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The consecutive stages of cancer growth and dissemination are obligatorily perpetrated through specific interactions of
the tumor cells with their microenvironment. Importantly, cell-associated and tumor microenvironment glycosaminoglycans
(GAGs)/proteoglycan (PG) content and distribution are markedly altered during tumor pathogenesis and progression. GAGs and
PGs performmultiple functions in specific stages of themetastatic cascade due to their defined structure and ability to interact with
both ligands and receptors regulating cancer pathogenesis. Thus, GAGs/PGs may modulate downstream signaling of key cellular
mediators including insulin growth factor receptor (IGFR), epidermal growth factor receptor (EGFR), estrogen receptors (ERs), or
Wntmembers. In the present review we will focus on breast cancer motility in correlation with their GAG/PG content and critically
discuss mechanisms involved. Furthermore, new approaches involving GAGs/PGs as potential prognostic/diagnostic markers or
as therapeutic agents for cancer-related pathologies are being proposed.

1. Introduction

Cancer Microenvironment. It is now increasingly recognized
that the microenvironment plays a critical role in the pro-
gression of tumors. The consecutive steps of tumor growth,
local invasion, intravasation, extravasation, and invasion
of anatomically distant sites are obligatorily perpetrated
through specific interactions of the tumor cells with their
microenvironment. Free glycosaminoglycans (GAGs) and
proteoglycan- (PG-) containing GAGs, key effectors of cell
surface, pericellular and extracellular microenvironments,
perform multiple functions in cancer by virtue of their
coded structure and their ability to interact with both ligands
and receptors that regulate cancer growth [1–4]. Specifi-
cally, these extracellular matrix (ECM) components critically
modulate the tumor cell “motile phenotype” affecting their
adhesive/migratory abilities which are directly correlated to
the metastatic cascade [5, 6].

Glycosaminoglycans (GAGs) comprise a class of linear,
negatively charged polysaccharides composed of repeating
disaccharide units of acetylated hexosamines (N-acetyl-
galactosamine in the case of chondroitin sulphate and
dermatan sulfate or N-acetyl-glucosamine in the case of
heparin sulphate and heparin) andmainly of uronic acids (d-
glucuronic acid or l-iduronic acid) being sulfated at various
positions. The exception constitutes keratan sulphate whose
uronic acid is substituted by galactose. Based on the epimeric
form of uronic acid and the type of hexosamine in their
repeating disaccharide units, GAGs are classified into four
major types; hyaluronan (HA), chondroitin sulfate (CS) and
dermatan sulfate (DS), heparin and heparan sulphate (HS),
and keratan sulfate (KS). HA is synthesized in the absence
of a protein core at the inner face of the plasma membrane
and consequently found in the form of free chains whereas
other GAG types are covalently bound into protein cores
to form proteoglycans (PGs). With the exception of HA, all
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GAG types are variably sulfated which contributes to the
intricate complexity of their structures. Free GAGs chains
are secreted to the extracellular space and distributed both
in the pericellular matrix and extracellular matrix proper.
GAGs bound into PGs are located to the extracellular matrix,
basal membrane, and cell surface [7]. Cell type and tissue
specific alterations in fine GAG structure, which are strictly
predetermined [8–10], allow these molecules to modulate
with high specificity different cellular processes [7]. Cell-
associated and tumor microenvironment GAG content and
distribution is markedly altered during tumor pathogenesis
and progression [11, 12].

PGs, molecules which consist of a protein core that is
covalently modified with GAG chains, are distributed both
to the ECM “proper” associated with the cell membrane as
well as located to intracellular compartment. These main
PG groups are further classified into families according to
their gene homology, core protein properties, size, and mod-
ular composition. Thus, secreted to the ECM PGs include
large aggregating PGs, named hyalectans, small leucine-
rich PGs (SLRPs), and basement membrane PGs. Cell-
surface-associated PGs are distributed into twomain families
(syndecans and glypicans), whereas serglycin is the only
intracellular PG characterized to date [13, 14]. The wide
molecular diversity of PGs is derived from the multitude
of possible combinations of protein cores and GAG chains.
Thus, PGs are also classified, regarding their GAG content,
into heparan sulfate PGs (HSPG), chondroitin/dermatan
sulfate PGs, (CS/DSPGs), and keratan sulphate PGs. The
specific structural characteristics of both the protein cores
andGAG types provide the structural basis for the plethora of
their biological functions which include acting as structural
components in tissue organization or dynamic regulators of
cellular behaviour [3].

2. Is the Expression of PGs/GAGs in Breast
Cancer Correlated to Disease Progression?

Importantly, ECM components, including PGs and GAGs,
are involved in the molecular events that are associated with
tumor progression. It is well established that during malig-
nant transformation, significant changes can be observed in
the structural and mechanical properties of respective ECM
components. Indeed, the alteration of cell shape and changes
in the interactions with the ECM are considered as important
hallmarks of cancer cells [15, 16]. Changes in the composition
and organization of ECM regulate cancer progression by
promoting cellular transformation andmetastasis. Moreover,
altered expression of ECM molecules also deregulates the
behavior of stromal cells and promotes tumor-associated
angiogenesis and inflammation, leading to the generation of
a tumorigenic microenvironment [17–19].

HSPGs have been closely correlated to breast cancer
tumorigenesis. Major HSPGs members are the transmem-
brane proteins syndecans (SDCs), with the SDC family con-
sisting of four members: SDC1, SDC2, SDC3, and SDC4 [20].
A complex pattern describing SDCs’ expression in tumor and
stroma compartments during the progression of malignancy
is emerging. Most reports have focused on the involvement

of SDC1, an epithelial marker, during the progression of this
insidious disease. Thus, increased expression of SDC1 was
demonstrated in the stroma of invasive breast cancer [21–
23]. Moreover, the expression of SDC1 in both epithelium
and stroma may be a predictor of unfavorable prognosis in
breast cancer, whereas loss of epithelial SDC1 was associated
with a more favorable outcome [21]. Importantly, SDC1 has
also been linked with the promotion of proliferation of
human breast cancer cells in vitro [23]. The distribution of
SDC1 to cell membrane has predominantly been described
in breast cancer; however, shed SDC1 in other tumor types
has been directly associated with increased invasion and
cancer progression [24, 25]. Indeed in breast cancer, SDC1
is suggested to be a poor prognostic factor for breast cancer
since its upregulation at both the mRNA and protein levels
has been associated with higher histological tumor grade,
as well as increased mitotic index and tumor size [26]. The
expression of other SDC family members in breast cancer
tissues has also been studied. Thus, in estrogen receptor-
negative and highly proliferative breast carcinoma subtypes,
SDC1 and SDC4 were found to be overexpressed [27].
Similarly, the overexpression of these two PGs has been
demonstrated in a highly invasive breast cancer cell line
(MDA-MB-231) [28]. However, another report suggests that
SDC4 expression is downregulated in malignant breast tissue
[29]. The data on SDC1’ roles seem to be more uniform
as high expression of SDC1 has been linked with increased
tumor aggressiveness and poorer prognosis in breast carcino-
mas [30]. Functionally, this correlates well with the proposed
role of SDC1 as a coreceptor which activates mitogenic
growth factor signaling which in turn modulates tumor
angiogenesis, cell adhesion, and motility [31]. Moreover,
a study conducted in postmenopausal women with breast
cancer or dense-mammographic breast tissue demonstrated
that the distribution of SDC1 changes from the epithelium
to the stroma [32, 33]. Interestingly, SDC1 expressing breast
carcinomas show decreased response to chemotherapy [34],
whereas it has also been indicated that the loss of SDC1
expression may be a potential predictive factor for response
to preoperative systemic therapy [35].These data define SDC1
as a potentially significant therapy target.

The glypicans (GPCs) are HSPGs anchored through the
glycosylphosphatidylinositol (GPI) link to the outer layer
of cell membranes. GPCs have been shown to regulate the
binding properties of bone morphogenetic protein (BMP)
and fibroblast growth factor (FGF) [36]. Most of the studies
concerning the roles of GPCs in breast cancer progression
focus on the role of the GPC3 member. Intriguingly, the
GPC3 gene silencing has been identified in human breast
cancer cells, through a mechanism which involves the hyper-
methylation of the GPC3 promoter. Thus, GPC3 seems to
be a negative regulator of breast cancer cell proliferation,
since it was shown that its ectopic expression inhibited the
growth rates of 8 in a panel of 10 breast cancer cell lines
[37]. Furthermore, it has been established that GPC3 guides
MCF-7 breast cancer cells to apoptosis through a mechanism
that involves the anchorage of the GPC3 core protein to the
cell membrane [38]. The role of the other members of the
GPC family in breast cancer pathogenesis has not beenwidely



BioMed Research International 3

investigated. The up to now obtained data suggest that the
expression of GPC3 and GPC4 was negligibly increased in
tumor as compared to normal tissues, whereas the expression
of GPC5 and GPC6 was below the level of detection in both
normal and cancerous breast tissues. On the contrary, in
the same study GPC1 was found to be strongly expressed in
human breast cancers with a low expression in normal breast
tissues [39].

The family of PGs secreted to the ECM and known as
hyalectans is comprised of versican, aggregan, neuroscan,
and brevican [12]. Versican seems to have a prominent role
in breast cancer progression due to its ability to interact
with molecules determined to be regulators of key cellular
processes [40]. Importantly, extracellular versican has been
found to be elevated in a variety of human tumors including
breast carcinoma [41–43]. The distribution of versican in
tissue samples is mostly allocated to breast cancer margins.
Indeed, the high expression of versican has been described in
the interstitium at the invasive margins of breast carcinoma.
Versican is suggested to be a prognostic marker as it has been
found to be predictive of cancer relapse, negatively affecting
overall survival rates of breast cancer patients [44]. On the
other hand, the increased expression of versican within peri-
tumoral stromal matrix was predictive of relapse-free disease
prognosis, in womenwith node-negative breast cancer.These
authors therefore propose that versican may be a predictor
for risk and rate of relapse, independent of tumor size in
patients with node negative disease [45]. Recently, various
histotypes of breast in situ carcinomas have been examined
in order to assess the immunohistochemical expression of
versican in the stroma and correlate these findings to disease
progression. This study provided evidence that versican is
strongly expressed in the perilesional stroma of a subclass of
ductal in situ carcinomas and that the extension of versican
immunostaining is statistically related to the high grade. On
the other hand, the expression of versican in the cases of clas-
sic lobular in situ carcinomas was confined to the anatomical
structures that usually contain this PG in adult breast tissues
[46]. Thus, Canavese et al. suggest that various histotypes
of breast in situ carcinomas could follow different pathways
of epithelial stromal interactions. Structure-function studies
focusing on versican suggest that its G3 domain is closely
correlated to breast cancer progression. Thus expression
of versican G3 domain both increases breast cancer cell
proliferation in vitro and in vivo and also enhances tumor cell
migration in vitro and systemic metastasis in vivo [47, 48].
The exogenous expression of a versicanG3 construct in breast
cancer cell lines enhanced their resistance to anthracycline-
dependent apoptosis when cultured in serum free medium
by upregulating pERK and GSK-3b (S9P) [49]. On the
other hand, versican G3 promoted cell apoptosis induced
by C2-ceramide or Docetaxel by enhancing expression of
pSAPK/JNK and decreasing expression of GSK-3𝛽 (S9P).
Inhibition of endogenous versican expression by siRNA or
reduction of versican G3’s expression by linking G3 with
3󸀠UTR prevented G3 modulated cell apoptosis. Thus, the G3
domain appears to have a dual role in modulating breast
cancer cell resistance to chemotherapeutic agents [49]. The
importance of versican in breast cancer pathogenesis is well

illustrated in a recent study by Kischel et al. These authors
demonstrate that all known versican isoforms as well as
new alternatively spliced versican isoform, named V4, were
significantly overexpressed in the malignant lesions [50].

The small leucine-rich proteoglycans (SLRPs) are charac-
terized by a relatively small protein core with leucine rich-
repeat (LRR) motifs into which GAG chains are covalently
bound [13, 51, 52]. These secreted proteins have the ability
to interact with collagen, modifying the deposition and
organization of collagen fibers in the extracellular matrix.
A study on SLRP expression in breast tumors showed that
lumican and decorin are the most frequently expressed
SLRPs,whereas biglycan andfibromodulin are rarely detected
[53]. Decorin is physiologically secreted by stromal fibrob-
lasts of normal breast tissue [54]. Indeed, the expression
of decorin, which is abundant in the stroma, can be used
as an indicator of tumor progression [55]. Specifically, low
expression of decorin has been correlated to large tumor size,
a shorter time to progression, and poorer survival [55]. In
a study by Reed et al., it has been shown that the primary
tumor growth was strongly diminished after treatment with
decorin protein core. In the same study, the utilization
of an adenoviral vector containing the decorin transgene
caused the elimination of metastases [56]. Decorin has
also been shown to decrease tumor growth in experiments
conducted in a ratmodel [56].Moreover, it has been indicated
that decorin inactivates the oncogenic ErbB2 protein [57].
Another important member of the SLRP family, lumican,
is specifically expressed in breast cancer tissues, but not in
normal breast tissues. Furthermore, it has been proposed
that lumican is differentially expressed during breast tumor
progression [58]. The overexpression of lumican in breast
cancer tissues is associated with a high tumor grade, a low
estrogen receptor (ER) expression level, and young age of
patients [58].

Hyaluronan (HA) is an anionic, nonsulfated GAG which
differs from the other members of the GAG family as it
neither contains sulfate groups nor is it covalently linked into
a core protein [59]. This GAG is synthesized by three types
of integral membrane proteins denominated hyaluronan
synthases: HAS1, HAS2, and HAS3. The degradation of HA
within tissues, on the other hand, is performed by enzymes
known as hyaluronidases (HYAL). A significant number
of studies demonstrate that HA deposition is elevated in
various types of cancer tissues including breast cancer [60].
Specifically, immunochemistry revealed elevated amounts of
HA in the stroma of human breast cancer, correlating with
tumor invasion, metastasis, and adverse clinical outcome
[61, 62]. The magnitude of the HA accumulation in the
tumor stroma (breast, ovarian, and prostate cancers) strongly
correlates with an unfavorable prognosis of the patient, that
is, advancement of the malignancy [59]. HYAL1 and HYAL2
are found to be overexpressed in breast cancer tumors,
downregulating the expression of HA [63].

Taking into consideration all the above, it can be con-
cluded that PGs/GAGs, which are abundantly present in
the stromal compartment of breast cancer cells, play a
major role in several biological processes of carcinogenesis.
The overexpression of many of these molecules has been
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associated with the malignant phenotype and with poor
prognosis. The de facto contribution of these molecules to
tumor cells’ malignant properties defines them as relevant
therapeutic agents.

3. The ‘‘Motile’’ Phenotype

Tumors of solid organs (carcinomas, sarcomas, and central
nervous system tumors) kill patientsmainly by dissemination
from the primary site as once the cells migrate beyond
the primary site into adjacent or distant tissue, they are
difficult to extirpate. This dissemination may take two forms:
(i) localized invasion throughout the tissue and into the
adnexa or (ii) metastatic dissemination [64]. An obligatory
component of the dissemination process is the obtaining
of a “motile phenotype.” In order for the tumor cells to
efficiently migrate, specific cytoskeleton modifications must
be executed. First, actin cytoskeleton organization has a
well-established role in cell migration and is regulated
by a plethora of extensively studied molecular mediators.
Specifically, Rho GTPases, cAMP/PKA, and integrins were
found to have a central role inmodulating the actin cytoskele-
ton alterations during migration and have been shown to be
closely regulated during epithelial to mesenchymal transition
(EMT) processes [65, 66]. Integrins are heterodimeric cell-
surface molecules that on one side link the actin cytoskeleton
to the cell membrane and on the other side mediate cell-
matrix interactions [67]. In addition to their structural
functions, integrins mediate signaling from the extracellular
space into the cell through integrin-associated signalling
and adaptor molecules such as FAK (focal adhesion kinase)
[68] or ILK (integrin-linked kinase) [69]. Intermediate fila-
ments (IFs) play a central role in maintaining cell structure,
stiffness, and integrity. The IF network of epithelial cells
comprises cytokeratins, while the mesenchymal IF network
is primarily constituted of vimentin. During EMTs, many
cytokeratins are downregulated and vimentin is upregulated
[70]. Overexpression of vimentin IFs in the breast carcinoma
model leads to augmentation of motility and invasiveness
in vitro, which can be transiently downregulated by treat-
ment with antisense oligonucleotides to vimentin. Addi-
tional experimental evidence suggests that the mechanism(s)
responsible for the differential expression of metastatic prop-
erties associated with the interconverted phenotype rest(s)
in the unique interaction, either direct or indirect, of IFs
with specific integrins interacting with the extracellular
matrix [71].

The “motile phenotype” of cancer cells is expressed only
through direct interactions with the tumor environment as
inevitably the tumor cells will respond to local stimuli. These
stimuli include cues for motility and migration, which nor-
mally appear in tissues undergoing formation, remodeling,
or healing. Carcinoma cells are likely to be sensitive to the
motility cues that normally regulate epithelialmorphogenetic
movements such as ingression, delamination, invagination,
and tube or sheet migration [72]. Understanding how such
motility cues arise and act, in tumor tissue, may provide one
of the key “answers” in cancer research.

4. The Role of Matrix Molecules
in Breast Cancer Cell Epithelial-to-
Mesenchymal Transition

The huge proliferative ability of tumor cells leads to genetic
diversity which facilitates their responsiveness to microen-
vironmental factors resulting in an increased degree of
phenotypic plasticity [73, 74]. Therefore, during primary
growth, some tumor cells can acquire traits that endow them
with a malignant phenotype that leads to increased tumor
cell motility, invasiveness, and propensity to metastasize [75].
Importantly, during epithelial-to-mesenchymal transition
(EMT), tumor cells acquire a phenotype that encompasses all
these traits as EMT is characterized by a loss of cell polar-
ity and adhesion and gain of motile characteristics. Thus,
the EMT promotes the detachment of cells from the primary
tumor, facilitating their migration and metastatic dissem-
ination [76]. Moreover, a strong link between EMT and
acquisition of a tumor-initiating phenotype is suggested [77].
Early studies suggested the involvement of EMT in aggressive
breast cancer behaviour as cells exhibiting a mesenchymal-
like phenotype (vimentin expression, lack of cell border
associated uvomorulin) show dramatically increased motil-
ity, invasiveness, and metastatic potential in nude mice [78].
Moreover, using an intravital imaging approach, Giampieri
et al. showed that single breast tumor motile cells that have
an active TGF-𝛽-Smad2/3 EMT promoting signaling were
capable of hematogenous metastasis to distal organs, while
those lacking this signaling pathway were prone to passive
lymph metastasis [79]. However, EMT is not the “ultimate”
event as it involves various morphological and functional
alterations [80] and is not always correlated to a more
aggressive phenotype [81]. In addition, an apparent contra-
diction to the association betweenEMTandmetastasis comes
from clinical observations that distant metastases derived
from a variety of primary carcinomas resemble an epithelial
phenotype.

Importantly the EMT as well as the mesenchymal to
epithelial transition (MET) is partly regulated through the
“crosstalk” between the tumor microenvironment and the
cancer cells [82]. Growth factor stimulation appears to be
a part of this “crosstalk” as epidermal growth factor (EGF)
leads to epitheliomesenchymal transition-like changes in
human breast cancer cells including upregulation of vimentin
and downregulation of E-cadherin. EMT was associated
with increased ability of these cells to adhere to ECM
molecules aswell as tomigrate [78]. Furthermore, TGF-beta1-
mediated breast cancer invasion is associated with EMT and
matrix proteolysis [83]. Likewise, constitutively active type
I insulin-like growth factor receptor causes transformation
and xenograft growth of immortalized mammary epithelial
cells and is accompanied by an epithelial-to-mesenchymal
transition mediated by NF-kappaB and snail [84]. Inter-
estingly, TGF𝛽-dependent hyaluronan synthase expression
(HAS2) expression, but not extracellular hyaluronan, has
an important regulatory role in TGF𝛽-induced EMT [85].
Furthermore, when breast cells were induced to exhibit EMT,
there was a strong upregulation of HAS2 [86].
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Indeed, the implication of matrix molecules contribution
to EMT was evident even from early studies [87]. LOX is
a secreted amine oxidase that catalyses collagen and elastin
cross-linking in the extracellular matrix, previously shown to
regulate breast cancer metastasis, and is correlated to EMT
[88]. Enhanced tenascin-C expression and matrix deposition
during Ras/TGF-beta-induced EMT of mammary tumor
cells was reported [89]. Noteworthy, there seems to be a
shift in proteoglycans expression as significant correlation
was found between the loss of the HSPG, SDC1, and epithe-
lial expression during EMT. This loss was correlated with
increased SDC1 stromal expression and a high grade of
malignancy (𝑃 = 0.011). Therefore, the authors concluded
that the loss of SDC1 epithelial expression was of strong
prognostic value in breast carcinomas [90]. Along the same
lines, SDC1 coexpression with E-cadherin was found to be
synchronously regulated during EMT in breast cancer [91].

Importantly, the mesenchymal to epithelial transition
(MET) of metastatic breast cancer cells upon reaching
distant metastatic sites appears also to be regulated by
ECM molecules as a unique paracrine crosstalk between the
microenvironment and the cancer cells has been identified
[92]. Thus, versican stimulated MET of metastatic breast
cancer cells by attenuating phospho-Smad2 levels, which
resulted in elevated cell proliferation and accelerated metas-
tases. Analysis of clinical specimens showed elevated versican
expression within the metastatic lung of patients with breast
cancer [92]. Thus, mechanisms regulating both the EMT
andMET processes are dependent on PG/GAG participation
highlighting their relevance in breast cancer progression.

5. The Roles of GAGs/PGs in
Breast Cancer Cell Motility

Breast cancer is characterized by significant quantitative
changes of extracellular network constituents. Previously,
it has been well established that changes in unique ECM
properties of tumor cells and their microenvironment may
lead to changes in cell behavior during cancer progression
[12, 93]. The PG component of the ECM has been shown to
participate in and regulate key cellular events, acting either
directly on cells or modulating growth factor activities [94].

Thus, HSPGs are involved in multiple cellular events and
functions such as cell adhesion, ECM assembly, and growth
factors storage [95]. Their HS chains have the ability to bind
not only to numerous “heparin-” binding growth factors
and morphogens, [31] but also to “heparin-” binding sites
present in matrix ligands, including fibronectin, vitronectin,
laminins, and the fibrillar collagens [31]. The SDCs are
believed to have roles in cell adhesion and signaling possibly
as coreceptors with integrins and cell-cell adhesionmolecules
[96].

Each of the four SDCs has been proposed to connect
to the actin cytoskeleton, via their cytoplasmic domains
[97, 98], for example, through ezrin in SDC2 and a-actinin
in the case of SDC4. For SDC1, SDC2, and SDC4 at least,
the external core protein can trigger integrin-mediated cell
adhesion events, which may be direct or, in the case of SDC4,
probably indirect [98].

Many studies indicate a strong correlation between the
expression of specific HSPGs and the metastatic and invasive
potential of breast cancer cells [26, 99, 100]. In fact, the
expression of SDC4 and the overexpression of SDC2 are
associated with the high invasive potential of MDA-MB-231
cell line [29]. Interestingly, estradiol (E2) as well as IGF and
EGF signaling pathways have significant roles in regulating
the expression of certain cell surface HSPGs, such as SDC2,
SDC4, and GPC1, which are crucial for cell motility [101].

SDC1 participates in the generation of a proangiogenic
microenvironment, supporting tumor growth andmetastatic
spread [11, 12, 102]. This HSPG, regulates downstream signal-
ing pathways that are traditionally associated with the inte-
grins [12, 103, 104], thus mediating cell migration by creating
a dynamic linkage between the ECM and the cytoskeleton
and by modulating Rho family members that control the
activation of focal adhesion kinase (FAK). Indeed, it has been
observed that in MDA-MB-231 human breast cancer cells
SDC1 physically interactswith FAK [105]. Furthermore, SDC1
regulates the activation of 𝛼]𝛽3 and/or 𝛼]𝛽5 integrins. This
activation stimulates adhesion, spreading, and migration of
tumor cells, with clear consequences on tumor progression
[106]. Beauvais and Rapraeger, [106] also demonstrated that
SDC1 collaborates with 𝛼]𝛽3 integrin to initiate a positive
adhesion signal, which is integrin ligand independent. The
activation of 𝛽1 integrins is not required for SDC1 mediated
cell spreading; consequently SDC1 is sufficient for adhesion.
Actually, the inhibition of 𝛽1 integrins activity induces cells
spreading presumably by attenuating the suppression of
SDC1 binding perpetrated by integrins. Additionally, SDC1
participates in the IGF-I receptor (IGF-IR) signaling pathway
on adhesion. Specifically, it colocalizes with the integrin
and IGF-IR and regulates activation of 𝛼]𝛽3 and 𝛼]𝛽5
integrins by coupling these integrins to the IGF-IR in human
mammary carcinoma and endothelial cells, resulting in the
activation of an inside-out signaling pathway [107]. There-
fore, SDC1 is an obligatory component in the formation of
this adhesion complex [107]. Additionally, SDC1 expression
coordinates 𝛽-integrin dependent and interleukin-6 (IL-6)
dependent cell functions, such as cell adhesion, migration,
and resistance to irradiation, in MDA-MB-231 breast cancer
cells [108].

SDC2 has likewise been implicated in cell adhesion and
signaling [109] as well as in the progression of cancer [96].
The expression of SDC2 in breast cancer cells is regulated by
estradiol (E2) through the action of estrogen receptor alpha
(ER𝛼) [110]. The increased levels of SDC2 after E2 treatment
may be connected with the ability of SDC2 to modulate the
tumorigenic and invasive behavior of breast cancer cells [110].

SDC3 has not been widely studied with respect to either
breast or ovarian carcinoma [111], but its aberrant upregu-
lation in vasculature associated with ovarian carcinoma has
been noted [112].

SDC4 is a focal adhesion component in a range of
cell types, adherent to different matrix molecules, including
fibronectin [113, 114] and mediating breast cancer cell adhe-
sion and spreading [103, 106]. The attachment of SDC4 to
fibronectin triggers intracellular signaling, including protein
kinase C𝛼 and focal adhesion kinase activation, to promote
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focal adhesion formation [115, 116]. SDC4 null cells are
deficient in phosphorylated FAK and show impaired cell
migration [116, 117]. When overexpressed, SDC4 promotes
excess focal adhesion formation resulting in reduced cell
migration [118]. Huang et al. [119] reported that tenascin-
C, an adhesion-modulatory ECM molecule [120], binds to
fibronectin (specifically to the FNIII13 of the HepII site),
thereby specifically blocking cell adhesion to fibronectin
through SDC4.This binding inhibits the coreceptor function
of SDC4 in integrin signaling [119]. Nevertheless, the role
of SDC4 on tumor progression needs more investigation, as
different facets of its actions remain unclear.

An important feature of the SDC molecule necessary
for signaling appears to be its ectodomain [96, 121]. Indeed,
depleting epithelia of cell surface SDC1 alters cellmorphology
and organization, the arrangement and expression of adhe-
sion molecules, and anchorage-dependent growth controls
[121]. Therefore, Kato et al. [121] suggested a regulatory role
for SDC1 ectodomain in the control of epithelial cell mor-
phology. Soluble murine SDC4 ectodomain competes with
the endogenous SDC4 for a critical cell surface interaction
required for signaling during cell spreading [122, 123]. The
ability of SDC4 to interact with molecules at the cell surface
via its core protein as well as its GAG chains may uniquely
regulate the formation of cell surface signaling complexes
following engagement of this PGwith its extracellular ligands
[122, 123]. Moreover, shedding and membrane-associated
SDC1 play distinct roles in different stages of ER𝛼a+ breast
cancer cell progression. Proteolytic conversion of SDC1 from
a membrane bound into a soluble molecule marks a switch
from a proliferative to an invasive phenotype, with implica-
tions for breast cancer diagnostics and potential GAG-based
therapies [124].

A number of mutations related to SDCs have been
recorded in breast carcinomas [111]. The mutations may
influence the sequence of amino acids of the core protein
and the enzymes that are involved in GAG chains synthesis.
Importantly, these mutations may affect the interactions
between SDCs and growth factors resulting in altered behav-
ior of cells [125] including cell motility.

The expression of the GPC1 gene in the MDA-MB-231
may be indicative of its higher metastatic potential [29].
The expression of GPC3 is silenced in human breast cancer,
but ectopic expression of GPC3 revealed that this molecule
can act as a negative regulator of breast cancer cell growth
[37, 39]. GPC3 may inhibit IGF and Wnt signaling, which
are critical for cell motility and tumor progression, indicating
that GPC3 may act as a metastasis suppressor [126, 127].
Another member of GPC family, GPC6, seems to have a key
role in promoting the invasive migration of MDA-MB-231
cells through the inhibition of canonical-𝛽-catenin and Wnt
signaling and upregulation of noncanonical Wnt5a signaling
through the activation of JNK (c-Jun-N-terminal kinase)
and p38 MAPK (mitogen-activated protein kinase) [128].
Evidence suggests that GPCs are important in growth factor
and morphogens responses, whereas roles in cell adhesion
seem to be the prerogative of SDCs [111].

An important member of hyalectans, versican, is able to
interact with ECMcomponents and to bind to the cell-surface

proteins CD44, integrin 𝛽1, and epidermal growth factor
receptor (EGFR) [129, 130] to regulate cell processes such
as adhesion, proliferation, migration, and ECM assembly
[40, 130]. The expression of versican in breast carcinomas
has been correlated to invasiveness [131]. Moreover, versican
G3 domain enhanced breast cancer cell growth, migration,
and metastasis by upregulating the EGFRmediated signaling
pathways that contribute to a more metastatic phenotype
[48]. Also, versican enhances breast cancer cell metastasis in
mouse breast cancer cell lines, not only through facilitating
cell motility and invasion but also by inhibiting preosteoblast
cell growth and differentiation which supply favourable
microenvironments for tumor metastases [132]. Enhanced
understanding of the regulation and the involvement of
versican in cancer may offer a novel approach to cancer
therapy by targeting the tumor microenvironment [12].

The overexpression of decorin in the stroma of solid
tumors counteracts cell growth, indicating that decorin may
have a protective role in tumor progression [133]. Also, it
seems to be a negative regulator for EGF signaling. Decorin’s
binding to EGFR initially leads to receptor’s prolonged acti-
vation, followed by EGFR internalization and degradation,
eliminating tumor growth and metastases [134]. Iozzo et al.
[135] suggest that decorin loss may contribute to increased
IGF-IR activity in the progression of breast cancer, where
IGF plays a role on cell motility. Another member of SLRPs,
lumican, may act as an inhibitor of migration, angiogenesis,
and invasion by interfering with 𝛼2𝛽1 integrin activity and
downregulating MMP-14 expression to induce apoptosis
[136].Moreover, winter action of lumicanwith growth factors
affects mobility, adhesion, and cell growth [137, 138].

Serglycin is the only characterized intracellular PG found
in hepatopoietic and endothelial cells [12]. It carriers either
heparan sulfate or chondroitin sulfate chains depending on
cell type. Korpetinou et al. [139] have shown for the first
time that serglycin is highly expressed in an aggressive
breast cancer cell line (MDA-MB-231). The same authors
demonstrated that the overexpression of serglycin promotes
breast cancer cell growth, migration, and invasion [139].
Interestingly, overexpression of serglycin lacking the GAG
attachment sites failed to promote these cellular functions,
suggesting that glycanation of serglycin is necessary for
its oncogenic properties. This study suggests that serglycin
promotes a more aggressive cancer cell phenotype and may
protect breast cancer cells from complement attack support-
ing their survival and expansion.

HA is one of the principal ECM molecules and together
with its CD44 cell surface receptor, it is implicated in cancer
cell invasion and metastasis [62]. Indeed, high levels of
HA are documented in malignant tumors, not only to the
tumor stroma but also at the cell surface [62]. The elevated
levels of the HA degrading, HYAL1 seems to regulate cell
growth, adhesion, invasion, and angiogenesis of breast cancer
[63]. Basal-like breast cancers (BL-BCa) have the worst
prognosis of all subgroups of this disease. Indicatively, HA-
induced CD44 signaling increases a diverse spectrum of
protease activity including MTI-MMP and cathepsin K, to
facilitate the invasion associatedwith BL-BCa cells, providing
new insights into the molecular basis of CD44-promoted
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Figure 1: Roles of PGs/GAGs on the breast cancer motile phenotype. (A) Complex formation between syndecan1 (SDC1) and integrin-𝛼]𝛽3
activate focal adhesion kinase to facilitate breast cancer cell spreading. (B)The specific binding of SDC4, through its HS chains, to fibronectin
activates FAK/protein kinase Ca (PKCa) downstream signaling to initiate focal adhesion formation. (C)Wnt5a attaches to glypican6 in order
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(D) Complex formation among versican, EGFR, and Int-𝛽L activates extracellular matrix regulated kinase (ERK1/2) signaling to promote
breast cancer metastasis. (E) Binding of decorin to EGFR causes receptor internalization, degradation, and subsequent inhibition of EGFR
signaling.

invasion [140]. Moreover, the cell surface HA, which is
secreted by breast cancer cells, increases the adhesion ability
of tumor cells, to lymphatic endothelial receptor (LYVE-1)
[132]. Importantly, the molecular weight of HA seems to
play a key role in the process of cell adhesion [141, 142],
and particularly low molecular weight of HA promotes cell
adhesion, while high molecular weight HA has no effect
[143]. Indeed, LMW-HA plays an important role in CD44-
TLR-associated AFAP-110-actin interaction and MyD88-NF-
𝜅B signaling required for tumor cell behaviors, which may
contribute to the progression of breast cancer [143].The roles
of PGs/GAGs on breast cancer cell motile phenotype are
schematically depicted in Figure 1.

6. PGs/GAGs Potential Targets
in Breast Cancer

In many in vitro studies breast cancer cells were treated with
various anticancer agents, including inhibitors of tyrosine
kinase receptors and other molecules, such as small peptides,
which are related to the expression of proteoglycans, in order
to observe changes in cell functions [29, 144, 145]. Thus, a
new generation of bisphosphonate, zoledronate (zoledronic
acid, Zometa), downregulates the expression levels of SDC1,
SDC2, and GPC1 and upregulates the expression of SDC4

in breast cancer cells of low and high metastatic capability
[144]. Furthermore, the downregulation in the expression of
HA and its receptor CD44 which is directly associated with
themigration andmatrix-associated invasion of breast cancer
cells was also observed [144]. Imatinib, a specific tyrosine
kinase inhibitor, which targets PDGFRs, had a similar effect
on breast cancer cells. Imatinib resulted in an inhibition
of the PDGF-BB mediated expression of HSPGs, which is
associated with its inhibitory effect on the invasive and
migratory potential of breast cancer cells [29]. A different
approach was utilized by Rapraeger [145]. These authors
used a small peptide, synstatin, to target SDC1. Thus, the
site in the SDC1 ectodomain that is responsible for capture
and activation of the 𝛼]𝛽3 or 𝛼]𝛽5 integrins by IGF1R
can be mimicked by this short peptide which competitively
displaces the integrin and IGF1R kinase from the syndecan
and inactivates the complex.The blocking in the formation of
the receptor complex attenuates breast cancer cell metastasis
[145].

It has been demonstrated that degradation of HS chains
by heparanase 1 (HPSE-1) reveals cryptic HS fragments that
play a significant role in controlling tumor cell growth and
metastasis. It is thus likely that enzymatic degradation of
HS could be used as a potential treatment against car-
cinogenesis since HS chains are involved in fundamental
biological processes of both normal andmetastatic cells [146].
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Synthetic proteoglycans such as neoheparin and neoCS pro-
duced by carbodiimide (EDAC) conjugation of glycosamino-
glycan (GAG) chains to a protein scaffold reduce cell viability
by induction of apoptosis of myeloma and breast cancer cells
in vitro.These results demonstrate the anticancer activities of
this new class of GAG-based molecules [147].

In summary, this review focused on the roles of
PGs/GAGs on breast cancer motility in order to identify
possible therapeutic targets. The emerging mechanisms of
PG/Gas action could potentially be exploited for designating
discrete therapy targets for specific breast cancer grades.
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