consequence 
of remodeled proteoglycan profiles, though it is not 
known which types are responsible. Glypican-3 and 
agrin are the two major HS proteoglycan components 
in hepatocellular carcinoma (HCC), while the source of 
CS in liver cancer is presumably versican.

STRUCTURAL AND FUNCTIONAL HS 
ALERATIONS IN LIVER CANCER
It has been reported that, unlike in normal liver, HS 
obtained from cancerous liver is undersulfated[6]. 
However, in our own experiments, although we 
observed a modest but significant decrease in 6-O 
sulfation and an increase in 3-O sulfation, total HS 
sulfation levels did not differ between normal liver 
and HCC[7]. This implies that any observed functional 
differences are likely based on more subtle structural 
alterations, such as those affecting the relationship 
between sulfated and acetylated domains. In add
ition, HSs isolated from HCC are increased in size 
compared to those isolated from the apparently 
normal peritumoral tissue[8]. It is likely that there 
are additional, as of yet undetermined, alterations 
responsible for the functional changes[9].

The diversity of ligand-binding properties on cell-
surface HS proteoglycans derives from the intricate 
and diverse structures of their sugar chains[10]. 
Tyrosine kinase receptor ligands can bind with cell-
surface HS to form a ternary receptor complex. At 
the same time, free HS proteoglycans in the ECM can 
compete for these binding partners, thereby creating 
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a soluble factor concentration gradient within the 
pericellular space. Moreover, many growth factors 
can bind HS, including basic fibroblast growth factor 
(bFGF), hepatocyte, platelet-derived, and vascular 
endothelial growth factors, and transforming growth 
factor (TGF)-β[11-13]. Interactions between HS and 
cytokines, such as regulated on activation normal T 
cell expressed and secreted (RANTES; also known as 
CCL5) and stromal cell-derived factor 1 (also known as 
CXCL12), have been implicated in hepatoma cell line 
invasion[14,15].

One of the best-known etiologic factors of HCC is 
hepatitis C virus (HCV) infection. Importantly, it has 
been shown that of HSs prepared from various bovine 
tissues, only those from the liver have a high affinity 
for E1 and E2, the envelope glycoproteins of HCV[16]. 
These data suggest that surface HS proteoglycans on 
liver cells are responsible for the liver-specific tissue 
tropism of HCV infection.

HSs extracted from healthy liver tissue can inhibit 
topoisomerase Ⅰ and Ⅱ activity[9,17] and compete 
with DNA for binding to several transcription factors 
(AP1, Ets1, TFIID, and Sp1), whereas HSs obtained 

from HCC do not[8]. This is important, as labeled HS 
proteoglycans have been shown to enter the nucleus 
of hepatoma cells[8]. Although the mechanism for this 
nuclear translocation is not known, complex formation 
with growth factors such as bFGF may facilitate this. 
Furthermore, recent data show that free or protein 
core-bound HSs are capable of inhibiting histone 
deacetylase activity, such as with syndecans shed from 
tumors that are taken up by stromal cells[18,19].

TRANSMEMBRANE PROTEOGLYCANS
Syndecan-1
Syndecans are a family of molecules comprised 
of three domains, including highly conserved intra
cellular and transmembrane domains and an 
extracellular domain that is unique to each member. 
The extracellular domain carries three HS chains, 
but a single CS chain can also be present on the 
core protein[20]. Syndecan-1, the most widely studied 
of the syndecans, is found in low amounts on the 
basolateral surface of hepatocytes. It is likely to be 
the major cell-surface HS proteoglycan in healthy 
liver tissue. HS chains of syndecan-1 confer all the 
aforementioned functions that characterize HSPGs in 
general. In addition it has been shown to play a critical 
role in lipoprotein clearance, acting as a low-density 
lipoprotein receptor on hepatocytes[21].

Although syndecan-1 expression is upregulated 
in human liver cirrhosis, our immunohistochemical 
analyses failed to reveal tumor-specific changes in liver 
cancer (unpublished data) (Figure 2). Thus, elevated 
syndecan-1 expression appears to be more closely 
associated with liver cirrhosis, rather than malignant 
transformation. Consistent with this idea, mRNA 
expression of syndecan-1 was decreased in 12 HCC 
samples[22], and the protein expression was low in 57 
patients with invasive HCC[23].

It is important to note that the modest changes 
observed in syndecan-1 on the surface of hepatoma 
cells are likely underestimating the true effect, as a 
considerable proportion of syndecan-1 is shed from 
the cell surface. This shedding can be detected as an 
increased serum concentration, which also correlates 
with advanced Barcelona Clinic Liver Cancer stage, 
and therefore associated with the progression of 
HCC[24] and a greater risk of death[25]. As a result, 
expression of syndecan-1 on the surface of hepatoma 
cells does not reflect the role this molecule plays in 
the progression of liver cancer. The importance of 
shedding is highlighted by the work of Ramani et al[26], 
who demonstrated the importance of heparanase 
in the modification of HS chains and shedding of 
syndecan-1, which triggered the production of matrix 
metalloproteases. Furthermore, our unpublished 
data indicate that inhibition of syndecan-1 shedding 
in HepG2 cells induces cell differentiation via 
downregulation of the transcription factor Ets-1 and the 
major sheddase MMP7. Additional in vitro experiments 

Localization Eponym Gene symbol GAG

Intracellular Serglycin SRGN Hep
Membrane
   SLIPs

Syndecan-1 SDC1 HS/CS
Syndecan 2-4 SDC2-4 HS

   GRIPs
Glypican 1-6 GPC 1-6 HS/CS

   Other
Betaglycan TGFBR3 HS/CS

CD44 CD44 CS
Extracellular
   SLRPs
      Class Ⅰ

Decorin DCN DS/CS
Biglycan BGN CS
Asporin ASPN -

      Class Ⅱ
Fibromodulin FMOD KS

Lumican LUM KS
Keratocan KERA KS

PRELP PRELP -
Osteoadherin OMD KS

      Class Ⅲ
Epiphycan EPYC CS/DS

Osteoglycin OGN -
Pericellular
   BM zone

Agrin AGRN HS
Collagen XVIII COL18A1 HS

Aggrecan ACAN CS/KS
   Hyalectans

Versican VCAN CS
Neurocan NCAN CS
Brevican BCAN CS

SLIPs: Syndecan-like integral membrane proteoglycans; GRIPs: Glypican-
related integral membrane heparan sulfate proteoglycans; SLRPs: Small 
leucine-rich proteoglycans; BM: Basement membrane.
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indicate that specific domains of syndecan-1 exert 
particular effects on hepatoma cells, as HepG2 and 
Hep3B cells expressing a truncated form of syndecan-1 
(in which the extracellular domain contains only the 
four membrane-proximal amino acids) are induced to 
differentiate (unpublished data).

Glypicans
Glypicans (GPCs) are a family of six medium-sized 
HS proteoglycans that are tethered to the cell surface 
with a GPI anchor. These proteins share conserved 
structural features, including insertion of two to four 
HS chains close to the membrane, and are considered 
regulators of Wnt, Hedgehog, FGF, and bone mor
phogenetic protein signaling[27]. Although the roles 
of GPC-1 and GPC-5 have also been investigated in 
development and cancer[28-31], GPC-3 is by far the most 
thoroughly studied member of this family, and appears 
to be a key driver of hepatocarcinogenesis. Mutations 
of GPC-3 were first described in Simpson-Golabi-
Behmel syndrome, an X-linked disorder characterized 

by pre- and postnatal overgrowth[32]. As these were 
loss-of-function mutations, it was hypothesized that 
the function of GPC-3 is to suppress tissue growth. 
In the following years, GPC-3 became increasingly 
implicated in cancer, and is now regarded as a typical 
oncofetal protein that is widely expressed during 
development, but silenced in adult tissues.

GPC-3 expression is elevated in several cancer 
types, such as embryonic tumors[33,34], malignant 
melanoma[35], and, most notably, HCC[36,37]. On 
the other hand, it is downregulated in malignant 
mesothelioma and ovarian cancer[38,39], and silenced 
via promoter hypermethylation in the majority of 
breast cancers[40,41]. The effects of GPC-3, such as 
the growth-inhibitory potential, have been associated 
with the negative regulation of Hedgehog signaling[42]. 
Conversely, GPC-3 may also stimulate cell proliferation 
by enhancing activity of the Wnt pathway. Stabilization 
of Wnt binding to its receptor, Frizzled, appears to 
be pivotal in promoting hepatocarcinogenesis[43]. It 
was also recently shown that GPC-3 promotes the 
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Figure 1  Expression of proteoglycans in normal and diseased liver. Detection of heparan sulfate (HS4C3 antibody) in normal liver (A) and in liver cancer (B). In 
normal liver the reaction is localized mainly in the sinusoids, and delicate staining is visible on the surface of hepatocytes. In contrast, in hepatocellular carcinoma (HCC) 
amplified amounts of heparan sulfate (HS) are visible around the individual tumor cells, most likely representing the sugar component of cell surface HSPGs. Connective 
tissue surrounding the tumorous nests is also loaded with HS; C: Typical picture of glycosaminoglycan (GAG) on cellulose acetate electrophoresis. GAG isolated from 
normal liver (1), from peritumoral liver (2), from liver cancer (3), from normal liver after chondroitinase ABC digestion (4, 5). Bands from the bottom to the top: heparan 
sulfate, dermatan sulfate, chondroitin sulfate. Note that the majority of GAGs are HS in the normal and peritumoral liver, whereas CS dominates in HCC; D: Separation of 
proteoglycans of liver origin on PAGE. Liver surrounding colon cancer metastasis (1), healthy liver (2), liver from α1-antitrypsin deficiency (3), fibrolamellar carcinoma (4), 
peritumoral liver of FLC (5), HCC (6), and peritumoral liver of HCC (7). Artificial colorization emphasizes the difference between normal and diseased specimens.
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epithelial-to-mesenchymal transition and invasive 
behavior of HCC cells through the stimulation of 
extracellular signal-regulated kinase (ERK)[44].

GPC-3 is not expressed in the normal liver[45], 
and overexpression in this organ is restricted to ma
lignant hepatocellular lesions[36,46,47]. Because of this, 
positivity for GPC-3[48,49], along with arginase-1, CD34, 
glutamine synthetase, HepPar1, and heat shock 
protein-70[50-53], are utilized in immunohistochemical 
analyses for the diagnosis of HCC. Indeed, the use of 
various combinations of these markers when analyzing 
problematic samples, such as core biopsies and fine-
needle aspiration specimens, can aid in resolving 
diagnostic dilemmas, such as distinguishing small well-
differentiated HCC from dysplastic nodules[51,52,54]. 
Furthermore, GPC-3 can be used as a serum marker, 
as it is cleaved from the cell surface by the lipase 
notum[55]. However, GPC-3 should not be relied upon 
as a single serum marker, as it has only moderate 
accuracy in this application[37,56]. Nevertheless, GPC-3 is 
an attractive therapeutic target for liver cancer because 
of its high expression in the majority of HCCs and 
its known oncogenic role via Wnt and ERK signaling. 
As such, several preclinical and clinical studies have 
been initiated to test the efficacy of GPC-3-specific 
antibodies in advanced HCC patients. Although a 
promising candidate, the humanized mouse antibody 
GC33 recently failed in a phase Ⅱ trial (Yen et al, J 
Clin Oncol 2014; 32 Suppl 5; abstr 4102), others are 

still in development[57]. Additionally, immunotherapy 
with T cells bearing chimeric-antigen receptors specific 
for GPC-3 is currently being tested in a phase Ⅰ clinical 
trial (ClinicalTrials.gov ID: NCT02395250).

PERICELLULAR PROTEOGLYCANS
Agrin
Agrin is a large, multidomain proteoglycan with a about 
220 kDa protein core that is both N-glycosylated and 
heavily O-glycanated with HS (and, to a lesser extent, 
CS) chains, thus rendering its apparent molecular 
mass > 400 kDa. Alternative splicing of the C-terminal 
exons imparts acetylcholine receptor clustering 
functionality, which was the first known role of agrin[58]. 
In addition, the use of alternative promoter sequences 
lead to tissue-specific expression of secreted and 
membrane-bound isoforms. Agrin cross-links the 
cytoskeleton of cells with the ECM, where it interacts 
with laminins and cell-surface receptors, including 
integrins, α-dystroglycan, and the lipoprotein-related 
receptor 4/muscle-specific kinase complex[58,59]. Like 
other HS proteoglycans, agrin binds to and regulates 
growth factors such as bone morphogenetic proteins 
and TGF-β1[60].

Since its discovery as a key motoneuron-derived 
synaptic organizer at the neuromuscular junction[61], 
agrin has been described in numerous other anatomic 
locations and physiologic roles. For example, in addition 

Figure 2  Syndecan expression in the liver. A: Expression of syndecan-1 in normal liver; B: Expression of syndecan-1 in liver cancer without cirrhosis; C: Expression 
of syndecan-1 in liver cirrhosis; D: Expression of syndecan-1 in liver cancer with cirrhosis. Note that only modest elevation of syndecan expression can be observed in 
cancer without cirrhosis, in contrast with the cancer specimen with cirrhosis. Immunopositivity in the cytoplasm of the latter indicates the impairment of transport to the 
cell surface. Immunohistochemistry on formalin fixed paraffin embedded specimens. (Primary antibody Dako MI 15). 
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to also organizing central nervous system synapses[62], 
agrin was found to orchestrate the formation of the 
so-called “immunologic synapse” between T cells and 
their antigen-presenting partners[63]. Furthermore, 
agrin has recently emerged as a key component of 
the hematopoietic stem cell niche and the matrix of 
peripheral lymphoid organs[64,65], and was identified as 
a cell-autonomous survival factor for monocytes[66]. 
The secreted isoform is present in specialized basal 
laminae, such as capillary and alveolar walls of the 
lung, the renal glomerular basement membrane, and 
the blood-brain barrier[67-70], and may be a major HS 
proteoglycan constituent of larger blood vessels[71].

As it is expressed only in the walls of portal arteries 
and the biliary compartment (comprising both mature 
bile ducts and the hepatic progenitor cell niche), agrin 
was not initially detected in healthy liver tissue[72-74]. 
In contrast, levels of agrin are dramatically elevated 
in chronic liver disease, such as cirrhosis, where it is 
observed in reactive bile ductules and arterial walls, 
and in the tumor microvasculature of HCC[73]. Indeed, 
its presence in tumor microvessels reliably differentiates 
HCC from non-malignant lesions (where it is absent), 
such as adenomas and dysplastic nodules, and 
cholangiocellular and metastatic adenocarcinomas. In 
non-hepatocellular adenocarcinomas, agrin is detected 
in pseudoglandular basement membranes rather than 
microvascular walls[75,76].

The origin of agrin in liver cancer and its roles in 
HCC progression remain unknown. However, a recent 
report found that multiple HCC cell lines highly express 
and secrete agrin[77]. In these cell lines, agrin promoted 
proliferation, migration, invasion, and epithelial-to-
mesenchymal transition via the lipoprotein-related 
receptor 4/muscle-specific kinase complex and focal 
adhesion signaling. Similar protumorigenic effects 
of agrin (and perlecan) were also observed in oral 
squamous cell carcinoma[78]. Of note, the microvascular 
basement membrane where most agrin resides 
in HCC contacts other cell types in addition to the 
tumor cells, including endothelial cells and pericytes, 

which also contribute to the ECM. Furthermore, these 
cell types (i.e., cultured rat hepatic myofibroblasts 
corresponding to pericytes and endothelial cells from 
the human umbilical vein) have also been shown to 
produce agrin[73,79]. It is important to acknowledge the 
potential for additional functions of agrin. For example, 
agrin may modulate vascular barrier properties of 
the endothelial basement membrane by reorganizing 
junctional complexes[80].

Perlecan
Perlecan is another large, multidomain HS pro
teoglycan that is synthesized by hepatic stellate cells 
and endothelial cells and is present in basement 
membranes of blood vessels and bile ducts in the 
portal area, as well as along the sinusoids[81]. It is 
structurally similar to agrin, and a transmembrane 
variant has also been described[82,83]. The primary 
functions assigned to perlecan have been attributed 
to the growth factor-binding HS chains, though the 
modular protein core also participates in numerous 
cell-matrix and matrix-matrix interactions[84].

Perlecan deposition is enhanced by sinusoidal 
capillarization during fibrogenesis[81]. In liver cancer, it 
becomes a component of the tumorous stroma, where 
it colocalizes with bFGF, indicating a possible role in 
tumor neoangiogenesis (Figure 3). Indeed, perlecan is 
known to play a central role in pathologic angiogenesis 
based on the high capacity of its HS chains to bind the 
two major proangiogenic factors, vascular endothelial 
growth factor and bFGF[85]. Intriguingly, perlecan can 
also inhibit angiogenesis via its C-terminal proteolytic 
fragment, termed endorepellin[86]. Endorepellin 
binds to the master matrix receptor a2β1-integrin 
on endothelial cells, triggering disruption of the cyto
skeleton and blockade of migration and survival[87]. 
Nevertheless, there are experimental and clinical data 
demonstrating the proangiogenic role of perlecan 
in human malignancies, where it promotes tumor 
progression in carcinomas of the breast, prostate, and 
colon, as well as in metastatic melanoma[88]. Thus, 

Figure 3  Colocalization of perlecan and basic fibroblast growth factor in the capillaries of hepatocellular carcinoma. A: Perlecan; B: Basic fibroblast growth 
factor (bFGF). Serial sections were prepared from paraffin embedded hepatocellular carcinoma specimens. Note the identical localization of perlecan and bFGF in 
the basement membrane of blood vessels marked by asterisks. (Primary antibodies are: mouse anti-perlecan AB: clone 7B5, Zymed Laboratories; goat anti-bFGF 
antibody, R&D systems). 
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perlecan is also likely to favor neovessel formation 
in HCC progression, though this has not yet been 
specifically examined.

Collagen XVIII/Endostatin
Collagen XVIII is a large basement membrane 
molecule that shares features with both collagens 
and proteoglycans. As a proteoglycan, collagen 
XVIII harbors several HS GAG attachment sites. At 
the same time, it is structurally similar to collagen 
XV[89,90], and has three variant forms that arise 
due to alternative transcription and splicing. Short 
variants of collagen XVIII are synthesized by 
the bile duct epithelial, endothelial, and vascular 
smooth muscle cells, and are primarily expressed 
in vascular, epithelial, muscle fiber, and peripheral 
nerve basement membranes. Long variants are 
mainly produced by hepatocytes and deposited in 
the perisinusoidal space. However, activated hepatic 
stellate cells also produce the short collagen XVIII 
variant during fibrogenesis, which then becomes a 
major component of the altered basement membrane 
in capillarized sinusoids[91] and of the ECM in primary 
and metastatic liver cancers[92]. At the same time, the 
mRNA levels of collagen XVIII are decreased in liver 
cancer, and have been associated with larger tumor 
size, higher microvessel density, and recurrence 
after tumor resection[93]. It has been proposed that a 
decrease in the long variant, which contains a domain 
homologous to the Wnt-binding Frizzled receptor, 
favors tumor progression in HCC[92,94] by promoting 
activation of the Wnt/β-catenin pathway[95].

The C-terminal domain of collagen XVIII can be 
cleaved by several proteases, including MMP-3, -7, 
-9, -13, -20, elastase, and cathepsin L, producing a 
proteolytic fragment called endostatin, which has a 
strong antiangiogenic effect[90]. Endostatin influences 
several signaling pathways, including vascular 
endothelial growth factor, Wnt/β-catenin, and a5β1-
integrin, which are known to play crucial roles in 
hepatocarcinogenesis. Exogenous administration 
of endostatin has also been shown to inhibit tumor 
growth in various tissues, as well as HCC[96]. These 
features led to the use of endostatin as a therapeutic 
agent for cancer in phase Ⅰ and Ⅱ clinical trials, 
though the results were less promising than were 
found in preclinical experiments. Nevertheless, as 
stable disease and regression were observed in several 
cases, the use of a modified form of endostatin has 
continued in certain countries for the treatment of 
lung and gastric cancers[97]. Additionally, endostatin 
can be detected in serum, and therefore could be 
used for predicting prognosis[93,98]. For example, 
preoperative serum endostatin is inversely correlated 
with microvessel density in HCC patients and is related 
to a better prognosis after resection[93].

Endocan
Endocan, a proteoglycan whose core protein is 
glycanated by a single DS chain, is typically produced 
by endothelial cells[99]. Endocan is not normally 
expressed in highly vascularized organs such as the 
liver, but is rather synthesized upon inflammation and 
malignant transformation, indicating that it may be a 
characteristic feature of activated endothelial cells[100]. 
In liver cancer, endocan expression is confined to the 
microvessels of the tumor tissue, but is not present 
in capillaries in the peritumoral liver[101]. The DS chain 
of endocan has a high affinity for hepatocyte growth 
factor, an interaction that is critical for the activation 
of the Met receptor, which stimulates proliferation of 
hepatoma cells[100].

When analyzing the factors associated with clini
copathologic characteristics of HCC tumors, it was 
found that endocan-positive, but not CD34-positive, 
microvessel density was strongly correlated with 
microscopic venous invasion, a reliable indicator of 
postoperative recurrence[101]. Increased production of 
endocan can be detected in serum, which also can be 
used as a prognostic indicator, as it is associated with 
poor hepatic function, a greater number of tumors, 
and vascular invasion[102].

INTRACELLULAR PROTEOGLYCANS
Serglycin
One of the first to be sequenced, serglycin is the only 
proteoglycan with intracellular localization. Another 
unique feature of serglycin is that it has heparin as 
a sugar side chain, which allows it to interact with a 
variety of inflammatory mediators, such as proteases, 
cytokines, and growth factors[103,104]. Serglycin is 
mainly produced by hematopoietic cells, and it was 
only recently discovered that it is also expressed 
by tumor cells, where it promotes their aggressive 
behavior[104]. Consistent with this, overexpression of 
serglycin in HCC is predictive of a poor prognosis, with 
increasing levels corresponding to advanced Barcelona 
Clinic Liver Cancer staging, vascular invasion, and 
early recurrence[105]. In addition, the increased level 
of serglycin correlates with elevated vimentin and 
reduced E-cadherin levels, and is therefore thought to 
induce epithelial-to-mesenchymal transition in HCC[105]. 

SMALL LEUCINE-RICH PROTEOGLYCANS 
Small leucine-rich proteoglycans (SLRPs) represent the 
largest family of proteoglycans, with 18 distinct gene 
products and several splice variants. Members of this 
proteoglycan family are characterized by a relatively 
small core protein comprised of a central region 
of leucine-rich repeats[103,106]. Although most SLRP 
members carry CS/DS or KS chains, there are a few 
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that lack GAG chains, and are thus only classified as 
proteoglycans based on their structural and functional 
homology with other SLRP members[91,103,107].

Decorin
Decorin is the prototypical member of the SLRP 
family, and is glycanated with either a single CS or DS 
chain[106,108]. Primarily expressed by fibroblasts and 
myofibroblasts among various tissue types, decorin 
is most abundant in the skin, connective tissues, 
muscles, and the kidney[109]. Indeed, it was named 
based on its “decoration” of collagen fibers through 
binding to collagen Ⅰ where it regulates fibril formation 
and stabilization[110,111]. However, it is also known to be 
involved in many biologic and physiologic processes, 
including cell proliferation and differentiation, via 
interaction with various growth factors, matrix 
constituents, and signal transduction pathway-coupled 
receptors, such as those known to be dysregulated in 
HCC[112]. Therefore, soluble forms of decorin may act 
as pan-receptor tyrosine kinase inhibitors, targeting 
receptors for epidermal growth factor, HGF, insulin-like 
growth factor, vascular endothelial growth factor, and 
platelet-derived growth factor[108,113-121]. Interactions 
with such receptors can also lead to decorin-induced 
caveosomal internalization and receptor degra
dation[122].

In the healthy liver, decorin levels are generally 
low, with the exception of the central veins and 
the portal tracts where expression is higher. Some 
expression has also been detected in the sinusoidal 
walls. However, decorin accumulates with increased 
connective tissue production in chronic liver injury and 
is deposited along the sinusoidal walls as capillarization 
occurs, though its appearance often precedes the 
accumulation of fibrillar collagens. Furthermore, 
decorin colocalizes with high amounts of TGF-β1, a 
key stimulator of fibrillogenesis, in fibrotic areas in 
cases of chronic hepatitis, fibrosis, and cirrhosis[123]. 
Indeed, decorin has been shown to directly bind 
to and regulate TGF-β1[124,125], as well as indirectly 
via association with the low-density lipoprotein 
receptor-related protein receptor[126]. Through similar 
interactions, decorin can inhibit TGF-β1-dependent 
proliferation of fibroblasts, production of matrix in 
experimental renal fibrogenesis[127], and collagen 
synthesis in hepatic stellate cells[128]. Moreover, de
corin-deficient mice exhibit increased susceptibility 
to thioacetamide-induced fibrogenesis, as well as 
enhanced connective tissue deposition and significantly 
higher TGF-β1 bioactivity compared to their wild-type 
counterparts[129]. The lack of decorin also impeded the 
resolution of severe fibrosis, which may have been due 
to impaired matrix metalloprotease action. In addition, 
in vitro experiments demonstrated that knockdown of 
decorin in the LX2 hepatic stellate cell line increased 
the expression of smooth muscle actin and collagen 
type I. These observations support the notion that 

decorin could be utilized as an anti-TGF-β1 agent in 
the treatment of chronic liver diseases[130]. However, 
it is important to note that decorin can be present in 
both soluble and collagen-bound pools, which could 
potentially modulate its antifibrogenic activity.

The observation that decorin can affect multiple 
signaling pathways dysregulated in HCC[112], along 
with its ability to downregulate β-catenin and Myc 
expression[131] with concurrent induction of p21WAF1/

CIP1[132], indicates that decorin may serve as a tumor 
suppressor in liver cancer. In support of this role, 
levels of decorin mRNA are reportedly downregulated 
in HCC[133,134], and decorin was found to inhibit 
proliferation of HuH7[135] and HepG2 hepatoma cells 
via induction of p21WAF1/CIP1 and p57KIP2[136,137], while 
enhancing apoptosis[135-137]. Furthermore, virus-
mediated transfection of decorin causes death of 
xenografted HCC cells[138].

Interestingly, well-defined deposits of decorin 
surround tumor foci in experimental models of 
hepatocarcinogenesis[139]. At the same time, decorin 
production is decreased in the majority of human 
hepatoma stroma cells within the tumor tissue, 
while the expression is increased in the surrounding 
connective tissue (unpublished data). Furthermore, an 
inverse correlation exists between decorin expression 
and aggressive HCC behavior, as ablation of the 
decorin gene results in enhanced tumor formation 
in primary hepatocarcinogenesis models, likely due 
to enhanced receptor tyrosine kinase signaling and 
failed p21WAF1/CIP1 induction[119,139]. Indeed, increased 
phosphorylation of epithelial and platelet-derived 
growth factor receptors, macrophage stimulating  
protein receptor, and insulin-like growth factor receptor 
was observed with decorin deletion[139].

Biglycan
Biglycan is a member of the SLRP family that is 
produced by activated hepatic stellate cells during 
fibrogenesis[140,141]. Biglycan is deposited along with 
decorin in fibrotic areas[142], and similarly interacts 
with members of the TGF-β/bone morphogenetic 
protein family[107]. However, mechanistic details of 
its contribution to liver diseases have not yet been 
elucidated[91].

Asporin
Asporin is a proteoglycan that is very similar in 
structure to decorin and biglycan, though it does not 
contain any GAG chains[143,144]. Its name is derived 
from its aspartic acid-rich N-terminal region and its 
overall homology and similar tissue distribution to 
decorin. Although it is not expressed in normal liver 
tissue[143,144], levels of asporin are upregulated in 
cancer-associated fibroblasts in gastric carcinoma[145]. 
Moreover, asporin can interfere with TGF-β/Smad 
signaling[146], and therefore may potentially play a role 
in liver malignancies.
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Fibromodulin and lumican
Fibromodulin and lumican are SLRPs that contain KS 
GAG chains. Although not detectable in normal liver, 
expression of these proteoglycans is induced during 
liver fibrogenesis[147]. Fibromodulin was shown to 
promote the profibrogenic potential of hepatic stellate 
cells[148], and lumican was found to be a prerequisite 
for hepatic fibrosis[149]. However, the role of these 
specific SLRPs in hepatocarcinogenesis has not yet 
been determined.

HYALECTANS
Versican
Versican is a member of the hyaluronic acid-binding 
proteoglycan group that contains CS and DS GAG 
side chains, and is a ubiquitous component of the 
interstitial stroma ECM. Its four splice variants (V0, 
V1, V2, and V3) all have N-terminal and C-terminal 
globular domains responsible for various molecular 
interactions, and may or may not contain two GAG 
binding domains (GAGα and GAGβ). In adult tissues, 
the V2 variant is the most frequent, which contains 
the CS GAGβ binding domain. The number of CS/
DS chains varies among the variants, whereas the 
number, length, and molecular structure of the GAG 
chains are influenced by the N-terminal and C-terminal 
globular domains[150]. Synthesis of versican is primarily 
stimulated by TGF-β1[151-153], but also by platelet-
derived growth factor and interleukin 1α, whereas its 
production is inhibited by interleukin 1b[154,155].

In the ECM, versican interacts with various partners, 
such as tenascin-R, fibulin-1[156-158], fibrillin-1[157], 
fibronectin[159], P- and L-selectin[160,161], and various 
chemokines[150] via the globular domains or GAG chains. 
In addition, versican has been shown to bind to the 
epidermal growth factor receptor[150], and to the cell-
surface proteins CD44[160] and integrin β1[162]. Recently, 
versican has been shown to act on macrophages 
through toll-like receptors (TLR2 and TLR6), and 
promote inflammatory cytokine production and tumor 
cell metastasis[163]. The ability of versican to interact 
with a variety of regulatory components and cell-surface 
molecules indicates that versican could potentially 
influence cell adhesion, proliferation, apoptosis, 
migration, and invasion[164-167].

Elevated expression of versican (V0 and V1 variants) 
has been found in numerous types of malignancies, 
including breast and prostate cancers, gliomas, 
osteosarcomas, fibrosarcomas, and melanomas, where 
it is associated with cancer relapse and poor patient 
outcome[168-174]. Recent studies show that expression of 
versican is regulated by a number of microRNAs[175,176]. 
Interestingly, the 3’UTR of versican can bind to 
and antagonize some of these microRNAs, thereby 
enhancing its own expression[177]. Indeed, transgenic 
mice expressing the 3’UTR region of versican develop 
HCC[178], demonstrating a possible role for versican 

expression in hepatocarcinogenesis. However, versican 
was not detected in tumor cells in immunohistochemical 
analyses from a large cohort of human HCC 
specimens[179]. Thus, further study is needed to confirm 
the role of versican in liver cancer. 

CONCLUSION
Proteoglycans can be found on the cell surface and 
in the extracellular matrix. Their GAG chains interact 
with numerous regulatory molecules and signaling 
pathways, including growth factors, cytokines, and 
hormones, thus affording the potential to influence 
a myriad of cellular processes, including those linked 
with cancer development. There is clear evidence 
that proteoglycan composition changes with liver 
cancer development, and thus proteoglycans provide 
targets for potential therapeutic agents and diagnostic 
biomarkers.
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