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The tumor microenvironment (TME) exhibits unique characteristics that differ among various tumor types. It is composed
of cancerous, non-cancerous, stromal, and immune cells that are surrounded and supported by components of the
extracellular matrix (ECM). Therefore, the interactions among cancer cells, stromal cells, and components of the ECM
determine cancer progression and response to therapy. Proteoglycans (PGs), hybrid molecules consisting of a protein
core to which sulfated glycosaminoglycan chains are bound, are significant components of the ECM that are implicated in
all phases of tumorigenesis. These molecules, secreted by both the stroma and cancer cells, are crucial signaling
mediators that modulate the vital cellular pathways implicated in gene expression, phenotypic versatility, and response to
therapy in specific tumor types. Specific inputs from the endocrine and immune systems are some of the characteristics of
hormone-dependent cancer pathogenesis. Notably, the mechanisms involved in various aspects of cancer progression
are executed in the ECM niche of the TME, and its' PG components crucially mediate these processes including cancer
metastasis, angiogenesis, immunobiology, autophagy, and response to therapy.

Hormone-dependent cancers exhibit high morbidity and mortality. In spite of advances in therapy, the treatment of
hormone-dependent cancers remains an unmet health need. The tumor microenvironment (TME) exhibits unique
characteristics that differ among various tumor types. It is composed of cancerous, non-cancerous, stromal, and immune
cells that are surrounded and supported by components of the extracellular matrix (ECM). Therefore, the interactions
among cancer cells, stromal cells, and components of the ECM determine cancer progression and response to therapy.
Proteoglycans (PGs), hybrid molecules consisting of a protein core to which sulfated glycosaminoglycan chains are
bound, are significant components of the ECM that are implicated in all phases of tumorigenesis. These molecules,
secreted by both the stroma and cancer cells, are crucial signaling mediators that modulate the vital cellular pathways
implicated in gene expression, phenotypic versatility, and response to therapy in specific tumor types. A plethora of
deregulated signaling pathways contributes to the growth, dissemination, and angiogenesis of hormone-dependent
cancers. Specific inputs from the endocrine and immune systems are some of the characteristics of hormone-dependent
cancer pathogenesis. Importantly, the mechanisms involved in various aspects of cancer progression are executed in the
ECM niche of the TME, and the PG components crucially mediate these processes.
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| 1. Introduction

All tumor types develop a unique tumor microenvironment (TME) that boasts different compositions of cancerous, non-
cancerous, stromal, and immune cells in each phase of cancer progression. The different cell subtypes of TME interact
with each other but also with components of the extracellular matrix (ECM) surrounding the cells ! The ECM is a crucial
regulator of all cellular functions and a significant component of the TME. Importantly, ECM cues coordinate the different
effectors of the TME and modulate the plethora of signaling pathways involved in the pathogenesis of cancer Bl Even
early reports showed that desmoplasia, or an accumulation of the ECM, is a characteristic property of tumors, and
increased ECM contents are frequently associated with dismal prognosis in various tumor types [4. Proteoglycans (PGs)
are significant components of the ECM implicated in all phases of tumorigenesis. Their “hybrid” composition, consisting of
a protein core and glycosaminoglycan (GAG) chains, bestows these molecules with high versatility and ability to interact
with many cellular effectors &, Modifications in PG content and structure are correlated with disease progression in
various cancer types. Importantly, PGs, like other components of the ECM, are secreted by both stroma (e.g., cancer-
associated fibroblasts) and cancer cells . Of note, PGs are crucial regulators of the bioavailability of growth factors,
hormones, and cytokines as well as the resulting activation of their respective receptors that modify gene expression,
phenotypic versatility, and response to therapy in specific tumor types (. Recent advances in omics technologies have
shown that PGs are among the molecules whose gene signature is predictive of cancer development and prognosis (&,



Hormone-dependent cancers exhibit high morbidity and mortality. In spite of advances in therapy, the treatment of
hormone-dependent cancers remains an unmet health need. Hormones are vital signaling molecules that are produced by
glands and play a crucial role in regulating body physiology and pathophysiology . These active mediators, such as
androgens and estrogens, can control cell behavior by binding to specific receptor proteins in the target cell 2. Their
critical role in cell signaling gives hormones the ability to deregulate the functions of target cells under certain conditions
and, thus, to promote a cancerous phenotype.

Two of the most common solid malignancies that are sex- and hormone-dependent are breast cancer (BC) and prostate
cancer (PC). A plethora of deregulated signaling pathways contributes to the growth, dissemination, and angiogenesis of
these tumors [111122],

Various mechanisms have been found to be correlated to resistance in hormone-dependent cancers, with specific
differences exhibited between BC and PC. There is evidence that immunological responses to foreign and self-antigens
are sex-dependent, and there are differences in innate and adaptive immune responses. These sex hormone-related
changes to immunity may be associated with different immunoediting in hormone-dependent cancer and explain the
differential susceptibility of males and females to malignancies 2324]. Autophagy and apoptosis have been correlated to
chemoresistance and cancer stem cell (CSC) properties 1518l |mportantly, the mechanisms involved in various aspects
of cancer progression are executed in the ECM niche of the TME, and the ECM components crucially mediate these
processes. Here, we comprehensively discuss the mechanisms through which PGs affect the multifaceted aspects of
hormone-dependent cancer development and progression. Determining the individualized role of PGs in cancer patients
can lead to new therapeutical strategies in the form of adjuvants or treatments to replace the standard therapy protocols.

| 2. Proteoglycans

PGs are composed of a protein core into which one or more GAG chains are covalently bound 4. The GAG chains
consist of repeated disaccharide units and are negatively charged 8. The disaccharide building blocks consist of an
amino sugar (glucosamine that is N-acetylated or N-sulfated or N-acetylgalactosamine) and uronic acid (glucuronic acid or
iduronic acid) or galactose . There are four different types of GAG chains, usually glycosylate PGs, e.g., heparan sulfate
(HS), chondroitin sulfate/dermatan sulfate (CS/DS), or keratan sulfate (KS) . Serglycin is the only known PG which can be
decorated with the GAG heparin 2. CS/DS, HS, and heparin bind to the protein core through a specific trisaccharide
linker composed of two galactose (Gal) and one xylose (Xyl) residue. The linker explicitly binds to a serine residue of the
protein core via an O-glycosidic bond, creating the final structure GAG-GalGalXyl-O-CH2-protein [24.KS is a sulfated poly-
N-acetylgalactosamine chain substituted on a limited number of PGs as an N-linked or O-linked chain [5].The type of GAG
substitution classifies the 45 PG members as chondroitin sulfate PGs (CSPGs), heparan sulfate PGs (HSPGs), or keratan
sulfate PGs (KSPGs). The properties of PGs are dependent on both the protein core and the GAG substitution 24,

Moreover, PGs can be glycosylated by more than one kind of GAG [2223]. GAG chains can interact with a wide variety of
signaling macromolecules to regulate fundamental biological processes and, thus, bestow PGs with a plethora of
structural and functional variations . The glycosylation of PGs is initiated in the endoplasmic reticulum, further

orchestrated in the Golgi apparatus, and is mostly mediated by glycosyltransferases that reside in this complex organelle
[24]

The PGs can be classified based on their location as intracellular (e.g., serglycin), at the cell membrane (e.g., betaglycan),
pericellular (e.g., perlecan), and away from the cell or “extracellular” (e.g., biglycan). The small leucine-rich proteoglycans
(SLRPs) are a prominent component of extracellular PGs, comprising the largest class of PGs [22]. Serglycin is the only
intracellular PG, initially identified in granules of mast cells, where it stabilizes proteases that are released upon
inflammation 231, However, in continuation, it was shown that the majority of immune cells express serglycin and store it

within intracytoplasmic granules to control the bioactivity of various inflammatory mediators like chemokines or cytokines
[26]

Hyalectans are another family of extracellular PGs. This family compromises four PGs, namely aggrecan, versican,
neurocan, and brevican, which are endowed with distinct similarities at both the genomic and protein levels [24.All four
hyalectan members share a tri-domain structure consisting of an N-terminal domain with affinity towards hyaluronan, a
central domain decorated with CS chains, and a C-terminal region with an ability to bind lectins 22, Due to alternative
splicing and variability in the level of glycosylation, these PGs exert different operating properties with the ability to
function as molecular bridges between cell surfaces and extracellular molecular networks . Aggrecan, in common with
other hyalectan members, has the ability to aggregate into large supramolecular complexes and is the principal load-
bearing PG component of cartilage 28], Versican is the largest hyalectan member when expressed as the full-length
isoform VO . Versican isoforms, the result of discrete splicing, exhibit high variability in tissue expression correlated to



complex roles in vital cellular functions, including adhesion, migration, and inflammation (29 Neurocan and brevican are
important hyalectans of the brain involved in the regulation of neural axon outgrowth and the biology of neural stem cells,
among other processes BABLIE2[33]

As regarding cell surface PGs, thirteen genes encode these proteins. Of these, seven are transmembrane PGs, e.g.,
syndecans, while the remaining six are glypicans, glycosyl phosphoinositol (GPI)-anchored PGs [17]. These PGs mainly
contribute to cell migration and adhesion processes as their intracellular domain connects the cytoskeleton and kinases
with the extracellular environment 4, Moreover, transmembrane PGs interact with or serve as coreceptors for many
signaling molecules, such as growth factors or Wnt proteins. In this manner, they have the ability to enhance or inhibit
signaling pathways, affecting their respective cell functions B8l pericellular PGs are also found anchored on the cell
surface of different cell types via integrins or cell surface receptors. These PGs are mostly HSPGs, and their HS chains
can be cleaved by various enzymes and act as pro-angiogenic factors B4, The largest PG category is the extracellular
PGs, which are structural components of the ECM that have a supportive role for the cells in tissues, but also act as
signaling mediators.

SLRPs are defined as PGs with a relatively small protein core (36—42 kDa) harboring multiple leucine-rich repeats (LRRS)
and substituted with GAG chains 28, Initially, the SLRPs were classified into three distinct classes based on the
conservation of the amino acid residues of their protein cores, the organization of disulfide bonds at the N- and C-terminal
regions of the molecule, and their genomic organization/gene homology BIEAML |y continuation, the SLRPs gene family
has been expanded to include 18 genes classified into five separate subfamilies 42, Many studies have shown that these
PGs bind with biologic mediators, including growth factors, to participate in cells’ interactions with their microenvironment
431144 |ndeed, the SLRPs act as signaling molecules that participate in the regulation of basal cellular functions, like
proliferation, migration, and differentiation. The SLRPs can interact with tyrosine kinase receptors, and this is one of their

primary mechanisms of action through which they regulate downstream intracellular signaling and, ultimately, cellular
behavior [451146]147][48]

| 3. Proteoglycan Expression in Hormone-Dependent Cancer

It is well established that PGs take part in signaling pathways that control cellular functions. PGs’' expression and
glycosylation profiles differ between normal and malignant tissues, a fact that affects cell behavior and differentiation
status.

The majority of BC cells express estrogen receptor-a (ER-a), a diagnostic biomarker for this malignancy, while the role of
the second ER isoform, ERp, expressed by the mammary gland, is yet to be defined in BC. Estrogens regulate the
functions of the female reproductive system by binding to these specific receptors 29, ER-a is also expressed by
cancerous prostate cells, while, respectively to estrogens, androgens are the male sex hormones that bind to androgen
receptors (AR) and are expressed during all stages of prostate carcinogenesis and related to hereditary PC [22[1],

PGs show discrete expression patterns between normal and tumor tissues. Thus, Suhovskih et al. showed that the
expression profiles of PGs glypican-1, perlecan, syndecan-1, aggrecan, versican, NG2, brevican, decorin, and lumican
differ between healthy prostate tissue and prostate tumors (521 |ndeed, it was demonstrated that versican, decorin, and
biglycan were prevalent PGs in normal prostate tissue stroma, whereas syndecan-1 and glypican-1 were localized to the
epithelial component. In prostate tumor tissues, a marked attenuation of total decorin and lumican expression was
evident, whereas syndecan-1 and glypican-1 expression was increased in tumor stroma and attenuated in tumor epithelial
cells B2, Indeed, the downregulation of syndecan-1 expression in PC was associated with the aggressive behavior of
these cells 581 and clinical tumor progression 24, Syndecan-2 was found to be expressed by PC cells and not expressed
by normal prostate epithelial cells B3, Syndecan-1 and -2 expression by PC cells was proposed as a useful prognostic
marker for patients who presented with clinically localized cancer. In combination with prostate-specific antigen, evaluation
of the expression of these PGs resulted in improved assessment of the risk of recurrence 81,

On the other hand, the expression of lumican in the stroma circumjacent to primary prostate tumors was found to
attenuate the progression of this malignancy B4. Recently, it was shown that the SLRP fibromodulin has discrete
expression among PC and benign tissues B8, PC tissues express this PG, as do PC cell lines with, interestingly, the
highest expression determined in the androgen-sensitive human metastatic prostate adenocarcinoma LNCaP clone 52,
Moreover, the glypican-1 expression in urine cell sediments was proposed as a possible positive marker for PC 89, The
low expression of another glypican member, glypican-5, has, on the other hand, been correlated to PC progression B4,



It is worth noting that early studies have shown that androgens affect the expression of PGs in the prostate gland €2, and
that the effects differed between wild type and castrated rats 3], These authors suggested that the effects of androgens
on prostatic growth are partly dependent on the interactions between the parenchyma and stroma facilitated by PGs [€3],
Moreover, the GAG component differs among benign and malignant prostate tissues, and GAGs, along with other glycan
types, have been suggested as biomarkers for PC €4, Edwards, in 2012, discussed that in PC, decorin, which also
interacts with TGF-b [62168] and betaglycan inhibit tumor growth and metastasis, while versican and perlecan respectively
promote cell motility and invasion, and tumor cell growth and angiogenesis.

Indeed, it is suggested that PGs are a significant venue of communication between normal prostate epithelial cells and
fibroblasts, and changes in PG expression by cancer cells contribute to the deregulation of cell-cell contact growth
inhibition (67,

PGs have likewise been indicated as significant mediators of BC tumorigenesis €8, Mammographic density mirrors
alterations in the composition of breast tissue as distinguished on a mammogram and is immediately correlated to the
dominance of epithelial and stromal components 9. Histologically, the stroma is the region exhibiting the highest
mammographic density 9. Importantly, mammographic density is immediately associated with the protein, including PG
content, of the breast tissue 4. PGs are discretely expressed in normal breast tissue depending on hormone status,
whereas there are significant alterations of PGs in BC tissues. One example is the pericellular PG perlecan, whose
expression is significantly attenuated in BC compared with in healthy tissue /2. These changes in mammographic
density, dependent on PGs, are attributed to their ability to retain water (2],

HSPGs participate in the development of the mammary gland, during which substantial changes in mammographic
density are noted (4], Indeed, mammographic density is an essential independent BC risk factor and is correlated to other
various BC risk factors. Therefore, Hanna and Diorio suggest that it is significant to examine the correlation of the
expression of individual proteins with changes in mammographic density and evaluate their correlation with BC risk . The
expression pattern of syndecan-1 is altered during BC tumorigenesis 221, It is expressed in the stroma of the BC and by
the epithelium of normal breast tissuel”8l. Indeed, it is suggested that the redistribution of syndecan-1 leads to significantly
increased mammographic density, and its total expression is higher in the dense as compared to non-dense breast tissue
of postmenopausal women X4, Moreover, the expression of syndecan-1 was found to be lower in normal breast tissue
during luteal as compared to the follicular phase of the menstrual cycle 8], These data demonstrate that the expression of
syndecan-1 is directly dependent on estrogen levels, which increase during the follicular phase of the menstrual cycle and
are correlated to the transient changes in the density of breast tissue stroma [Z&l,

Syndecan-2 was found to be expressed by BC cell lines 2 and to facilitate the ability of BC cells to invade Y. The
expression of syndecan-4 seems to attenuate the aggressive behavior of BC cells as it neutralizes the pro-invasive
properties of syndecan-2 B4,

The expression of glypicans is also modified in BC tissues. Indeed, the expression of glypican-1 is found to be
significantly upregulated in BC and was determined to affect the action of heparin-binding growth factors 2. By contrast,
glypican-3 is downregulated 3] and attenuates the metastasis of BC cells in a syngeneic BC model 841,

The expression of the class | SLRPs biglycan and decorin as well as of enzymes implicated in PGs synthesis was found
to be modified in BC. Indeed, the unique identified pattern of their expression was determined to have clinical relevance
831 An early report, however, suggested that the expression of biglycan is low in both normal and BC tissues [8].
Interestingly, the expression of biglycan was shown to be enhanced in precancerous lesions 7,

Lumican, an SLRP also implicated in tumorigenesis , is the main SLRP expressed by normal and cancerous breast tissue
[88] The effects of lumican on BC pathogenesis are controversial. Early reports indicate that lumican is mostly expressed
by BC stroma cells and was positively correlated with higher tumor grade, lower expression of ERs, as well as to the
younger age of patients B2, Furthermore, an increased expression of lumican and decorin correlated to enhanced
mammographic density was shown in benign and precancerous breast lesions 29, Specific lumican polymorphisms were
associated with BC risk. Thus, LUM rs2268578 was correlated with ER-positive BC in the Mayo Clinic study, whereas a

modest association was detected in the Studies of Epidemiology and Risk Factors in Cancer Heredity SEARCH sample
oy

BC tissues express the large CS-containing PGs, hyalectans such as versican 22, Indeed, all known isoforms of versican
are overexpressed in the malignant lesions, both at the protein and mRNA levels (23], These authors had also detected a
novel alternatively spliced versican isoform (V4) whose expression was enhanced in human BC 23l A separate study
showed high versican expression in the perilesional stroma of a specific subclass of ductal in situ carcinomas, and that
this expression pattern was correlated to the high grade (G3) category of the tumor 24, Canavese et al., however, did not



detect changes in the expression of versican in lobular in situ carcinoma as compared to normal breast tissue [94].
Furthermore, it was shown that versican levels were increased in cancer tissues exhibiting malignant-appearing
microcalcifications as compared to normal breast tissues. On the other hand, the hyalectan, aggrecan transcription levels
were not altered in BC tissues 22, The expression and critical roles of PGs in hormone-dependent cancer are concisely
depicted in Figure 1.

Proteoglycans:

- affect the structure / density of ECM

-are signaling molecules

-affect the activities of hormones and GFs
-expression / glycosylation pattern is partially

Proteoglycans are:
- produced by cancer and stroma cells
-localized to cell membrane, cytoplas
and ECM

Figure 1. The expression and critical roles of proteoglycans (PGs) in hormone-dependent cancer. PGs are expressed at
the cell membrane and cytosol of cancer and stroma cells and secreted to the extracellular matrix (ECM). They contribute
to the structure of cancer tissues, e.g., the regulation of tissue density and affect the activities of growth factors and
hormones.
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