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Abstract

The tumor microenvironment (TME) is rich in 
matrix components, growth factors, cytokines, 
and enzymatic modifiers that respond to 
changing conditions, to alter the fundamental 
properties of the tumor bed. Perlecan/HSPG2, 
a large, multi-domain heparan sulfate proteo-
glycan, is concentrated in the reactive stroma 
that surrounds tumors. Depending on its state 
in the TME, perlecan can either prevent or 
promote the progression of cancers to meta-
static disease. Breast, prostate, lung, and renal 
cancers all preferentially metastasize to bone, 
a dense, perlecan-rich environment that is ini-
tially a “hostile” niche for cancer cells. Driven 
by inflammation, production of perlecan and 
its enzyme modifiers, which include matrix 
metalloproteinases (MMPs), sulfatases 
(SULFs), and heparanase (HPSE), increases 
in the reactive stroma surrounding growing 

and invading tumors. MMPs act upon the 
perlecan core protein, releasing bioactive frag-
ments of the protein, primarily from C-terminal 
domains IV and V. These fragments influence 
cell adhesion, invasion, and angiogenesis. 
Sulfatases and heparanases act directly upon 
the heparan sulfate chains, releasing growth 
factors from reservoirs to reach receptors on 
the cancer cell surface. We propose that per-
lecan modifiers, by promoting the degradation 
of the perlecan-rich stroma, “flip the molecu-
lar switch” and convert the “hostile” stroma 
into a welcoming one that supports cancer 
dissemination and metastasis. Targeted thera-
pies that prevent this molecular conversion of 
the TME should be considered as potential 
new therapeutics to limit metastasis.
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6.1	 �Introduction to the Tumor 
Microenvironment (TME)

6.1.1	 �Components of the TME

As the cancer field shifts toward a macroscopic 
view of the tumor microenvironment (TME), 
the need to understand the complexities of 
tumor-stromal interactions moves to the fore-
front [1]. Cellular and molecular interactions at 
the cancer cell surface relay a constant stream of 
signals that influence cancer growth and metas-
tasis. The TME consists of the non-cancerous 
cells present in and around the tumor including 
fibroblasts, immune cells, and endothelial cells 
in conjunction with extracellular matrices 
(ECM) that can support growth, survival, and 
metastasis of cancer cells. These matrices, fac-
tors that bind to them, and their enzymatic mod-
ifiers can be produced by any of the cells present 
in the TME, working dynamically either to pre-
vent or promote cancer cell dissemination 
(Fig. 6.1).

6.1.2	 �Role of TME in Cancer 
Progression

While the exact nature of the cancer-stromal 
interaction is still being defined, work in many 
labs has begun to illustrate the enormous impact 
the TME can have on cancer progression. For 
example, Yu-Lee et  al. conducted a systematic 
study in mice, inoculating similar numbers of 
prostate cancer cells into two locations: subcuta-
neously in the back and intrafemorally. A com-
parison of the outcomes between these two 
groups revealed significantly less growth for 
tumors growing in the bone versus their skin 
counterparts. Specifically, cells in the bone, a 
perlecan-rich environment, became dormant, 
whereas those in the skin formed tumors within 
3–5 weeks [2]. This finding can only be explained 
in the context of the cancer-stromal interface, 
highlighting the importance of localized TME, 
especially in bone, on key aspects of cancer cell 
behavior.

Breast, prostate, lung, and renal cancers repre-
sent about 75% of all cancers that preferentially 
metastasize to bone [3, 4]. The bone represents a 
unique TME that, once colonized, is associated 

Fig. 6.1  Dynamic interactions among various cell types 
present in the TME. Reactive stroma (left panel) includes 
perlecan that attempts to “wall off” the tumor, limiting 

invasion and preventing dissemination. Disseminating 
tumors remodel the ECM, including cleavage of perlecan, 
allowing for tumor dyscohesion and invasion 
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with progressive metastasis and often lethal dis-
ease [5]. Given that the TME in bone is initially 
“hostile” to invading cancer cells, it is interesting 
to consider how an initially dormancy-inducing 
TME becomes one that fosters cancer cell growth 
and metastasis [6]. Cancers metastasizing to bone 
can be divided into two subtypes: osteolytic and 
osteoblastic/sclerotic. Osteolytic bone metasta-
ses are responsible for the destruction of bone, 
while those of the osteoblastic subtype are con-
sidered bone-forming. Prostate cancer bone 
metastases are most often osteoblastic, though 
some more neuroendocrine tumors can produce a 
mixed population of osteoblastic and osteolytic 
lesions [7]. Bone metastases from primary renal, 
lung, and breast tumors have a tendency to be 
more osteolytic, where osteoclasts are controlled 
by the invading cancer cells [8, 9]. In each case, 
the TME plays a vital role in determination of the 
type of lesion that will form and how the cancer 
will progress.

6.1.3	 �Extracellular Matrix 
in the TME

Researchers have begun to appreciate the impact 
that various ECM constituents in the TME can 
have on normal and disease biology [1]. In tradi-
tional wound healing responses, ECM remodel-
ing and growth factor  actions  bring damaged 
tissue back to homeostasis. These normal pro-
cesses are pathologically co-opted by cancer 
cells in the TME, leading to its description as the 
“wound that never heals” [10]. As recently 
defined in the Matrisome Project, the ECM is 
composed of 274 core proteins with 753 associ-
ated factors, proteins, and regulators, each func-
tioning to maintain tissue integrity and to provide 
a reservoir of readily available factors to promote 
wound healing and regeneration [11]. Each tissue 
expresses a unique subset of these components 
that comprise the TME.  In cancer, these ECM 
components in the TME can become major driv-
ers or inhibitors of metastasis and disease pro-
gression. Proteoglycans are core components of 
the Matrisome  that are hallmarked by their 

structural and functional diversity, play major 
roles in cancer cell fate.

Proteoglycans are defined as proteins contain-
ing one or more covalently attached glycosami-
noglycan (GAG) chains. GAG chains are 
categorized into four major classes, heparan sul-
fate, chondroitin sulfate, keratan sulfate, and 
hyaluronate, the last of which is synthesized as a 
free glycan [12]. The composition of these GAG 
chains on proteoglycans varies greatly within dif-
ferent tissues, with some predominated by hepa-
ran sulfate and others by chondroitin or keratan 
sulfate. Among these GAGs, heparan sulfate 
plays an essential role in the binding of heparin-
binding growth factors (HBGFs) and is com-
posed of unbranched negatively charged 
disaccharide units with spatially organized sul-
fate groups to endow binding specificity for indi-
vidual HBGFs [13]. Release of these HBGFs 
relies upon three key groups of extracellular 
enzymes that can modify heparan sulfate poly-
mers and alter growth factor binding and local 
bioavailability: matrix metalloproteinases 
(MMPs), sulfatases (SULF1 and SULF2), and 
heparanase (HPSE) [14].

6.2	 �The TME, Glycocalyx, 
and Pericellular Matrix

6.2.1	 �TME and Cancer Cell Behavior

Tumors are not just masses of clustered malig-
nant cells, but rather they can be considered as 
“disorganoids” that are composed of various 
cell types, including fibroblasts, stromal cells, 
immune cells, and cells from the vascular net-
work that are encased by a dense ECM in the 
pericellular space. Cancer cells not only depend 
on driver oncogenes to survive, grow, and 
metastasize, but they also rely on pro-survival 
signals produced in the associated stroma [15]. 
Despite their growth persistence, highly aneu-
ploid, genetically unstable cancer cells are often 
quite fragile and die rapidly when separated 
from the TME to which they have become 
accustomed.
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6.2.2	 �Glycocalyx

The “glycocalyx,” another component of the 
TME, is a layer of glycans present on the surface 
of cancer cells as well as various normal cell 
types and tissue structures [12]. The glycocalyx 
serves a variety of functions that both protect 
cells and ensure their survival. Heparan sulfate 
proteoglycans (HSPGs), such as syndecan and 
glypican, are present at the cell surface where 
they often function as co-receptors for growth 
factor signaling complexes. For example, binding 
of fibroblast growth factor-2 (FGF-2/basic FGF) 
to its receptor is stabilized by heparan sulfate 
found on the GAG chains of the co-receptor, typi-
cally syndecan [16]. Acting at or near the cell sur-
face, extracellular modifiers of heparan sulfate 
such as the SULFs and HPSE can play vital roles 
in modulation of growth factor signaling, cell 
survival, invasion, and metastasis.

6.2.3	 �Pericellular Matrix

As cancer progresses, normal tissue boundaries 
are disrupted and local ECM turnover prevails. 
Among these ECM components, heparan sulfate 
proteoglycan 2 (HSPG2)/perlecan, a major com-
ponent of the basement membrane, is critically 
involved in patrolling tissue boundaries [17]. 
Perlecan can be produced by some cancer cells, 
but the majority of perlecan in the TME is made 
by cells in the reactive stroma where it co-
localizes with smooth muscle actin, tenascin, and 
thrombospondins [17, 18]. Unlike the HSPGs 
syndecan and glypican that reside in the glycoca-
lyx of cancer cells, perlecan is fully secreted and 
resides in the pericellular space [12]. Perlecan is 
present at high levels in the reactive stroma sur-
rounding breast, lung, renal, and prostate cancer 
lesions (Fig.  6.2). Perlecan modification by 
SULF1, SULF2, or HPSE in the TME affects 
cancer cell proliferation, survival, invasion, and 
metastasis [12, 14]. Upon injury or invasion that 
penetrates the basement membrane, cancer cells 
come in contact with the cells in the stromal com-
partment of the TME. In stroma, bound HBGFs 
can be released enzymatically  from per-

lecan bound and sequestered in the stroma. This 
occurs as a direct consequence of the activation 
of various matrix remodeling enzymes in the 
TME that include both proteases and glycosami-
noglycanases. These degradative processes con-
tinue during metastasis, such as to bone, where 
they foster the development of secondary and 
tertiary metastases. In this chapter, we will focus 
specifically on three of these extracellular enzyme 
modifiers of perlecan: MMPs, SULFs, and 
HPSE. Each of these enzymes plays a role in the 
TME during initial cancer invasion and metasta-
sis and then later in the metastatic niche of bone 
or other common sites of  secondary cancer 
growth.

6.3	 �Perlecan/HSPG2 
in the Tumor 
Microenvironment

6.3.1	 �Perlecan Function in the TME

In the presence of transforming growth factor-β 
(TGF-β), tumor necrosis factor-α (TNF-α) is a 
major cytokine regulator of perlecan mRNA 
expression in cancer cells, normal stromal cells, 
and a subpopulation of bone marrow stromal 
cells [19]. In the context of breast cancer, the per-
lecan promoter can be positively regulated by 
TGF-β and negatively regulated by interferon-γ 
(INF-γ) [20]. TGF-β and TNF-α recruit and acti-
vate immune, endothelial, and stromal cells at the 
primary tumor or metastatic sites; this process, in 
turn, further triggers production of inflammatory 
cytokines and ECM, creating a positive feedfor-
ward loop. In normal tissues, perlecan possesses 
antitumoral activity by stabilizing tissue borders, 
decreasing cell motility, and favoring cell sur-
vival. Epithelial cells, epidermal cells, endothe-
lial cells, smooth muscle cells, fibroblasts, 
osteocytes, and chondrocytes all can synthesize 
perlecan [17]. These various perlecan cellular 
sources contribute to the distribution of perlecan 
in the basement membrane, in the stromal matrix, 
and at other tissue borders including in bone [17]. 
It is well known that an intact epithelial basement 
membrane exists in benign tumors, whereas 

L. A. Cruz et al.



137

invasive tumors lack an intact basement mem-
brane allowing cells to move into stroma [21]. 
Perlecan expression is highly regulated in the 
TME surrounding invasive and metastatic carci-
nomas, specifically in the desmoplastic stroma 
and at sites of bone metastasis [19, 22–26]. Also, 
perlecan expression is induced in various tumors, 
particularly those undergoing epithelial-to-
mesenchymal transition (EMT) [27]. Studies 
have indicated that metastatic tumors might be 
detected by the host defense system, and these 
tumors are encapsulated with dense perlecan-rich 
matrix to prevent further dissemination of these 
tumor cells [19, 28]. Evidence suggests it is likely 
that tumor cells and cells in the stroma defeat this 
barrier function over time by expressing enzymes 
that participate in basement membrane degrada-
tion, such as MMPs, SULFs, and HPSE.

Until recently, the identity of a direct binding 
partner of perlecan at the cancer cell surface 
remained elusive. A recent study from our lab 
found that semaphorin 3A (SEMA3A) and the 
most C-terminal portion of the fourth domain of 
perlecan, domain IV-3, interact with one another 
to induce prostate cancer cell-cell cohesion and 
dissolution of focal adhesions [29]. Work done 
by Herman et al. showed the strong influence of 

SEMA3A in the TME surrounding prostate can-
cer cells, where it inhibits migration and invasion 
[30]. The recently described interaction of 
SEMA3A with perlecan may explain the similar 
phenotypes observed when both molecules are 
dynamically altered in the TME [29].

Perlecan in the TME not only acts as a physi-
cal barrier to restrict cell movement, but its hepa-
ran sulfate chains also sequester bioactive 
proteins such as HBGFs, chemokines, cytokines, 
and some enzymes, adding to the complexity of 
perlecan’s role in tissue remodeling and under-
standing of its role in tumor progression [27]. A 
wide variety of HBGFs form complexes with 
perlecan, such as members of the fibroblast 
growth factor family, vascular endothelial growth 
factor, heparin-binding EGF, and many cytokines 
(e.g., interleukin-3 (IL-3), granulocyte-
macrophage colony-stimulating factor 
(GM-CSF), and INF-γ [31]. FGF2 is sequestered 
in complex with perlecan in the basement mem-
brane and stroma of various tissues and by other 
HSPGs in the glycocalyx [32, 33]. Perlecan’s 
heparan sulfate chains typically sequester the 
FGF ligand, although interactions of other FGFs 
with the core protein have been reported [34]. 
The release of the FGF ligand from sequestration 

Fig. 6.2  Immunofluorescence staining of perlecan-rich 
stroma in the TME surrounding a primary prostatic lesion. 
Dotted line indicates start of the non-permissive perlecan 
barrier adjacent to the basement membrane surrounding 

the lesion. Perlecan (green) and nuclei (blue). Note the 
intense staining of perlecan surrounding the blood vessels 
near the tumor (arrowheads) 
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sites in stroma allows for diffusion to receptor 
binding sites in the glycocalyx to activate com-
plex signaling cascades that control cell prolifer-
ation, motility, and adhesion [12, 35].

6.3.2	 �Perlecan and Angiogenesis

Neoangiogenesis, the development of new blood 
vessels from pre-existing vasculature, is required 
in early tumorigenesis to supply nutrients and 
oxygen to cancer cells [12, 36, 37]. Angiogenesis 
in the TME is a complex process, which involves 
the organized actions of pericytes, endothelial 
cells, and smooth muscle cells [20]. A group of 
major players needed for malignant angiogenesis 
is the family of MMPs (Table  6.1) [36, 38]. 
Proteolytic release of the C-terminal region of 
perlecan produces fragments with dramatic 
effects on angiogenesis [39]. These fragments, 
known variously as endorepellin, domain V, 
and  C-terminal laminin-like globular domain 
(LG3), remain a very active area of study that 
may lead to production of novel classes of thera-

peutics for a variety of angiogenic-related disor-
ders [40, 41].

6.4	 �Immune Cells in the TME

6.4.1	 �Immune Cells and Cytokines

Immune infiltration and resulting inflammation 
are hallmark features of a reactive stromal 
response. Chronic inflammation is a major driver 
of ECM deposition and catabolic enzyme upreg-
ulation, with a net overall effect of increased tis-
sue turnover. This turnover digests the 
matrix-bound core protein and releases diffusible 
perlecan fragments that can have activities dis-
tinct from the intact proteoglycan. Peptide map-
ping showed the majority of these fragments are 
derived from the C-terminus and can be detected 
in the blood of patients with metastases [23]. 
Various studies found macrophages to represent a 
large portion of the diverse immune infiltration 
population in the TME. Tumor-associated macro-
phages (TAMs) in advanced disease phenotypi-
cally resemble M2 macrophages, often 

Table 6.1  Major enzyme modifiers of perlecan/HSPG2 in the TME

Gene/protein Activity
Major sources 
in TME References

MMP-1/interstitial 
collagenase

Zinc-dependent endopeptidase
Produces multiple small peptides when used with heparitinase/
chondroitinase
Degrades a variety of matrix components

S [38, 50, 
51]

MMP-3/stromelysin Zinc-dependent endopeptidase
Produces multiple small peptides when used with heparitinase/
chondroitinase
Degrades a variety of matrix components including perlecan

S, E [38, 52]

MMP-7/matrilysin/
epithelial MMP

Zinc-dependent endopeptidase
Produces multiple small peptides even in the presence of HS/
CS chains
Degrades a variety of matrix components including perlecan

CC [53–56]

SULF1 Possesses endoglucosamine-6-sulfatase activity
Removes 6-O-sulfate from HS chains on HSPGs to alter 
interactions with HBGFs

F, S [57, 58]

SULF2 Possesses endoglucosamine-6-sulfatase activity
Removes 6-O-sulfate from HS chains on HSPGs to alter 
interactions with HBGFs

F, S [57, 58]

HPSE Endo-β-D-glucuronidase that cleaves HS chains on HSPGs to 
produce small fragments that may bear bound HBGFs

CC [59]

S Stromal cells, E endothelial cells, CC cancer cells, F fibroblasts, HBGFs heparin-binding growth factors, HS heparan 
sulfate, HSPGs heparan sulfate proteoglycans
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stimulating and promoting neovascularization 
and the induction of vascular network formation 
[42]. Interestingly, high levels of TAM infiltra-
tion are associated with poor patient survival and 
dim prognosis in patients with lung, breast, renal, 
or prostate cancers. The presence of these TAMs 
in the TME can exacerbate chronic inflammation 
and stimulate ECM remodeling, paralleling 
events that would occur in wound healing [43]. 
While TAMs are the most abundant immune cell 
type in the TME, several reports in prostate can-
cer show an increased presence of other immune 
cells including myeloid-derived suppressor cells 
and natural killer cells, all potentially conferring 
the innate TME immune response [44]. Ongoing 
work aims  to determine how the presence of 
these various classes of immune cells in the TME 
contribute to the transition from a “hostile” TME 
to one that participates and accelerates metastasis 
and lethal progression.

6.4.2	 �Inflammation in the TME

TNF-α, a protein often present during inflamma-
tion, is present at high levels in the tumor micro-
environment of prostate, breast, lung, and renal 
cancers [45, 46]. TNF-α can be produced by 
many cell types in the TME, but it is most com-
monly known as a factor released by TAMs. 
TNF-α released by immune cells in the prostate 
cancer microenvironment increases the expres-
sion and secretion of perlecan by both prostate 
cancer cells and bone stromal cells via TNF-α-
induced nuclear factor kappa-light-chain-
enhancer of activated B cell (NFκB) translocation 
to the nucleus. Once inside the nucleus, NFκB 
undergoes a unique binding step, where binding 
to the HSPG2 promoter region increases perlecan 
transcript levels [19]. In breast cancer, the tumor 
microenvironment demonstrates a similar phe-
nomenon, where TNF-α released from reactive 
stroma in breast cancer signals for increased 
expression of ECM proteins and ECM remodel-
ing enzymes [46]. Similarly, TNF-α, 
interleukin-1β (IL-1β) , and interleukin-6 (IL-6) 
all contribute to cancer metastasis through 
induced secretion of HPSE from endothelial cells 

in the TME. The presence of HPSE further favors 
EMT and enhances pro-metastatic signaling [47, 
48].Along with HPSE, other remodeling enzymes 
(e.g., MMPs, SULFs) can be activated by result-
ing inflammation from infiltrating immune cells. 
Hagemann et  al. published a co-culture study 
with TAMs and invasive breast cancer cell lines, 
observing an increase in MMP-2, MMP-3, MMP-7, 
and MMP-9 in a TNF-ɑ-dependent manner [49]. 
In the TME, this TAM-mediated inflammation 
plays various roles, upregulating not just the pro-
duction of perlecan but also perlecan-modifying 
enzymes, ultimately helping to flip the “molecu-
lar switch.”

6.5	 �Perlecan Modifiers 
in the TME

The reactive TME is rich in perlecan and its 
enzyme modifiers whose expression is regulated 
by environmental factors such as inflammation, 
factors produced by the disseminated cancer cells 
themselves, tissue turnover, and the unique char-
acter of the tumor site. Table 6.1 provides a sum-
mary of some of the more common enzyme 
modifiers found in the TME that influence the 
molecular state of perlecan and that together 
comprise the molecular switch responsible for 
converting a TME from “hostile” to one that 
actively participates in tumor growth and metas-
tasis. Thus, these modifiers can be considered to 
be the factors that “flip the switch” from condi-
tions that limit progression to those that favor fur-
ther metastasis and onset of lethal disease.

6.5.1	 �MMPs

It is well accepted that MMPs are upregulated in 
many cancers, especially in the presence of 
chronic inflammation. These MMPs have been 
studied for decades for their capacity to degrade 
and remodel surrounding matrix in the TME, fos-
tering invasive and metastatic disease. MMP-1, 
MMP-3, and MMP-7 can digest perlecan in the 
TME, but for MMP-1 and MMP-3, the efficient 
removal of heparan sulfate or chondroitin sulfate 
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chains first must occur [38, 53]. MMP-7 demon-
strates a unique ability to degrade perlecan with-
out prior removal of the GAG chains, a feature 
that contributes to its overall impact in the degra-
dation of basement membranes and destruction 
of reactive stroma [53]. In 2009, work done by 
the Parks  group demonstrated an interesting 
interplay between heparan sulfate chains and the 
proteolytic activity of MMP-7, showing that sul-
fated GAGs can drive activity and specificity of 
the MMP [60]. While each of these MMPs plays 
vital roles in contributing to the whole cancer 
TME landscape, their localization often differs. 
MMP-7 more frequently localizes to the luminal 
cancer cell compartment while MMP-1, MMP-2, 
and MMP-9 tend to localize specifically to the 
stromal cells [61]. MMP-7 status in renal cell 
carcinoma, and other cancers, is a major indica-
tor of disease progression and prognosis [23, 62]. 
In renal cell carcinomas, MMP-2 and MMP-9 
showed increased expression in relation to their 
normal counterparts [63]. Interestingly, in a 
mouse model of prostate cancer, mice without 
MMP-2 showed increased survival outcome 
measures, while those with deficient MMP-7 
demonstrated no significant changes in survival 
outcomes but showed a reduction in both endo-
thelial area coverage and vessel size. In this same 
study, mice with deficient MMP-9 showed simi-
lar numbers of vessels within the tumor as com-
pared to the control but demonstrated a decrease 
in vessel size, with a more elongated and regular 
vessel shape, illustrating the impact that various 
MMPs can have on tumor angiogenesis and sur-
vival [61]. Considered together, in a survey of the 
breast, lung, prostate, and renal literature, it is 
generally true that elevated levels of MMPs cor-
relate with poor prognosis for patients. Knowing 
this, it seems that targeting MMPs would be an 
effective method to control the progression of 
cancers to metastatic and, ultimately, lethal dis-
ease. Marimastat, a competitive MMP inhibitor, 
underwent clinical trial in both breast and small-
cell lung cancer, failing in both settings. When 
compared to the placebo group, patients receiv-
ing Marimastat treatment showed no significant 
benefit in progression-free survival, and in some 
cases, treatment resulted in inferior overall 

patient health due to musculoskeletal toxicity 
[64, 65]. While we choose to highlight Marimastat 
in this chapter, other clinical trials with MMP 
inhibitors have yielded similar results, illustrat-
ing their ineffectiveness as a singular therapy 
[66]. These inhibitors have not yet been discarded 
as an option for treatment however, as combina-
torial therapies with other compounds, such as 
Carboplatin, have yielded promising preliminary 
results [67].

6.5.2	 �SULFs

Studies of the molecular composition of the TME 
have shown that extracellular sulfatases fre-
quently reside in the stroma surrounding growing 
tumors where they can act directly on perlecan 
deposited there. Sulfatase (SULF) expression 
patterns in the TME are complex, with different 
cancers demonstrating unique SULF signatures. 
It is interesting to think about the impact of SULF 
localization in explaining these unique signatures 
in the TME. SULFs localized at the cancer cell 
surface would have a large negative impact on the 
ability of cell surface heparan sulfate proteogly-
cans in the glycocalyx such as syndecan and 
glypican to act in their co-receptor roles. SULFs 
acting at this location release growth factors 
away from the cell surface, suppressing growth 
and creating growth factor reservoirs in the sur-
rounding stroma. In contrast, those SULFs local-
ized in the stromal compartment release available 
HBGFs from the stroma to diffuse and bind their 
specific receptors at the cell surface.  These 
opposing actions ultimately promote localized 
growth of the cancer cells even in the presence of 
SULFs in the glycolax. Studies performed using 
various cancer cell types demonstrate the 
dynamic influence of SULFs on the invasion and 
growth potential for cancers. For example, in 
reports using breast cancer cells, SULF1 expres-
sion is reduced while SULF2 is upregulated in 
the localized tumor [68, 69]. Lung cancer SULF 
expression patterns match those of breast cancer, 
with SULF2 being upregulated in the tumor cells 
[70]. In prostate cancer, overexpression of 
SULF2  in the transfected prostate cancer cell 
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lines DU-145 and PC3 presented an oncogenic 
phenotype, with prostate cancer cells showing 
greater viability and increased migration capacity 
[71]. In a study utilizing patient samples with 
renal cell carcinoma, high SULF2 expression in 
the tumor cells was correlated with a less invasive 
phenotype, with low SULF2 expression correlat-
ing with advanced invasive features [72]. While 
the utilization of each SULF by these cancer 
types remains under investigation, the known 
ability of these enzymes to modulate growth fac-
tor release in the TME makes them interesting 
enzymes to define. Currently, studies aim to 
investigate why the two  SULF isoforms have 
variable regulation patterns among various can-
cer subtypes.

6.5.3	 �HPSE

Heparan sulfates on perlecan bind a wide variety 
of molecules in the TME, creating a reservoir of 
rich growth-promoting and angiogenic factors. 
Many HBGFs can bind simultaneously to a sin-
gle heparan sulfate chain depending on its length 
and pattern of sulfation. As an endo-β-D-
glucuronidase, heparanase specificity relies on 
the O-sulfation along the heparan sulfate chains 
on the full-length molecule and cleaves the GAG 
at specific undersulfated regions. These regions 
typically flank the highly sulfated sites to which 
most HBGFs are attached [73]. Growth factors 
such as FGF2/bFGF and VEGF released by 
HPSE provide an important mechanism support-
ing neovascularization in cancer, illustrating 
some of the influence of HPSE-released growth 
factors on cancer progression [74, 75].

In many cancers, elevated expression of HPSE 
is associated with poor prognosis, indicating its 
key role in the promotion of primary tumors to 
lethal disease [76–78]. HPSE expression in clear 
cell renal cell carcinomas positively correlates 
with patient outcomes, with those patients 
expressing higher HPSE experiencing higher lev-
els of invasion and metastasis [79]. In the case of 
breast cancer, studies performed with cells over-
expressing HPSE showed that tumors grew faster 
and showed increased vascularization [78]. One 

study examining prostate cancer clinical samples 
showed that HPSE levels were significantly 
higher in cancer tissue than in the corresponding 
normal tissues that were sampled [80]. In another 
study increased levels of HPSE were associated 
with increased metastasis and, in the case of 
breast cancer metastasis, bone resorption was 
observed [81]. Because of the correlation between 
HPSE and cancer aggressiveness, several HPSE 
inhibitors have been developed and tested in pre-
clinical models with promising results, showing a 
reduction in tumor growth and reduced angio-
genesis [82]. While these inhibitors have shown 
promising results, current thinking is that effi-
cacy will be most enhanced as a combinatorial 
therapy. As these inhibitors progress through 
clinical trials, it will be interesting to see what 
combinatorial agents are most effective. 

6.6	 �Conclusions, Perspectives, 
and Future Directions

Emerging evidence places perlecan as a border 
proteoglycan and signaling hub in the basement 
membrane and pericellular matrix, where it coor-
dinates and integrates a myriad of cellular signals 
to maintain proper tissue homeostasis. In cancer, 
where normal tissue compartments are disrupted 
by tissue turnover, perlecan becomes a partici-
pant in aberrant signaling that fosters progres-
sion, invasion, and metastasis. Differences in 
perlecan’s ability to signal depend on context to 
explain its effects on tumor growth, angiogene-
sis, blood vessel integrity, endothelial cell prolif-
eration, cancer cell adhesion, and motility [20]. 
In the context of the TME, cellular behavior can 
be modulated by the actions of perlecan’s modi-
fiers that can change its structure. MMPs, partic-
ularly MMP-7, cleave perlecan producing 
fragments that can have very different bioactivi-
ties from the intact proteoglycan [53, 83]. MMP-7 
stands out as it demonstrates a unique ability to 
degrade perlecan without prior removal of the 
GAG chains in reactive stroma [53]. One key 
“hot spot” for function-altering cleavage is 
domain IV, a key region of the core protein that 
functions to determine cell-cell versus cell-matrix 
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interactions. Another key functional region of the 
core protein is evidenced by studies showing that 
C-terminal cleavage of perlecan produces frag-
ments from domain V that modulate angiogene-
sis [38, 39, 84]. Thus, while intact perlecan can 
serve as a suppressor of invasion and angiogene-
sis, MMP-cleaved perlecan can support cell 
migration, enhancing tissue turnover, and trigger-
ing angiogenesis, a phenomenon that we have 
called the “molecular switch.” This switch can 
lead to diverse outcomes, either positive or nega-
tive, for tumor progression [20].

Other enzyme modifiers in the TME, SULFs 
and HPSE, work to influence localized bioavail-
ability of HBGFs. Strategies to either restore or 
reduce sulfatase expression/activity, depending 
on cancer type, using small molecule inhibitors 
can help to create novel cancer treatments. HPSE 
cleaves heparan sulfate chains with associated 
growth factors. In cancers that preferentially 
metastasize to bone HPSE is elevated, correlating 
with poor prognosis [76–78]. One of the HBGFs 
bound on the heparan sulfate chains that 
is released is FGF2/bFGF, which participates in 
neovascularization in cancer [74]. An attractive 
approach to inhibit HPSE is the use of neutraliz-
ing antibodies, though some small molecule 
compounds have also been investigated [85]. 
Future work envisions studies of the effects of 
perlecan fragments on inflammation, recruitment 
of immune cells to tumor sites, production of cir-
culating tumor cells, and formation of metastases 
and how the perlecan modifiers can be targeted to 
prevent cancer dissemination.

The perlecan-rich bone marrow is initially a 
“hostile” niche. Metastatic cancer cells adapt to 
this niche and thrive in the TME. Recent studies 
identify perlecan modification by MMPs and gly-
cosaminoglycanases as main factors to trigger a 
desmoplastic reaction. In the TME, chronic 
inflammation and abnormal immune infiltration 
drive ECM deposition, catabolic enzyme produc-
tion, and tissue turnover. It is interesting to con-
sider that combining immunotherapy or existing 
chemotherapies with targeted therapies (e.g., 
MMP, SULF or HSPE inhibitors, or angiogene-
sis/inflammation blockers) might lead to new 
ways to limit bone metastases by stabilizing the 

tumor-suppressing properties of perlecan in the 
TME. The main challenge is to identify and tailor 
the treatment to the individual cancer type, a goal 
that can only be achieved by first thoroughly 
understanding the ways that perlecan and its 
modifiers interact in the context of the TME.
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