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Glycosaminoglycans (GAGs) are linear, anionic polysaccharides that consist of re-
peating disaccharides of hexosamine and hexuronic acid. The exception to this is keratan
sulfate, whose building blocks consist of hexosamine and galactose. Differences in the
primary disaccharide unit structure regarding uronic acid and hexosamine, the number and
position of the sulfate residues, the presence of N-acetyl and/or N-sulfate groups, and the
relative molecular mass are evident. All such differences bestow these biomolecules with
impressive complexity and diversity. The fine structure of the disaccharide units defines the
types of GAGs. These include chondroitin/dermatan sulfate (CS/DS), heparin/heparan
sulfate (Hep/HS), and keratan sulfate (KS), as well as non-sulfated hyaluronan (HA)
(Figure 1).

GAGs are ubiquitously localized throughout the extracellular matrix (ECM) and to
the cell membranes of cells in all tissues. They are either conjugated to protein cores
in the form of proteoglycans, e.g., CS/DS, HS, and KS, or as free GAGs (HA and Hep).
Through their interaction with proteins, GAGs can affect the cell-extracellular matrix
(ECM) and cell—cell interactions, finely modulating ligand-receptor binding and thus
chemokine and cytokine activities as well as growth factor sequestration. Thus, GAGs
regulate several biological processes under homeostasis; they also participate in disease
progression. Recently, significant advances have been made in the analytic, sequencing, and
structural characterization of GAG oligosaccharides as well as in GAG profiling in tissues
and cells (GAGomics). Moreover, studies focused on the structure/sequence-function
relationships of GAGs have resulted in critical novel insights. Furthermore, advances
in the characterization of protein-GAG complexes provide invaluable tools to decipher
GAG’s roles in the intricate tissue milieu and answer critical questions regarding GAG
participation in the molecular basis of disease and embryonic development.

This Special Issue of Biomolecules, entitled “Exploring the multifaceted roles of gly-
cosaminoglycans (GAGs)—new advances and further challenges”, features original research
and review articles. These articles cover several timely topics in structural biology and imag-
ing; morphogenesis, cancer, and other disease therapy and drug developments; tissue engi-
neering; and metabolic engineering. This Special Issue also includes an article illustrating
how metabolic engineering can be used to create the novel chondroitin-like polysaccharide.

A prerequisite for communicating in any discipline and across disciplines is famil-
iarity with the appropriate terminology. Several nomenclature rules exist in the field of
biochemistry. The historical description of GAGs follows IUPAC and IUB nomenclature.
New structural depictions such as the structural nomenclature for glycan [1] and their
translation into machine-readable formats [2,3] have opened the route for cross-references
with popular bioinformatics resources and further connections with other “omics”.
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Figure 1. Cartoon representation of the chemical constitution of the five families of GAGs and of six categories of proteoglycans
(aggrecan; decorin, perlecan, and collagen; glypican; and syndecan and serglycin). ES, extracellular; IS, intracellular; N, nucleus;
SV, secretory vesicle. (Adapted from K. Rodgers, J.D. San Antonio, O. Jacenko. Dev Dyn. 2008, 237, 2622-2642).

1. Structure and Imaging

The structural heterogeneity of GAGs complicates the composition and sequence
analysis of GAGs. No less than 200 different monosaccharides have been identified; this has
resulted in a very high number of disaccharide segments exhibiting high conformational
flexibility. In addition, there have also been intrinsic difficulties in establishing the three-
dimensional structures of GAGs. Despite these difficulties and recognizing that the shape
of molecules is a fundamental principle in chemistry, physics, and biology, scientists are
developing experimental and computational tools to elucidate and understand molecular
shapes and molecular motions. Elisabeth Whitmore and collaborators [4] report on the
development of efficient atomic resolution models using molecular GAG dynamics. They
illustrate the outcome of their application for the case of non-sulfated chondroitin, which
may provide insights and arguments for the understanding of disciplines where molecular
dynamics play a crucial role.

There is a healthy dialogue between computational and experimental endeavors, a
typical example being the structural determination of the oligo of GAGS and polysaccharides
and their interactions with proteins. Results have accumulated over time due to X-ray single-
crystal diffraction methods, X-ray fiber diffractometry, solution NMR spectroscopy, and
scattering data. These data have been curated, annotated, and organized before their
structuration into a three-dimensional database containing three-dimensional data on GAGs
and GAGs—protein complexes retrieved from the PDB [5]. The database includes protein
sequences and the standard nomenclature for GAG composition, sequence, and topology. It
provides a family-based classification of GAGs that is cross-referenced with glyco-databases
with links to UniProtKB via accession numbers. The 3D visualization of contacts between
GAGs and their protein ligands is implemented via the protein-ligand interaction profiler
(PLIP). The nature of the structure that GAG polysaccharides can adopt, either solid-state
or solution, is also reported. Finally, characterized quaternary structures of the complexes
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improve our understanding as to if and how GAGs participate in long-range, multivalent
binding with potential synergy when several chains are involved in interactions.

Molecular interactions involving GAGs are not restricted to proteins. Many authors
consider the large GAG polymeric backbones and their chemical properties to be essential
features for the rational design of drug delivery and diagnostic systems. Magnetic reso-
nance imaging is an established diagnostic method for which GAGs, when adequately
decorated, offer the benefit of contrast enhancers.

The administration of a paramagnetic contrast agent, such as a metal chelate, such as
gadolinium diethylene triamine penta-acetic acid (Gd-DTPA), helps visualize relative GAG
distribution in vivo. For example, the negative charge of the contrast agent will distribute
itself within articular cartilage in a spatially inverse relationship to the concentration of
negatively charged GAG molecules. Alfonso Ponsiglione and collaborators [6] explore the
range of advantages that could represent fine control over the combination of GAGs and
imaging agents in the formulation of novel multifunctional diagnostic probes.

2. Morphogenesis and Development

GAG:s, as essential constituents of the human glycome, play pivotal roles in a mul-
titude of biological processes during embryonic development and in the maintenance of
homeostasis. Such roles can be observed throughout the structural mold of aggregan and
the diversity of its decoration by GAGs. The development of vertebrates from a single cell
to the generation of various cell types and organs is carried out throughout a synchronized
developmental program consisting of the spatial and temporal coordination of specific
signaling molecules, including morphogens and growth factors. The importance of specific
arrangements of GAG chains on aggrecan in all of its forms is also a primary morpho-
genetic functional determinant. It provides aggrecan with unique tissue-context-dependent
regulatory properties. The versatility displayed by aggrecan in biodiverse contexts is a
function of its GAG side chains [7].

The article by Colin-Pierre et al. [8] describes the evolution of heparan sulfate pro-
teoglycans in hair follicles. The heparan sulfate proteoglycan distribution in hair follicles
has traditionally been done by conventional histology, biochemical analysis, and immuno-
histochemistry. The authors use the absorption region that is relevant to sulfation as a
spectral marker. This is performed using infrared spectral imaging (IRSI), which has been
used intensively for cell (spectral cytology) and tissue (spectral histology) characterization.
Supported by Western blot and immunohistochemistry analysis, infrared spectral imaging
specifically shows the qualitative and/or quantitative evolution of the GAGs expression
pattern between the anagen, catagen, and telogen phases. Moreover, this demonstrates
that IRSI could be utilized for GAG cytology and tissue characterization.

3. Therapy: GAGs as Targets and Novel Therapy Agents

GAGs are essential ECMs and cell membrane components and are extensively altered
under various pathological conditions, including cancer. Indeed, during disease progres-
sion, the fine GAG structure and expression change in a manner that is associated with
disease evolution. Furthermore, pathological conditions are characterized by the extent
of GAG remodeling that is either due to the increased expression of glycosidases or to a
chemical reaction with elevated, radical oxygen species. Specific disease-dependent GAG
alterations have been identified as druggable entities, with industry and academic research
efforts examining their potential in drug development. Berdiaki et al. [9] discuss the up-to-
date developments of implementing GAG disease-dependent changes in two directions:
(i) utilizing GAGs as the targets of therapeutic strategies and (ii) employing GAG specificity
and excellent physicochemical properties for the targeted delivery of cancer therapeutics.

Faria-Ramos et al. [10] specifically focus on the role of HS in carcinogenesis. Due to
HS’s well-established regulation of critical cellular receptors and respective downstream
signaling pathways and the aberrant expression of HS in tumor tissue, these GAGs have
been characterized as modulators of malignant features. This review article highlights the
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significant clinical potential of HS to improve both the diagnosis and prognosis of cancer,
either as HS-based biomarkers or as therapeutic targets [10].

GAG functions are implicated in inflammatory processes. Notably, cardiovascular
disease propagation and the inflammatory status of tissues are closely correlated. The
treatment of endothelial cells with the cytokine TNF-«, which is known to be increased in
obese patients and has been reported to induce cardiometabolic diseases, strongly affects
the expression patterns of hyaluronan and the HS-containing proteoglycans known as
syndecans [11]. These changes seem to facilitate the onset of a pathological state by altering
(i) the endothelial barrier properties, (ii) increasing HA in the pericellular coat and the
possibility of consequent monocyte recruitment from the blood; or (iii) altering the sulfa-
tion pattern of membrane-bound HS, which can cause modifications to the endothelium
response to growth factors and cytokines. Therefore, the authors confirm the critical role of
ECM components such as GAGs in disease progression.

Matrix metalloproteinases (MMPs) are endopeptidases that are able to cleave both
matrix and non-matrix proteins. MMPs activity and the resulting extracellular matrix
remodeling are increased in acute and chronic diseases and are correlated with disease
pathogenesis. Thus, the enhanced activity of MMP-8 facilitates the progression of various
pathologies, including atherosclerosis, pulmonary fibrosis, and sepsis. Since natural GAGs
are known to modulate the functions of various MMPs, the synthetic non-sugar mimetics
of GAGs have been hypothesized to inhibit MMP-8 activity. The strategy of Moria and
Desai [12], upon screening a library of 58 synthetic, sulfated mimetics consisting of a dozen
scaffolds, led to the identification of sulfated benzofurans and sulfated quinazolinones as
promising inhibitors of MMP-8. Interestingly, this work provides the first proof that the
sulfated mimetics of GAGs could lead to potent, selective, and catalytic activity-tunable,
small molecular inhibitors of MMP-8.

Due to the lack of blood vessels and the consequently limited bioavailability of oxygen
and nutrients, articular cartilage has restricted regenerative capacity, resulting in frequent
degenerative disease in older individuals. Therefore, therapeutic strategies limiting or
halting the progression of cartilage destruction are an unmet health need. Perlecan, a mul-
tifunctional HS proteoglycan, promotes embryonic cartilage development and stabilizes
mature tissue. Using immunohistochemistry, Garcia et al. [13] showed a pericellular and
diffuse matrix staining pattern for perlecan in both natural and cell-therapy-repaired carti-
lage. This observation was related to whether the morphology of the newly formed tissue
was hyaline cartilage or fibrocartilage. In addition, immunostaining was significantly more
enhanced in these repair tissues for perlecan than it was for normal age-matched controls
and was sensitive to heparanase treatment. Thus, the modulation of HS could be helpful in
the treatment of degenerative cartilage disease.

A novel, interesting therapeutic function of heparin has been shown by Lantero et al. [14].
Indeed, these authors report an antimalarial activity of heparin. Innovative antimalarial strate-
gies are urgently needed as plasmodium parasites continue to express increased resistance
to the available drugs that have been developed against plasmodium parasites. Heparin
delivered in membrane feeding assays together with Plasmodium berghei-infected blood of
Anopheles stephensi mosquitoes was shown to inhibit the parasite’s ookinete—oocyst transition
by binding the ookinetes. The inhibition of the parasite life-cycle by heparin might represent
a new antimalarial strategy for rapid implementation and is an excellent example of the
ubiquitous use of these multifaceted molecules.

4. Biomarkers

Because the expression of GAGs and their fine structure are markedly altered in
disease, these features could have an essential clinical implementation. Malignant pleural
mesothelioma (MPM) is a highly aggressive and therapy-resistant pleural malignancy with
poor prognoses and short patient survival. When patients’ pleural infusion was analyzed
by a Luminex multiplex assay, syndecan-1 (SDC-1) and MMP-7 levels were significantly
lower, whereas mesothelin and galectin-1 levels were significantly higher in malignant
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mesothelioma effusions compared to in adenocarcinoma. Javadi et al. [15] suggest that
MMP-7, shed SDC-1, mesothelin, and galectin-1 can be diagnostic and that VEGF and
SDC-1 are prognostic markers in MPM patients. Indeed, this study confirms the vital role
of ECM components in malignant disease progression.

5. Tissue Engineering and Biomaterial

GAGs are native components of the ECM that drive cell behavior and control the
microenvironment surrounding cells, making them promising therapeutic targets for many
diseases. Recent studies have shown that the recapitulation of cell interactions with ECM
is critical in tissue engineering, which aims to mimic and regenerate endogenous tissues.
Because of this, the incorporation of GAGs to drive stem cell fate and to promote cell
proliferation in engineered tissues has gained increasing attention. This review article [16]
summarizes the role of glycosaminoglycans in tissue engineering and their recent use in
these constructs. In addition, the evaluation of the general research trends in this niche
offers insight into future research directions in this field.

Hyaluronan displays such properties as biocompatibility, biodegradability, high vis-
coelasticity, and immunoneutrality, making it attractive for biomedical and pharmaceutical
applications. Furthermore, from the standpoint of physical properties, the polyelectrolyte
nature of negatively charged hyaluronan provides a way to create new high-performance
complexes. One such complex occurs when hyaluronan self-assembles with a positively
charged lactose-modified chitosan. The authors of this investigation [17] show that the
complex that is formed has a monodisperse molecular weight distribution and a high
viscosity and is susceptible to enzymic degradation by hyaluronidase and lysozyme. Due
to the wide range of applications in biomedicine and biotechnology, the development of
such polyelectrolyte complexes is of scientific and biotechnological interest.

The conjunction of the wide range of biological activities and unique physicochemical
properties confer a distinctive place as an implantable biomaterial used in orthopedics and
traumatology to hyaluronan. Infections related to implanted medical devices depend on the
bacterial capability to establish highly structured multilayered biofilms on artificial surfaces.
One way to prevent such peri-implant infection is to apply an implanted biomaterial,
defensive antibacterial coating (DAC), which can act as a resorbable barrier that delivers
local antibiofilm and antibacterial compounds. The copolymer of hyaluronic acid and
poly-D, L-lactic acid produces a hydrogel that retains the hydrophobic character of the
poly-D, L-lactide sidechains and the hydrophilic character of a hyaluronic acid backbone.
The suitability of such a hydrogel depends on the stability and degradation of both the
hyaluronan backbone and the polylactic chains over time and temperature. T. Guzzo and
her collaborators [18] performed chromatographic analysis and explored the suitability of
diffusion-ordered NMR spectroscopy to characterize the outcome of the biomaterial over
time in physiological conditions.

6. Metabolic Engineering

Bacterial cells exhibit a wide diversity of capsular polysaccharides that constitute the
cell surface of the outer membrane and that mediate interactions with the environment. The
capsules are often composed of GAG-like polymers. The structural similarity of microbial
capsular polysaccharides to these biomolecules makes these ideal bacteria candidates
for non-animal GAG-derived products. It is true that the capsular polysaccharide of
Escherichia coli K4, the chondroitin synthase polymerase, KfoC, synthesizes a chondroitin-
like polysaccharide. While exploring novel methods and conditions to produce chondroitin
via metabolic engineering, Leroux and her colleagues expressed KofC in a recombinant
strain of Escherichia coli deprived of 4-epimerase activity [19]. They realized that KfoC
could polymerize a GalNAc-free polysaccharide, giving rise to a novel GAG that they
call chondbiuronan.
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7. Conclusions

While the authors of these articles discussed the multifaceted features of GAGs, they
are all well motivated by specific applications in biology and medicine and will develop ap-
propriate tools that are likely to be important in structuring a large amount of available data
and opening the field to cross-disciplinary endeavors. We hope that these articles will not
only provide timely case studies but that they will also form the basis of a series of questions
aimed at answering the broader question of what remains to be solved about GAGs?
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Abstract: Glycosaminoglycans (GAGs) are linear, structurally diverse, conformationally complex
carbohydrate polymers that may contain up to 200 monosaccharides. These characteristics present a
challenge for studying GAG conformational thermodynamics at atomic resolution using existing
experimental methods. Molecular dynamics (MD) simulations can overcome this challenge but
are only feasible for short GAG polymers. To address this problem, we developed an algorithm
that applies all conformational parameters contributing to GAG backbone flexibility (i.e., bond
lengths, bond angles, and dihedral angles) from unbiased all-atom explicit-solvent MD simulations
of short GAG polymers to rapidly construct models of GAGs of arbitrary length. The algorithm
was used to generate non-sulfated chondroitin 10- and 20-mer ensembles which were compared to
MD-generated ensembles for internal validation. End-to-end distance distributions in constructed
and MD-generated ensembles have minimal differences, suggesting that our algorithm produces
conformational ensembles that mimic the backbone flexibility seen in simulation. Non-sulfated
chondroitin 100- and 200-mer ensembles were constructed within a day, demonstrating the efficiency
of the algorithm and reduction in time and computational cost compared to simulation.

Keywords: molecular dynamics; glycosaminoglycan; proteoglycan; chondroitin sulfate; carbohydrate
conformation; carbohydrate flexibility; glycosidic linkage; ring pucker; force field; explicit solvent

1. Introduction

The diverse group of protein—carbohydrate conjugates called proteoglycans (PGs) is a fundamental
component of tissue structure in animals and can be found in the extracellular matrix (ECM)
as well as on and within cells. PGs bind growth factors [1-12], enzymes [2,12], membrane
receptors [12], and ECM molecules [2,12,13]. By doing so, they modulate signal transduction [13,14],
tissue morphogenesis [2,8-11], and matrix assembly [2,15-17]. PG bioactivity is often dependent on
the covalently linked carbohydrate chains called glycosaminoglycans (GAGs), which are linear, highly
negatively charged, and structurally diverse carbohydrate polymers. GAGs mediate receptor-ligand
complex formation by either forming non-covalent complexes with proteins or inhibiting the formation
of complexes with other biomolecules. This makes GAGs key modulators in many diseases, giving
them potential therapeutic applications. For example, heparan sulfate (HS) is released during sepsis
and induces septic shock [18,19]; the removal of chondroitin sulfate (CS) may enhance memory
retention and slow neurodegeneration in patients with Alzheimer’s disease [20-22]; and dermatan
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sulfate (DS) deficiency has been implicated in Ehlers—Danlos syndrome, thus the screening of DS in
urine could be used as an early diagnostic tool [23,24].

GAG binding sites on proteins are determined by protein sequence and structure, with requirements
for both shape and charge complementarity [12,25]. Thus, GAG function depends on GAG
three-dimensional structure and conformation. Even subtle structural differences impact GAG function.
For example, while CS and DS have many functional differences, the only structural difference is
in the chirality of the uronic acid monosaccharides. While much is known about GAG function,
attempting to study GAG conformational thermodynamics at atomic resolution presents a largely unsolved
problem for existing experimental methods. This is largely due to the structural and conformational
complexities of GAGs. For example, a given GAG consists of a repeating sequence of a particular
disaccharide, but conformational complexity is introduced through flexibility in the glycosidic linkages
between monosaccharides [26-30] (Figure 1). Additional complexity results from non-template-based
synthesis [31] and variable enzymatic sulfation [32], which means a biological sample of a GAG
composed of a specific disaccharide repeat will be polydisperse and heterogeneous owing to the variable
length and sulfation of the individual polymer molecules. Liquid chromatography—mass spectrometry
(LC-MS) [33-35], X-ray crystallography [36—41], and nuclear magnetic resonance (NMR) [42—45] are used
to study GAGs but are limited in their ability to account for all of these complexities. Additionally,
some studies have used results from LC-MS [45], X-ray crystallography [46], and NMR [46-51] to compare
and validate conformational data from molecular dynamics (MD) simulations. This suggests that MD
simulations can produce results complementary to experimental analysis methods by providing realistic
three-dimensional atomic-resolution molecular models of GAG conformational ensembles [52-56].

Figure 1. Compact non-sulfated chondroitin 20-mer conformation arising from flexible glycosidic
linkages (red) between monosaccharide rings (GalNAc in blue and GlcA in cyan). The molecular
graphics throughout are produced with the VMD program [57].

A critical challenge with MD simulations of GAGs is that a single biological GAG polymer chain
may contain up to 200 monosaccharide units [9]. When fully solvated, the resulting system will have
in excess of 10° atoms. It is not feasible to routinely simulate such a system using current graphics
processing unit (GPU)-accelerated MD codes with a modern GPU and multi-core CPU. This limits the
utility of all-atom explicit-solvent MD as a tool for routine conformational analysis of GAGs of this size.

Coarse-grained (CG) MD simulations are the most feasible current alternative to all-atom
explicit-solvent MD as they entail fewer degrees of freedom for the solute [48] and often an implicit
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(continuum) description of the solvent [58,59]. This can make CG MD two to three orders of magnitude
faster, thereby allowing for the handling of large systems [60], such as GAG 200-mers. Indeed, a recent
CG model using glycosidic linkage and ring pucker energy functions has provided previously-unseen
details of the structure-dynamics relationship of GAGs in the context of PGs [48]. An important
insight from that study was that GAGs, in contrast to the unique ordered conformations of folded
proteins, need to be considered as existing in conformational ensembles containing a large diversity of
three-dimensional conformations.

As an alternative approach to using CG MD to generate such conformational ensembles for GAGs,
we propose using glycosidic linkage and monosaccharide ring conformations from unbiased all-atom
explicit-solvent MD simulations [56,61-63] of short GAG polymers to rapidly construct conformational
ensembles for GAGs of an arbitrary length. Toward this end, we studied a non-sulfated chondroitin
20-mer with the sequence [-4 glucuronate ($1-3 N-acetylgalactosamine 1-]y¢ for its simplicity and
homogeneity. We first ran microsecond-scale all-atom explicit solvent MD on the 20-mer and used the
resulting trajectories to develop a database of conformations. From this database, we randomly selected
individual values for the bond lengths, bond angles, and dihedral angles in the glycosidic linkages
connecting glucuronate (GlcA) and N-acetylgalactosamine (GalNAc) and in the monosaccharide
rings. These values were used to construct a 20-mer conformational ensemble. The comparison
of the constructed ensemble with the MD-generated ensemble of 20-mer conformations revealed
similar end-to-end distance distributions, with a strong bias toward extended conformations in both
cases. Short end-to-end distances associated with more compact conformations were facilitated by the
sampling of non-*C; ring puckering by GlcA. This change in ring geometry, which occurs rarely on
the microsecond timescale, introduced kinks into the polymer, causing it to bend back toward itself.
The fact that the MD-generated ensemble had a great deal of variability in both end-to-end distances and
radii of gyration demonstrates the inherent flexibility of the chondroitin polymer in aqueous solution.
The fact that the constructed ensemble has very similar conformational properties to the MD-generated
ensemble suggests that there is little correlation between the individual dihedral angle values that
determine the internal geometry of a given conformation. Therefore, on the timescale of the simulations,
non-sulfated chondroitin 20-mer does not appear to have any higher-order structure, in contrast to,
for example, the secondary and tertiary structure seen in proteins. This lack of higher-order structure
was borne out in a comparison of end-to-end distances for constructed vs. MD-generated ensembles
of 10-mers, with the constructed ensemble built using the 20-mer database. Finally, we used the
methodology to produce conformational ensembles of 100-mers and of 200-mers. The ability to model
polymers with biologically-relevant chain lengths (e.g., 100- to 200-mers) will provide insights into
GAG binding by other biomolecules. This will be especially useful in understanding the formation of
complexes containing multiple biomolecules bound to a single GAG.

Other programs that construct three-dimensional atomic-resolution models of GAG polymers
exist, for example, Glycam GAG Builder [64], POLYS Glycan Builder [65], CarbBuilder [66], and
MatrixDB GAG Builder [67,68], which allow the user to choose GAG type, length, and sequence and
are useful tools for producing an initial structure for MD simulations. Glycam and POLYS Glycan
Builder allow the user either to specify particular glycosidic linkage dihedral angle values or use
default parameters pulled from their databases. The databases used by Glycam, POLYS Glycan
Builder, and Carb Builder include GAG mono- and disaccharide structures determined by molecular
mechanics and/or MD. MatrixDB pulls from databases of experimentally determined conformations
of GAG disaccharides from crystallized GAG—protein complexes. While the user has the option to
choose the GAG length, these tools are intended for shorter GAG polymers. In contrast to these tools,
our algorithm pulls from a database of full conformational landscapes of unbound GAG 20-mers.
Additionally, our algorithm is intended for modeling long GAG polymers with biologically-relevant
chain lengths and can quickly produce large ensembles (e.g., on the order of 10,000 3-D models) of
polymer conformations that we would expect to see in simulation. Thus, it eliminates the need for
simulation, reducing time and computational cost.
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2. Materials and Methods
2.1. Molecular Dynamics

2.1.1. System Construction

Coordinates for all systems were constructed using the CHARMM software [69-71] v. c41b2 with
the CHARMM36 (C36) biomolecular force field for carbohydrates [56,61-63]. Of note, it has been
shown that MD simulations can reproduce ring puckers observed by NMR [49-51], with one study
demonstrating the capacity of the CHARMMS36 force field to reproduce NMR data for an iduronate
derivative in the context of a heparin analogue [51]. The initial conformation for an MD simulation of
non-sulfated chondroitin 20-mer was fully extended, with glycosidic linkage dihedrals ¢p = —83.75° and
Y = =156.25° in all GlcA1-3GalNAc linkages and ¢ = —63.75° and ¢ = 118.75° in all GaINAc[31-4GIcA
linkages. These glycosidic linkage dihedral angle values were found to be the most energetically
favorable in MD-simulated, non-sulfated chondroitin disaccharides [54]. All other internal coordinates
were taken from the force-field files. In this conformation, the 20-mer had an end-to-end distance
of 101.8 A and was solvated in a cubic periodic unit cell with an edge length of 124.3 A (~63,000
water molecules). The explicit solvent consisted of the TIP3P water model [72,73], neutralizing Na+
counterions, and 140 mM sodium chloride.

2.1.2. Energy Minimization and Heating

The NAMD program [74] v. 2.12 (http://www.ks.uiuc.edu/Research/namd/) was used to minimize
the potential energy for 1000 steps using the conjugate gradient method [75,76] then heat the system
to the target temperature of 310 K by reassigning velocities from a random distribution at the target
temperature every 1000 steps for 20,000 steps with a timestep of 0.002 ps (40 ps). During heating,
harmonic positional restraints were placed on non-hydrogen atoms of the solute and constraints [77-79]
were applied to maintain equilibrium values for TIP3P geometries and for bond lengths involving
hydrogen atoms. The Lennard-Jones (L-J) [80] and electrostatic potential energies had cutoff distances
of 10 A. An energy switching function [81] was applied to L-J interactions between 8 and 10 A and an
isotropic pressure correction accounted for contributions from L-] interactions beyond the cutoff [82].
The particle mesh Ewald (PME) method [83] with fourth order B-spline interpolation for a cubic unit
cell and fast Fourier transform (FFT) grid spacing of 1.0 A along each axis was used to account for
electrostatic interactions beyond the cutoff. Consistent with the CHARMM additive force fields for
proteins, nucleic acids, lipids, and small molecules [84], carbohydrate 1-4 non-bonded interactions
were not scaled (i.e., scaling factor = 1.0). Heating was done under constant pressure with pressure
regulated at 1 atm by a Langevin Piston barostat [85]. A 500,000-step (1-ns) unbiased constant particle
number/constant pressure/constant temperature (NPT) MD run, followed with a temperature of 310 K
maintained by a Langevin thermostat [86] and without positional restraints. The average periodic
cell parameters from the last half of this NPT ensemble trajectory (123.7 A) were used as cell basis
vectors for the quadruplicate canonical (NVT) ensemble MD simulations detailed below. These were
preceded by minimization and heating as detailed above, with the exception of constant volume (i.e.,
no Langevin piston barostat) with a box edge length of 123.7 A.

2.1.3. Production Simulations

Unbiased canonical (NVT) ensemble MD was run using CHARMM software with the OpenMM
GPU acceleration interface [87-92] on CUDA platform and GTX 1080 Ti graphics cards (NVIDIA Corp.,
Santa Clara, USA.). Non-bonded interaction truncations and energy calculations were performed
using the same methods from the heating stage, and Ewald summation of Gaussian electrostatic charge
density distributions [93,94] with a width of 0.320 was performed. The SHAKE algorithm [77] was
used to constrain all water geometries and bonds involving hydrogen atoms using bond distances from
the parameter table and the leapfrog Verlet integration algorithm [95] was used for Langevin dynamics
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with a friction coefficient of 0.1 ps~!, a constant temperature of 310 K, and a 0.002-ps timestep. Prior to
production, each of four replicates was equilibrated for 50,000 steps (100 ps). Simulations were run
for 250,000,000 steps (500 ns) and atomic coordinates were saved at 25,000-step (50-ps) intervals for
analyses (10,000 snapshots per quadruplicate simulation).

2.1.4. Conformational Analysis

Chondroitin conformational properties were quantified by bond length, bond angle, and dihedral
angle values. Glycosidic linkage conformational values considered were bond lengths for C;1-O and
O-C;;, bond angles defined by O5-C;-O and C;-O-C,;, and ¢ and ¢ dihedral angles with IUPAC
definitions: ¢ = O5-C;-O-C;, and ¢ = C1-O-C;-C;,_1) (Figure 2). Glycosidic linkage dihedral free
energies AG(¢, 1) were analyzed to characterize potential conformational patterns. ¢, ¢ dihedral
values from the MD-generated 20-mer ensemble are taken to have uniform probabilities. AG(¢, 1)
is therefore computed by binning these values into 2.5° X 2.5° bins and then using the relationship
AG(¢;,y)) = -RTIn(n;;) - k, where n;; is the bin count for the bin corresponding to ¢;, ¢, R is the universal
gas constant, T is the temperature of the MD simulations, and k is chosen so that the global minimum
is located at AG = 0 kcal/mol.

Figure 2. Non-sulfated chondroitin trisaccharide with glycosidic linkage dihedral angles,
monosaccharide ring atoms, and linker oxygen atoms labeled; glycosidic linkage parameters used in
the construction algorithm include C;-O and O-C;, bond lengths, O5-C;-O and C;-O-C;, bond angles,
and ¢ = O5-C1-O-C;; and ¢ = C;-O-C;-C;,_1 dihedral angles.

Geometric values defining monosaccharide ring conformations included all bond lengths,
bond angles, and dihedral angles within the ring and in exocyclic functional groups that are not
part of a glycosidic linkage. To characterize potential conformational patterns in monosaccharide
rings, Cremer-Pople (C-P) ring-puckering parameters (¢, 0, Q) of each monosaccharide ring in the
MD-simulated 20-mer ensemble were computed. Conformations of each element (i.e., each GlcA
monosaccharide, GalNAc monosaccharide, 31-3 linkage, and (31-4 linkage) were extracted separately
from each saved snapshot of the 20-mer MD trajectories. Initially, data were separated out by
run and residue/linkage number and aggregated across all snapshots in each run to determine if
conformational data were the same in different runs and if individual linkage and ring conformations
are dependent upon one another. Subsequently, all individual conformations were aggregated across
all snapshots in all runs (e.g., 10,000 snapshots * 4 runs * 10 GlcA monosaccharides = 400,000 samples
of GlcA monosaccharide conformations) to yield one set of data for each of: (1) GlcA monosaccharide
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conformation, (2) GalNAc monosaccharide conformation, (3) 31-3 linkage conformation, and (4) f1-4
linkage conformation.

2.2. Construction Algorithm to Generate GAG Conformational Ensembles

The conformational data described above served as inputs to an algorithm we developed

to generate chondroitin polymer conformational ensembles of user-specified length and with a
user-specified number of conformations. The algorithm works as follows:

1.

In each constructed polymer conformation, each glycosidic linkage and monosaccharide ring is
treated independently, and conformational parameters are randomly selected from the database
containing the corresponding linkage or ring conformations from the 20-mer MD trajectories;
Two CHARMM stream files are written, one to define the sequence and linkages in the polymer
and another to perform the following procedure for each frame: (1) All internal geometry
conformation values selected by the algorithm are assigned and used to construct atomic
coordinates. (2) End-to-end distance (i.e., distance between C; of the reducing end and Cy4 of
the non-reducing end) and radius of gyration are calculated. (3) A 100-step steepest descent
(SD) potential energy minimization followed by a 100-step conjugate gradient minimization,
each with intramolecular restraints, is performed to relieve bonded strain and steric clashes.
The Lennard-Jones potential (Er_j) is calculated on an atom-atom pair (i, j) basis using an
energy switching function, as implemented in CHARMM with ron = 7.5 A and o6 = 8.5 A [69].
As there is no solvent and thus no solvent screening of electrostatic interactions, electrostatics
are excluded from energy calculations to prevent the non-physical intramolecular association
of charged and polar groups. All glycosidic linkage and endocyclic ring dihedral angles, along
with a dihedral angle in each GlcA carboxylate group (C4-C5-C¢-Og1) and GalNAc N-acetyl
group (C-N-C;,-C3), are restrained to their starting values (i.e., those randomly selected from the
database) during minimization so as not to change the conformations observed in simulation.
Dihedral restraint energy (Eqine) is calculated by comparing each restrained dihedral angle’s
database value (¢g) to its value (¢1) in the current frame of minimization with a force constant
(kginhe) of 100.0 kcal/mol/radian/radian (Equation (1))

Erdihe = kdihe * Z(¢1 ~dp)° (1)

To ensure conformational ensembles do not contain non-physical conformations, a bond potential
energy (Ep) cutoff is applied. This cutoff is the sum of a polymer-length-specific cutoff and a
constant independent of polymer length. The length-specific component of the cutoff is the
bond potential energy after energy minimization, performed using the same restraints and
minimization protocol used for each frame of the constructed ensemble (outlined above), of the
polymer constructed in a fully-extended conformation (i.e., with the same glycosidic linkage
¢ and ¢ angles as the starting conformation for MD simulations). The constant is added as a
buffer to account for slight variations in the energies of other extended conformations. As linkage
and ring conformations are treated independently and selected at random, it is possible to
have a bond piercing another monosaccharide ring that may not be corrected by minimization.
To estimate the ring-piercing bond strain energy for each exocyclic bond not participating in
a glycosidic linkage, a system containing two non-bonded monosaccharides (i.e., GlcA and
GalNAc, GlcA and GlcA, or GalNAc and GalNAc) was constructed such that an exocyclic bond
of one monosaccharide pierces the ring of the other. To estimate the bond strain energy for
each bond participating in a glycosidic linkage, a system containing one disaccharide unit (i.e.,
GlcAP1-3GalNAc or GalNAcP1-4GlcA) and a single monosaccharide (i.e., GlcA or GalNAc)
was constructed such that a linkage bond in the disaccharide pierces the ring of the single
monosaccharide. Systems containing interlocking rings (i.e., GlcA-GalNAc, GlcA-GlIcA, and
GalNAc-GalNAc) were also constructed to estimate the bond strain energy of the bonds piercing

14



Biomolecules 2020, 10, 537

the opposite ring. The same energy minimization protocol used in the algorithm was performed
on this conformation, as well as a conformation in which the non-bonded saccharide units
are 20 A apart, and the post-minimization lengths of the bond piercing the ring in the initial
conformation were compared. The pierced bond length (x), the non-pierced bond length (x1),
and the equilibrium bond length (xp) and corresponding force-field bond-stretching constant (k)
from the CHARMM parameter file were used to estimate a lower bound on the energy (AEy,)
resulting from the bond distortion (Equation (2)).

AEy = ky +[(x2 = x0)° = (21 = x0)°] )

Of all conformations that still had a bond piercing a ring after minimization, the smallest AE}, =
132.3 kcal/mol. Of the conformations in which ring piercing was corrected during minimization,
the maximum AE}, < 1 kcal/mol. Thus, a buffer of 100 kcal/mol is added to the post-minimization
bond potential of the initial extended conformation for any given polymer length. If the
post-minimization bond potential of a given frame is beyond this cutoff, the frame is excluded
from the ensemble.

For internal validation of our implementation of the algorithm, bond length probability
distributions for each type of bond (i.e., C-C single bond, C-O single bond, C=0O double bond,
C-O partial double bond of GlcA carboxylate group, C-N single bond between GalNAc amide
and ring carbon, C-N single bond within GalNAc amide, C-H bond, O-H bond, and N-H bond),
free energies AG(¢, ¢) for 31-3 and 1-4 glycosidic linkages, C-P parameters of GlcA and GalNAc
monosaccharide rings, end-to-end distance distributions, and scatterplots of radius of gyration as a
function of end-to-end distance from MD-generated ensembles and constructed ensembles both before
and after energy minimization were compared. Additionally, bond potential energy distributions from
constructed ensembles after energy minimization were plotted to verify that the algorithm calculated
an appropriate energy cutoff and gave the expected energy distributions for the given polymer size.

To assess the expediency of application of MD-generated 20-mer conformations to construct
chondroitin polymers of variable length, we constructed a non-sulfated chondroitin 10-mer ensemble
using the algorithm and compared it to chondroitin 10-mer conformational ensembles generated by
MD using the same protocol as the 20-mer simulations. We also constructed conformational ensembles
of a non-sulfated chondroitin 100-mer and 200-mer to demonstrate the efficacy and efficiency of our
algorithm to construct conformational ensembles of chondroitin polymers with biologically-relevant
chain lengths.

3. Results and Discussion

3.1. Glycosidic Linkage Geometries

In non-sulfated chondroitin 20-mer MD simulations, we found that all ¢, i) dihedrals sampled
in GlcAp1-3GalNAc linkages were centered about a global free energy minimum (Min I) while
GalNACcp1-4GIcA linkages showed more flexibility. In addition to a global minimum, AG(¢, 1) for
GalNAc[31-4GIcA also has two local minima (Min II and Min II") (Figure 3 and Table 1). To validate
these observed glycosidic linkage geometries, we looked at the free energy minima of non-sulfated
chondroitin glycosidic linkage dihedrals from biased MD simulations of disaccharides (using dihedral
definitions ¢ = O5-C;-O-C; and ¢ = C;-O-C;-C;111) as opposed to the IUPAC ¢ = C;-O-C;-Cy;,y)
used in our study) [54] (Table S1). We found that at each free energy minimum in 31-3 and (31-4
linkages, our ¢ dihedrals differed by no more than +/-2.5° and our ¢ dihedrals differed by no
more than +/-127.5°, which is in close agreement if we assume C;-O-C3-Cy = C1-O-C3-Cy4 + 120°
and C;-O-C4-C3 = C;-O-C4-Cs - 120°. Additionally, our data were mostly in agreement with the
most energetically-favorable glycosidic linkage dihedrals (i.e., at global minima) in non-sulfated
chondroitin hexasaccharides from MD simulations (using dihedral definitions ¢p = O5-C1-O-C,, and ¢
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= C1-O-C;-C;41)) and validated by NMR [96] (Table S1). The biggest difference was in our 31-3 ¢
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Figure 3. AG(¢, ¢) in non-sulfated chondroitin 20-mer ensembles for aggregated GlcA31-3GalNAc and
GalNAcp1-4GIcA glycosidic linkage data (a,b) MD-generated ensembles, (c,d) constructed ensembles
before minimization, and (e, f) constructed ensembles after minimization; contour lines every 1 kcal/mol.

Table 1. Glycosidic Linkage Dihedrals (¢, 1) ! and Free Energy (AG(¢, ¥) kcal/mol) Minima.

MD-Generated 20-mer Ensemble

Constructed 20-mer Ensemble
(Before Energy Minimization)

Constructed 20-mer Ensemble
(After Energy Minimization)

GlcAB1-3 GalNAcp1-4 GlcAB1-3 GalNAcp1-4 GlcAB1-3 GalNAcp1-4
GalNAc GlcA GalNAc GlcA GalNAc GlcA

Min o, P AG [T AG 1] AG [ 1] AG [ 1] AG o AG
—81.25°, —66.25°, -76.25°, —66.25°, —81.25°, —68.75°,

I —153.75° 0.00 116.25° 0.00 —148.75° 0.00 116.25° 0.00 —153.75° 0.00 121.25° 0.00
—58.75°, -61.25°, —-58.75°,

I _33.75° 1.57 _33.75° 1.54 _33.75° 1.57
, —86.25°, —86.25°, —86.25°,

H —73.75° 1.80 —73.75° 171 —78.75° 173

1 ¢, 1 dihedral angles were sorted into 2.5° bins.
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For internal validation of the construction algorithm, we compared glycosidic linkage input
and output data. If the algorithm is performing correctly, AG(¢, 1) from the MD ensemble and the
constructed ensemble before minimization will be nearly identical, and AG(¢, 1) from the constructed
ensemble after minimization will not be substantially different. Performing the comparison between
the ensemble of 40,000 20-mer conformations from the MD and a constructed ensemble of the same
size confirms this to be the case. Figure 3 demonstrates that AG(¢, ¢) for GlcA1-3GalNAc and for
GalNAcp1-4GIcA glycosidic linkages are qualitatively identical when comparing the MD-generated
and constructed ensembles. Quantitative analysis (Table 1) shows that the global minima (Min I) for
both types of linkages and the secondary local minima (Min II and Min II') for GalNAc31-4GIcA
linkages are basically identical with 0° to 5° differences between the MD-generated input data and
the constructed ensemble output data before minimization. The minimization in the construction
algorithm, used to resolve any steric clashes, results in relatively minor changes in the location of the
global minima, also ranging from 0° to 5°. Constructed ensemble glycosidic dihedral values after
minimization are within 5° of the MD data, and AG(¢, 1) values are within 0.1 kcal/mol.

As detailed in Methods and discussed below, the minimization portion of the construction
algorithm not only relieves any steric clashes, but also is used to detect bond-strain energies indicative
of ring piercing. The close similarity of AG(¢, ¢) for the constructed ensemble after minimization
in comparison to the MD-generated ensemble suggests that few constructed conformations have
large steric clashes, resulting in large conformational shifts after minimization. It also suggests that
a few constructed conformations have ring-piercing events that necessitate their exclusion from the
constructed ensemble altogether. Indeed, this is the case: during the creation of the 40,000-member
constructed ensemble, only 18 conformations were excluded because they failed to meet the bond-strain
energy criterion.

3.2. GlcA Ring Pucker Effects

An initial implementation of the construction algorithm used default force-field geometries for
all GalNAc and GlcA rings. The result was that all GaINAc and GlcA rings in an algorithmically-
constructed conformation had the same internal geometries. Ensembles constructed using this version
of the algorithm had longer average end-to-end distances than MD-generated ensembles (Figure S1),
which meant that, on average, constructed conformations were overly extended. The default force-field
ring pucker geometry for both types of monosaccharides was *Cy. With that ring pucker, all BGIcA
and all but one BGalNAc exocyclic functional groups are equatorial, and therefore the *C; ring pucker
is expected to be strongly preferred to other ring pucker geometries. To validate this simple approach
to assigning ring pucker geometry, we computed C-P parameters of each monosaccharide ring in
the MD-simulated 20-mer ensemble (10 * 40,000 = 400,000 ring conformations for each of the two
monosaccharide types). As seen in NMR and force-field studies, the stable *C; chair ring pucker was
the principal conformer for both GlcA [50,96-99] and GalNAc [46,96,98,100] in the MD simulations,
with slight deformations (0° < C-P 6 < 30°) (Figure 4a,b). However, a small minority of GlcA ring
conformers were skew-boat or boat, namely 3s,, B4, 55,, 2B, 25, B3 o, 15,,14B, and !S5 (60° < C-P 6
< 120°) (Figure 4b). Studies that performed unbiased MD simulations with other force fields observed
skew-boat and boat ring puckers of non-sulfated GlcA monosaccharides on the microsecond timescale,
but the occurrences were negligible due to high energy barriers [50,98]. In line with those findings,
we observed only occasional GlcA skew-boat and boat pucker transitions in chondroitin 20-mers in
our 500-ns unbiased CHARMM simulations. However, the C-P ¢ values in non-*C; GlcA conformers
in these studies differed from ours. Specifically, one study found S, B30, 1s,, 14B, and S5 [98].
Slight differences could be explained by differing ion concentrations which likely impacted pyranose
ring puckers [101]. However, it is likely that the differences primarily result from intramolecular
interactions. The aforementioned literature data come from simulated GlcA monosaccharides only,
whereas our results come from simulated chondroitin 20-mers.
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Figure 4. Cremer—Pople data for GaINAc and GlcA in (a,b) MD-generated ensembles and constructed
ensembles (c,d) before and (e f) after energy minimization; geometries from the four sets of each type
of ensemble are represented by red, green, blue, and magenta dots, respectively and the force-field
geometry is represented by a single large black dot. Cremer—Pople parameters (¢, ) for all rings in
every tenth snapshot from each ensemble were plotted (i.e., 10 rings * 1,000 snapshots per run * 4 runs =
40,000 parameter sets). As the algorithm reads all ring conformations sampled in MD, not all datapoints
in panels (c—f) are seen in panels (a,b) but the full MD-generated dataset contains all datapoints in the
constructed ensembles.

The MD-generated 20-mer GlcA ring conformations can be separated into two broad categories:
those that do not introduce a kink into the polymer and those that do. With the inclusion of 4Cy,
the former category encompasses *Cy and S GlcA ring puckers, both of which place the two glycosidic
linkage oxygen atoms, located at opposite ends of the ring, in an equatorial conformation (Figure 5a).
As such, the O-C; and C4-O bond vectors therein are approximately parallel and promote extended
polymer conformations. The latter category encompasses 3s,, Bi4, 55,,%°B, B30, 185, 14B, and 1S5 GIcA
ring puckers (Figure 5b). These ring puckers all place one of these glycosidic linkage oxygen atoms in
the equatorial position and the other in the axial position. For these ring puckers, the O-C; and C4-O
bond vectors are approximately perpendicular, which results in a kink in the polymer chain, and can
reduce end-to-end distance even when the remainder of the polymer is fully extended (Figure 5b).
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Figure 5. (a) 20-mer conformation with a 2Sg GlcA conformer (colored by atom type with flanking
linkage atoms highlighted in purple) and close-ups of GlcA monosaccharide rings in *C; and 2Sg
conformations (shows endocyclic ring atoms and linker oxygen atoms only); (b) 20-mer conformation
with a kink at a ®S; GlcA conformer (colored by atom type with flanking linkage atoms highlighted in
purple) and GlcA monosaccharide rings in 551,394, By, 258, B30, 1g,,14B, and !S5 conformations
(shows endocyclic ring atoms and linker oxygen atoms only); (c) 20-mer conformation with a curve
caused by flexible glycosidic linkage geometries (highlighted in purple) and all monosaccharides in
4C; conformations; all images came from MD-generated ensembles.
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As such, the final version of the construction algorithm uses MD-generated ring conformations
instead of default force-field topology geometries. As an added benefit, this approach includes not
only MD-generated ring dihedral angles but also bond lengths and angles. Using this finalized version
of the algorithm, the peak in the end-to-end distance histogram for the constructed ensemble was
shifted left compared to that resulting from force-field topology ring geometries (Figure 6 vs. Figure S1)
and much more closely matches the reference MD-generated ensemble data. This finding shows the
importance of accounting for ring flexibility in constructing chondroitin glycosaminoglycan polymer
conformations similar to those sampled in all-atom explicit-solvent MD simulations. Of note, the radius
of gyration was also analyzed as a function of end-to-end distance in MD-generated and constructed
ensembles after minimization (Figure S2a,b). These results showed that the radius of gyration is highly
correlated with end-to-end distance in both MD-generated and constructed ensembles.
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Figure 6. End-to-end distance probability distribution of MD-generated (blue dashed lines) and
constructed (red solid lines) 20-mer ensembles; each type of ensemble includes four sets of 10,000
conformations; probabilities were calculated for end-to-end distances sorted into 0.5 A bins.

While polymer kinks from ring puckering can lead to the shortening of polymer end-to-end
distances, they are not required to achieve this. For 20-mers, flexibility in the glycosidic linkages
even with “C; ring puckering in all constituent monosaccharides can be sufficient to produce compact
conformations (Figure 5¢). Furthermore, because of the flexibility in the glycosidic linkages flanking
non-*C; ring puckers, polymer kinks from ring puckering do not always lead to compact conformations.
Thus, the leftward shift in the end-to-end distance histogram upon the inclusion of non-*C; ring
puckers supplements glycosidic linkage flexibility in yielding compact conformations.

3.3. Treating Glycosidic Linkage and Ring Pucker Geometries as Independent Variables

To determine if linkage geometries and ring deformations are interdependent, individual glycosidic
linkage AG(¢, ¢) plots (Figure S3) were created (as opposed to the aggregate data AG(¢, ¢’) plots in
Figure 3) and no distinguishing patterns emerged. These per-linkage glycosidic linkage data were
also examined in the context of C-P plots of adjacent rings (Figure S4), for which there were also no
distinguishing patterns. Additionally, ¢ and ¢ values in linkages flanking GlcA rings not in a *C; chair
conformation were checked. For each linkage type, these conformations were all centered about the
global AG(¢, 1) minima for the aggregate data (Figure 3), and 99.96% of conformations fell within the
basin extending to AG(¢, 1) = +2 kcal/mol (Figure 7). Furthermore, different types of non-*C; chair
conformers did not have unique flanking linkage geometries. As no connection between linkage and
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ring conformations was observed in this analysis of the MD data, each linkage conformation and ring
pucker was treated independently in the construction algorithm.

(@ GlcAp1-3GalNAc (b) GalNAcf1-4GlcA
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Figure 7. AG(¢, 1) plots for glycosidic linkages flanking non-*C; GlcA conformers in non-sulfated
chondroitin 20-mer MD-generated ensembles: (a) GlcAB1-3GalNAc and (b) GalNAcB1-4GlcA.

3.4. Handling Non-physical Constructed Conformations

To determine a criterion to exclude non-physical conformations from constructed ensembles,
energy minimization with restrained endocyclic ring and glycosidic linkage dihedrals was performed
on each conformation, and post-minimization bond potential energy and bond length probability
distributions were analyzed. Conformations with outlying bond energies and abnormally long
bonds may point to ring piercing (Figure 8) that cannot be fixed by minimization. To confirm
this possibility, the post-minimization conformations with bond energies greater than that of the
fully-extended 20-mer conformation after minimization were visualized. As anticipated, among these
conformations, most with outlying total bond energies contained pierced rings which were not resolved
by minimization. For each of the 12 20-mer conformations with a pierced ring, the difference between
the post-minimization bond energy and that of the fully-extended 20-mer conformation is greater than the
predicted energy change caused by bond distortions of that pierced ring (Table S2). The six conformations
with outlying bond energies that did not contain pierced rings had kinks that resulted in bond length
and bond angle distortions in glycosidic linkages that were nearly overlapping even after minimization.
Of note, those conformations with bond energies that were not outlying were fully extended. These findings
motivated using a bond potential energy cutoff in the construction algorithm. As stated previously, applying
this cutoff resulted in 18 conformations being excluded during creation of the 40,000-member constructed
ensemble. The resulting constructed ensemble contains no outlying bond lengths (Figure S5).

Dihedral angles before and after energy minimization were compared by analyzing glycosidic
linkage AG(¢, 1) (Table 1 and Figure 3c—f), monosaccharide ring C-P parameters (Figure 4c—f), and the
change in ¢ and ¢ dihedral angles due to minimization. All AG(¢, ¢) and C-P plots after energy
minimization match those from before energy minimization and 99.6% of all ¢ and ¢ dihedral angle
differences before and after minimization are within 4° (Figure S6). This confirms that dihedrals do not
undergo any major changes during minimization. Additionally, differences in end-to-end distance
before and after minimization were calculated and the maximum change is 2.13 A with 99.9% of
changes under 0.5 A, confirming that overall backbone conformation does not change as a result
of minimization. According to these results, the selected bond potential energy cutoff and restraint
scheme during minimization give conformations with little deviation from the initial constructed
conformations before minimization.
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Figure 8. Constructed 20-mer conformation with a GlcA ring pierced by a GalNAc C-CT bond and a
close up panel showing atoms involved in the ring pierce; Ey, = 787.7 kcal/mol, fully-extended 20-mer
post-minimization Ep, = 29.6 kcal/mol, AE}, = 758.1 kcal/mol (Table S2).

3.5. Internal Validation on 10-mers

To further validate the algorithm and test the use of conformational parameters from MD-generated
20-mer ensembles to construct polymers of variable length, we constructed non-sulfated chondroitin
10-mer ensembles and compared them to MD-generated 10-mer ensembles. All linkage and most
ring conformations in MD-generated 10-mer (Figure 9 and Figure S7) and 20-mer ensembles matched
(Figure 3a,b and Figure 4a,b), with the exception of non-*C; GIcA rings which were not sampled
in 10-mer simulations. This finding, combined with the report from NMR and force-field studies
that GlcA skew-boat and boat conformations are negligible in non-sulfated chondroitin mono- and
oligosaccharides [50,98], suggests that these GlcA conformations may result from intramolecular
interactions in longer GAG polymers.
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Figure 9. AG(¢, ¥) plots for each glycosidic linkage in non-sulfated chondroitin 10-mer MD-generated
ensembles: (a) GlcAR1-3GalNAc and (b) GalNAcB1-4GIcA.

Additionally, the end-to-end distance distributions of constructed and MD-generated 10-mer
ensembles matched with minimal difference in the most probable end-to-end distance (Figure 10
and Table 2). Further, the radius of gyration is highly correlated with end-to-end distance in both
MD-generated and constructed ensembles (Figure S2¢,d). Of note, the end-to-end distance distributions
of MD-generated 20-mer ensembles more closely matched those of 20-mer ensembles constructed
using MD-generated 20-mer conformations (Figure 6) than those of 20-mer ensembles constructed
using MD-generated disaccharide conformations (Figures S8 and S9). Together, these findings suggest
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that MD-generated 20-mer conformational parameters are ideal for constructing chondroitin polymers
of different lengths.
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Figure 10. End-to-end distance probability distribution of MD-generated (blue dashed lines) and
constructed (red solid lines) 10-mer ensembles; each type of ensemble includes four sets of 10,000
conformations; probabilities were calculated for end-to-end distances sorted into 0.25 A bins.

Table 2. Most Probable End-to-End Distances (d) in MD-Generated and Constructed Ensembles 1.

20-mer Ensembles 10-mer Ensembles
MD-ngerated Constr}lcted % MD-ngerated Constroucted %
d(A) d(A) Difference d(A) d(A) Difference
Run1 88.5 83.0 45.25 44.50
Run 2 88.5 85.5 45.25 43.50
Run 3 86.0 85.0 45.50 44.50
Run 4 86.5 85.0 45.25 44.25
All 2 88.5 85.0 4.03% 45.25 44.50 1.671%

! Probabilities were calculated for end-to-end distances sorted into 0.5 A bins for the 20-mer ensembles and 0.25 A
bins for the 10-mer ensembles. 2 All = end-to-end distance distribution aggregated across all four runs.

3.6. Application to Longer Chondroitin Polymers

To implement the algorithm in the construction of conformational ensembles of non-sulfated
chondroitin polymers of biologically-relevant chain lengths, chondroitin 100-mer and 200-mer
ensembles were constructed and the end-to-end distance (Figures 11 and 12), radius of gyration
(Figure S2e,f), and bond potential energy distributions (Figure S10c,d) were examined. The skewness of
the end-to-end distance distributions shifts toward the right with increasing polymer length. This stands
to reason, as there is a greater chance of folding with longer chains. This also explains why there are
more frames excluded from these ensembles (i.e., 457 and 1407 frames excluded from the 100-mer and
200-mer ensembles, respectively). Bond potential energy distributions have similarly-shaped curves
in all polymer lengths (Figure S10) and energy values increase linearly as a function of atom count
(Figure S11). These results suggest that 100-mer and 200-mer conformational ensembles constructed
using our algorithm (Figures 11 and 12) are reasonable predictions of biological conformations given
their high number of degrees of freedom.
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Figure 11. (a) End-to-end distance probability distribution of constructed 100-mer ensemble; includes
four sets of 10,000 conformations; probabilities were calculated for end-to-end distances sorted into 5 A
bins. (b,c) Snapshots of the non-sulfated chondroitin 100-mer having the most-probable end-to-end
distance (225 A inboth snapshots) from constructed ensembles.
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Figure 12. (a) End-to-end distance probability distribution of constructed 200-mer ensemble; includes
four sets of 10,000 conformations; probabilities were calculated for end-to-end distances sorted into 10
Abins. (b,c) Snapshots of the non-sulfated chondroitin 200-mer having the most-probable end-to-end
distance (300 A in both snapshots) from constructed ensembles.

4. Conclusions

With (1), all bond, bond angle, and dihedral angle conformational parameters from MD
incorporated into the algorithm, (2) monosaccharide rings and glycosidic linkages treated independently,
(3) energy minimization performed on each constructed conformation, and (4) a bond potential energy
cutoff applied, end-to-end distance probability distributions from constructed and MD-generated
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ensembles match with minimal differences in most probable end-to-end distances (Table 2 and Figures 6
and 10-12) suggesting that our algorithm produces conformational ensembles that mimic the backbone
flexibility seen in MD simulations of non-sulfated chondroitin polymers.

Our program is also valuable for its efficiency. For example, the fully-solvated chondroitin 20-mer
system contains ~191,000 atoms and took about one month to simulate. It took only about 12.5 h to
construct the 20-mer conformational ensembles using our algorithm, in which all end-to-end distances,
radii of gyration, bond lengths, dihedral angles, monosaccharide ring PDB files for C-P analysis
of every tenth frame, and bond and system potential energies before and after minimization, C-P
parameters of every GlcA ring in every frame, and PDBs of all conformations with bond energies
greater than that of the fully-extended 20-mer (including conformations with pierced rings) are written.
The fully-solvated chondroitin 10-mer system contains ~36,000 atoms and took about five days to
simulate. The 10-mer ensembles were constructed using our algorithm in about 40 min and energies,
dihedral angles, end-to-end distances, and radii of gyration after minimization, C-P parameters of
every GlcA ring in every frame, and PDBs of all conformations with bond energies greater than that
of the fully-extended 10-mer were written. Fully-solvated chondroitin 100-mer and 200-mer systems
would contain ~3,370,000 atoms and ~75,450,000 atoms, respectively. Systems of this magnitude
are not feasible to simulate with current computational resources but if they could be simulated,
they would take on the order of years to complete. Construction of the chondroitin 100-mer and
200-mer conformational ensembles using our algorithm took about four and nine hours, respectively,
and the algorithm produced the same output data types as for the 10-mer (n.b.: these timings are less
than the 20-mer timing above because of all of the additional output written to disk for analysis in the
case of the 20-mer ensemble construction).

In conclusion, our algorithm, incorporating glycosidic linkage and monosaccharide ring
conformations from the MD simulation of non-sulfated chondroitin 20-mers, can be used to efficiently
generate conformational ensembles of non-sulfated chondroitin polymers of arbitrary length. We are
investigating the applicability of this approach to various sulfo-forms of CS and different types of
GAGs, including hyaluronan (HA), dermatan sulfate (DS), heparan sulfate (HS), and keratan sulfate
(KS). Given the variability and complexity of GAGs, as well as existing barriers to the experimental
characterization of the three-dimensional conformational properties of GAGs of lengths relevant in the
context of PGs, there are currently very few efforts to target GAGs. We anticipate that the presented
algorithm, combined with experimental data on PG core proteins and conformational analysis of the
linker tetrasaccharide [48,52,102-104], may provide a useful means of generating atomic-resolution
three-dimensional models of full PGs. The algorithm could also be used to model full GAG—protein
complexes, which may provide insights into potential interactions between multiple biomolecules
within a single GAG complex. The ability to model these complex biomolecules would be a key step
towards improving understanding of GAG bioactivity, assessing the druggability of GAGs, designing
agonists or antagonists to treat disease, and developing diagnostic tools. Thus, this methodology may
open a new avenue into disease modulation.

Supplementary Materials: The following are available online http://www.mdpi.com/2218-273X/10/4/537/s1,
Table S1: Comparison to Observed Literature Values of Glycosidic Linkage Dihedrals (¢, 1) in Non-Sulfated
Chondroitin, Table S2: Bond Energies of Constructed Chondroitin 20-mer Conformations with Pierced Rings,
Figure S1: End-to-end distance probability distribution of 20-mer ensembles generated by MD and an early
version of the construction algorithm which applied glycosidic linkage geometries from MD-generated 20-mer
ensembles, Figure S2: Scatterplots of radius of gyration as a function of end-to-end distance in MD-generated and
constructed chondroitin ensembles, Figure S3: AG(¢,1)) plots for each glycosidic linkage in the chondroitin 20-mer
from MD-generated ensembles, Figure S4: Cremer-Pople plots for each monosaccharide ring in the chondroitin
20-mer from MD-generated ensembles, Figure S5: Probability histograms of bond lengths for each type of bond
in the chondroitin 20-mer from MD-generated and constructed ensembles, Figure S6: Probability histogram
showing changes in glycosidic linkage ¢ and ¢ dihedral angles during energy minimization in constructed
20-mer ensembles, Figure S7: Cremer-Pople plots of GalNAc and GlcA in MD-generated chondroitin 10-mer
ensembles, Figure S8: End-to-end distance probability distribution of chondroitin 20-mer ensembles generated
by MD and an early version of the construction algorithm which applied glycosidic linkage geometries from
MD-generated non-sulfated chondroitin disaccharide ensembles, Figure S9: AG(¢,) plots for GlcA31-3GalNAc
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and GalNAcp1-4GlcA glycosidic linkages in MD-generated non-sulfated chondroitin disaccharide ensembles
and 20-mer ensembles constructed using glycosidic linkage dihedral probabilities from these MD-generated
disaccharide ensembles, Figure S10: Bond energy distribution probability histograms from constructed 10-, 20-,
100-, and 200-mer ensembles, Figure S11: Average bond energies as a function of polymer length.
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Abstract: Glycosaminoglycans (GAGs) are complex linear polysaccharides. GAG-DB is a curated
database that classifies the three-dimensional features of the six mammalian GAGs (chondroitin sulfate,
dermatan sulfate, heparin, heparan sulfate, hyaluronan, and keratan sulfate) and their oligosaccharides
complexed with proteins. The entries are structures of GAG and GAG-protein complexes determined
by X-ray single-crystal diffraction methods, X-ray fiber diffractometry, solution NMR spectroscopy,
and scattering data often associated with molecular modeling. We designed the database architecture
and the navigation tools to query the database with the Protein Data Bank (PDB), UniProtKB,
and GlyTouCan (universal glycan repository) identifiers. Special attention was devoted to the
description of the bound glycan ligands using simple graphical representation and numerical format
for cross-referencing to other databases in glycoscience and functional data. GAG-DB provides
detailed information on GAGs, their bound protein ligands, and features their interactions using
several open access applications. Binding covers interactions between monosaccharides and protein
monosaccharide units and the evaluation of quaternary structure. GAG-DB is freely available.

Keywords: glycosaminoglycans; three-dimensional structure; database; polysaccharide conformation;
protein-carbohydrate interactions

1. Introduction

Proteoglycans (PGs) constitute a diverse family of proteins that occur in the extracellular matrix
(ECM) and pericellular matrix (PCM) and on the surface of mammalian cells. They consist of a core
protein and one or more covalently attached glycosaminoglycan (GAG) chains. PGs play critical
roles in numerous biological processes, which are mediated by both their protein part and their GAG
chains [1,2].

GAGs refer to six major polysaccharides in mammals: chondroitin sulfate (CS) [3], dermatan
sulfate (DS), heparin (HP), heparan sulfate (HS) [4,5], hyaluronan (HA) [6], and keratan sulfate [7,8].
Their molecular mass ranges from a few kDa to several million Da for hyaluronan. Despite significant
compositional differences, GAGs also share common features. They are linear polysaccharides made of
disaccharide repeats. The disaccharides are composed of uronic acid and an hexosamine, alternatively
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linked through 1-4 and 1-3 glycosidic bonds (Figure 1), except for keratan sulfate, which involves
galactose (Galp) and N-acetylglucosamine (GlcpNAc) [7]. In contrast to the five other GAGs, hyaluronan
is not sulfated and does not bind covalently to proteins to form proteoglycans. Variations in the pattern
of GAG sulfation at various positions, create an impressive structural diversity. Two hundred and
two unique disaccharides of mammalian GAGs have been identified so far, including 48 theoretical
disaccharides in HS [9].

In addition to their contribution to the physicochemical properties of PGs, GAGs play an essential
role in the organization and assembly of the extracellular matrix. They also regulate numerous
biological processes by interacting with proteins in the extracellular milieu and at the cell surface.
The six mammalian GAGs were shown to interact with 827 proteins in the recently published GAG
interactome [10].

Many of these GAG interactions have been investigated and characterized in health and disease.
According to [10], they take place in various locations (intracellular, cell surface, secreted, and blood
proteins) and the protein partners range from individual growth factors (e.g., fibroblast growth factor-2)
to large multidomain extracellular proteins such as collagens I and V, and fibronectin with different
affinity and half-life [11,12]. These proteins are involved in a variety of biological processes such
as extracellular matrix assembly, cell signaling, development, and angiogenesis [10,13,14]. Besides,
glycosaminoglycans play a role in host-pathogen interactions by binding to bacterial, viral, and parasite
proteins [15-20]. The significance of the understanding and mastering the molecular features underlying
the interaction of GAGs to proteins was magistrally demonstrated by the development of the
antithrombotic drugs as reviewed in [21].

0803”

i NSOy 'y

Heparin
-4)-0.-D-GlcpNS(65)-(1-4) ar-L-IdopA(2S)-(1-

0,80
Keratan Sulfate
“/ &/ S I 4)-B-D-GlcpNAC(65)-(1-3) B-D-Galp -(1-
NHAc
sc3
g é ' Chondroitin 4 Sulfate
g&/ " -4)-B-D-GlcpA-(1-3)-B-D-GalpNAc(4S)-(1-
NHAc
oso3
& f\; Dermatan Sulfate
A -4)-a-L-ldopA-(1-3)-B-D-GalpNAc(4S)-(1-
CH,0H
Hyaluronan
/&/ -4)-B-D-GlcpA-(1-3)-B-D-GlcpNAc-(1-
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Figure 1. Main repeating units of glycosaminoglycans. The color-coding of the constituting
monosaccharide complies with SNFG nomenclature [22]. The abbreviations are as follows: Glcp for
glucose, Idop for idose), Galp for galactose, N for amine, S for sulfate, A for acid, and NAc for N-acetyl.
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The length, sequence, substitution pattern, charge, and shape of GAGs control both their
physicochemical properties and their biological functions. Understanding the functions of GAGs
first requires methods to accurately assess their molecular weight, their composition and their
sequences. This is made possible through ongoing progress in mass spectrometry, and heparan
sulfate has been sequenced by liquid chromatography-tandem mass spectrometry (LC-MS/MS) [23-27].
Furthermore, the structural and conformational complexity of GAGs challenges the characterization
of their three-dimensional features using either experimental or theoretical methods. In a sense,
GAGs concentrate most on the difficulties faced in structural glycoscience. They combine the challenges
associated with both glycans and polyelectrolytes. Several experimental techniques have been used to
solve GAG structures, including fiber X-ray crystallography, nuclear magnetic resonance (NMR) [28,29],
electron microscopy, small-angle X-ray scattering (SAXS) [30], and neutron scattering (elastic incoherent
neutron scattering EINS [31], and small-angle neutron scattering SANS [32]. Still, no single technique
can cope with such complexity, but, computational methods offer valuable tools to integrate partial
information collected experimentally. These, in turn, are useful to validate and improve simulation
strategies. However, these approaches remain limited due to the intrinsic properties of GAGs. Like any
other complex glycans, they are highly flexible, create many solvent-mediated interactions and have
a polyanionic character. Nevertheless, progress in this field is underway, as detailed in [33] that
investigates structures from monosaccharides to polysaccharides.

GAG-protein complex structures available in the PDB have been compiled by Samsonov and
coworkers [34]. They concluded that this dataset does not represent the diversity of natural GAG
sequences. It implies that computational approaches will be critical in understanding GAG structural
biology and their mechanisms of interaction with their protein partners [35-37]. Significant progress
has been made to investigate GAG structures, isolated and complexed with proteins, both at all-atom
and coarse-grained levels [33,38-41]. However, appropriate tools for data mining of GAG-protein
interactions are still missing [12,14].

MatrixDB (http://matrixdb.univ-lyonl.fr/) is a biological database focused on molecular
interactions between extracellular proteins and polysaccharides [42]. It offers the first step to investigate
the molecular mechanisms of GAGs-protein interactions. In this resource, building and displaying the
three-dimensional structural models of GAGs was rationalized through an effort to standardize the
format of GAGs sequences and group GAG disaccharides into a limited number of families [9]. However,
the relative spatial orientations of key GAG chemical groups interacting with (potential) “hot spots”
on the proteins was not characterized. The conformational features displayed by the long-chain
GAGs polysaccharides were not considered either. To move forward, we collected further evidence of
experimental GAG and GAG-protein interaction data, from databases and in the relevant literature.

Experimental details of protein or protein complex three-dimensional structures are comprehensively
recorded in the Protein Data Base [43] While being an essential repository, the glycan-related data stored
in the PDB is not easily accessible to non-glycoscientists. This difficulty was identified in the glycoscience
community and gave rise to several initiatives. Tools were designed to correct inconsistencies in the
data [44-46]. Data was organized in publicly available databases, cross-referenced, and interoperable
with the glycomic, and other omic, databases to ease data access and analysis, such as Glyco3D [47],
UniLectin3D [48], and MatrixDB [42] for GAG-extracellular protein complexes. We now report the
development of GAG-DB, a database containing three-dimensional data on GAGs and GAGs-protein
complexes retrieved from the PDB. It includes protein sequences and standard nomenclature of
GAG composition, sequence, and topology. It provides a family-based classification of GAGs,
cross-referenced with glyco-databases, with links to UniProtKB via accession numbers [49]. The 3D
visualization of contacts between GAGs and their protein ligands is implemented via the protein-ligand
interaction profiler (PLIP) [50] and the nature of the structure that GAG polysaccharides can adopt,
either in the solid-state or in solution is also reported. Finally, characterized quaternary structures
of the complexes improve understanding if and how GAGs participate in long-range, multivalent,
binding with the potential synergy when several chains are involved in interactions.
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2. The GAG-DB Database Construction and Utilization

2.1. Database Construction

GAG-DB is available at https://www.gagdb.glycopedia.eu. The database is populated with
information extracted from the PDB [51]. It includes the three-dimensional structural information on
GAG and GAG oligosaccharides in interaction with proteins. We propose a classification based on
the nature of GAGs, e.g., hyaluronan, heparin/heparan sulfate, chondroitin sulfate/dermatan sulfate,
and keratan sulfate. GAG mimetics are included, as long as they appear in the PDB. The content of
GAG-DB is focused on three-dimensional data, with an appropriate curation of the nomenclature,
and extended related information. The entries are structures of GAGs and GAG protein complexes
obtained by a wide range of methods.

To avoid any confusion; we note that under the name GAG database, a resource to gather genomic
annotation cross-references has been developed and published in 2013 (The GAG database: a new
resource to gather genomic annotation cross-references, T Obadia, O Sallou, M Ouedraogo, G Guernec,
F Lecerf and published (Gene. 2013;5;527(2):503-9., DOI:10.1016/j.gene.2013.06.063. Epub 16 2013 July).
Available annotation data includes all transcripts and their identifiers, functional description of genes,
chromosomal localisation, gene symbols, gene homologs for model species (human, chicken, mouse),
and several identifiers to link those genes to external databases (UniProt, HGNC).

The GAG-DB database contains 15 entries of long-chain GAGs established from fiber X-ray
diffraction. A value of 3.0 A is assigned to the structural models that have been proposed from
X-ray fiber diffraction, and to 0 for those established by solution NMR or X-ray scattering (the
structures are not filtered). It also contains 125 manually curated entries extracted from PDBe [52,53]
(September 2020 release). These three-dimensional structures have been experimentally determined
with methods involving either X-ray single-crystal diffraction, or X-ray fiber diffraction and solution
NMR, in conjunction with molecular modeling. The number of GAG-protein complexes amounts to
105. The value of the resolution index indicates the accuracy of the experimental conditions, high values
(e.g., 4 A) indicate a poor resolution and low values (e.g., 1.5 A) a good resolution. The median
resolution for X-ray crystallographic data in the Protein Data Bank is 2.05 A. Proteins of the database
can be grossly separated into enzymes and skeletal proteins. Interestingly, the size distribution of
oligosaccharides complexed with proteins varies from 34 disaccharides to only one polysaccharide
with a degree of polymerization (DP) of 10 (DP 3 (1), DP 4 (18), DP 5 (13), DP 6 (15), DP 7 (7), DP 8 (8),
and DP 9 (1). More than 80% of the GAGs involved in the complexes are heparin and hyaluronic acid
oligosaccharides. However, these figures tend to reflect the interest of a community in investigating
those GAGs more obviously involved in biological and biomedical applications.

Our collection is far from covering the molecular diversity of GAGs. This lack of data echoes
the limitations of carbohydrate synthesis that fails to provide sufficiently long sequences needed to
properly investigate the molecular features driving interactions with proteins. Nonetheless, progress is
in sight, as recently described in [54,55].

The representation of GAGs sequences complies with recommended nomenclatures and formats,
the IUPAC condensed being the reference (http://www.sbcs.qmul.ac.uk/iupac/2carb/38.html) [56].
Each sequence is also encoded in a machine-readable GlycoCT format [57,58], and depicted in SNFG
(Symbol Nomenclature for Glycan) [22], following the description provided in [9].

At present, information associated with each entity of the database is added manually. This allows
for proper curation and annotation, at the expense of a time lag between the date of deposition and
the date of release in the database. Technically, the database was developed with PHP version 7,
Bootstrap version 3 and MySQL database version 7. The interface is compatible with all devices and
browsers. The pages are dynamically generated to match user-selected search criteria in the query
window. Interactive graphics are developed in JavaScripts on D3JS libraries version 3. A tutorial is
available on the first page.
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2.2. Description of the Search Interface

The database can be searched and explored with an advanced search tool handling a range
of criteria.
Figure 2 shows the different fields that can be searched. Possible inputs are:

e  The name of the polysaccharide gag name, or its protein ligand, macromolecule_name.

e Cross-entries with external databases, such as pdb, UniProt, and repository GlytouCan.

e The biological role, such as function, process, or cellular compartment (compliant with Gene
Ontology terms).

e  The origin such as organism.

e  The experimental condition(s) used to solve the structure: method and resolution.

e  Characteristics of the GAG such as nature, (is_gag differentiates GAG and mimetics) and size
(gag_max, gag-length, and gag-mass).

e Codes used for ligands in the Protein DataBase, pdb_ligand (nomenclature of the Chemical
Component Dictionary. www.ebi.ac.uk/pdbe-srv/pdbechem/), or as encoded in LINUCS (Linear
Notation for Unique description of Carbohydrate Sequences [58]), which provides access to
WURCS (Web3 Unique Representation of Carbohydrate Structures [59]).

GAG-DB field search

pdb UniProt

Glytoucan organism

function process
cellular_comp resolution 0 <

macromolecule name pdb_name
method pdb_ligand
gag_mass pubmed

( )
( J
( )
( ]
gag_name [ ] gag_max length
( )
( ]
( )
( )

linucs

Figure 2. Multiple criteria of the advanced search in the GAG DB database.

2.3. Curated Information for Each GAG Entry

For each entry, a detailed page is available, with 3D visualization, interactions, conformations,
nomenclature, and links to external databases (Figure 3). The PDB code assigned to each entry is used
to list alternative structures and to display additional information. Each structure is related to a protein
with a UniProt accession number [49]. Each oligosaccharide is given a GlyTouCan identifier [60].
The 3D structures of the protein and the interacting GAG are visualized directly and interactively with
LiteMol [61] and NGL Viewers [62]. High-resolution images of both the protein-GAG complex and the
GAG are available for download. The atomic coordinates of the GAG, isolated from its interaction
with the proteins, can also be downloaded for further use.

GAG-DB cross-references to several other databases that rely on a variety of strategies for
visualizing the interaction between the GAG ligand and its protein environment (Figure 4). Several
applications are available through the four different PDB sites, RSCG ORG, PDBe [51,53], PDBj [63],
and PDB SUM [64].
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igo PDB file
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Figure 3. Full results from the search on GAG oligosaccharide present in the database using 1FQ9 in
the PDB field. More information can be obtained by clicking on the green bars.
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Figure 4. Example of graphical representation of GAG binding site obtained from the PDBe ligand
interface. Distribution of the amino acids involved in the binding to GAGs oligosaccharides
in cocrystallized complexes. Illustration of two cases showing the hydrogen bonding and
electrostatic interaction involved in the interaction. https://www.ebi.ac.uk/pdbe-site/pdbemotif/
?tab=ligandbindingstats&ligandCode3letter1=IDS; https://www.ebi.ac.uk/pdbe-site/pdbemotif/?tab=
ligandbindingstats&ligandCode3letter1=SGN.

Additional information on the interactions formed between the GAG and the protein can also
be obtained using the protein-ligand interaction profiler (PLIP) server [50]. The NGL viewer [62]
adapted to SwissModel [65] displays the interactions identified by the PLIP application that calculates
and displays atomic level interactions (hydrogen bonds, hydrophobic, water bridge, etc.) occurring
between GAGs and proteins. The specific features of the glycans interacting with the surrounding
amino acid residues and possible metal ions are shown in 3D. The SwissModel application [65] provides
direct access to the PDBsum deployed by the EMBL-EBI [64], CATH [66], and PLIP [50].

A cross-link to the PISA application [67,68] enables the exploration of quaternary structure
formation and stability. The potential contribution of GAGs to the formation of quaternary
macromolecular complexes requires the evaluation of energetic stability. The structural information
relates to the interfaces between the macromolecular entities, the individual monomers, and the resulting
assemblies, from which complex stability can be assessed or predicted. Supplementary Figures S1 and
S2 provide examples of the interaction features offered by several visualization applications.

3. Utilization of GAG-DB for Analysis of GAGs Structure and Conformation

3.1. Monosaccharides

Repeated disaccharide units of glycosamine and uronic acids with a non-uniform distribution of
sulfated and acetylated groups along the chain constitute the main structural features of sulfated GAGs.
Despite the high diversity of potential structures, only 28 unique monosaccharide structures occur in
GAGs. Three of them correspond to 4,5 unsaturated uronic acids resulting from the eliminative cleavage
of GAGs oligo- or polysaccharides containing (1->4)-linked p-glucuronate or L-iduronate residues and
(1->4)-alpha-linked 2-sulfoamino-2-deoxy-6-sulfo-p-glucose residues to give oligosaccharides with
terminal 4-deoxy-alpha-p-gluco-4-enuronosyl groups at their non-reducing ends.
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The cartoon representation of monosaccharides was extended [42] in compliance with the SNFG
representation of glycans [22] to link this description with the GlycoCT [58] and condensed IUPAC [56]
codes of the monosaccharides.

While these nomenclatures have become widely popular in the field of glycoscience, they are not
used to identify and describe monosaccharides in the PDB, which has its carbohydrate nomenclature
in its ligand dictionary [69]. Therefore, we established the cross-references between some of these

nomenclatures (Figure 5).
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Figure 5. Cross-references between the common representations and nomenclature of monosaccharides:
condensed IUAPC nomenclature, symbol nomenclature for glycan; PDB Chemical Component

Nomenclature, 2-dimensional structure.
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Except for L-idopyranosides, and the 4,5 unsaturated uronic acids, all monosaccharides exist as
hexopyranosides. The predominant conformation being #C;. As for L-idopyranosides, the following
1Cy, #Cy, and 2Sy conformations may be found. Figure 6 depicts the 3-dimensional representations of
these unusual conformations, along with the corresponding SNFG extensions.

a—L-ldopA (1C4) o—L-ldopA (250) o—L-ldopA (4C1)

€5-05-C1-01=-60 (a) €5-05-C1-01 = -60 (~a) €5-05-C1-01 = 180 (t)
05-C1-C2-02= 60 (a) 05-C1-C2-02 = 145 (~e) 05-C1-C2-02 = 180 (t)
C1-C2-C3-03=-60 (a) C1-C2-C3-03=180( e) C1-C2-C3-03 =180 (t)
C2-C3-C4-04= 60 (a) C2-C3-C4-04 = 160 (~e) €2-C3-C4-04 =180 (t)
€3-C4-C5-C6 = 180 (e) €3-C4-C5-C6 = 140 (=e) C3-C4-C5-C6= 60 (t)

y

a

B @ %

2S 2S

Figure 6. 3-D structures, descriptors, and schematic representations of L-Idopyranosides, the following
1cy,4Cq, and 250 ; and 4,5 unsaturated uronic acids (drawn with pyMol (Schrodinger)).

3.2. Disaccharides

The PDB dataset consisting of 105 proteins-GAG complexes contains 270 disaccharides [9]. Table 1
displays the major disaccharides as extracted from GAG-DB.
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Table 1. Major disaccharides found in the GAG-protein complexes.

Major Disaccharides Found in the GAG-Protein

Complexes Extracted from the PDB Number
«-D-GlepNS (1-4) 3-p-GlcpA 21
a-D-GlepNS(6S) (1-4) x-L-IdopA(2S) [1C4] 42
a-D-GlepNS(6S) (1-4) x-L-IdopA(2S) [2S0] 15
a-L-IdopA(2S) [1C4] (1-4) x-p-GlepNS(6S) 40
a-L-IdopA(2S) [2S0] (1-4) x-D-GlepNS(6S) 16
-p-GlcpA (1-3) B-p-GlepNAc 13
B-p-GlcpA (1-4) o-p-GlcpNS 15
-p-GlepNAc (1-4) 3-p-GlepA 12

Such a rich set of experimental data provides useful information to validate and improve
computational strategies to build GAG models. The determination of the conformational preferences
of GAG disaccharides can be assessed by computing potential energy surfaces as a function of their
glycosidic torsion angles ® and ¥ as implemented in the CAT application [70]. As an example, Figure 7
displays two such potential energy surfaces (alternatives are not shown). In all cases, the experimentally
observed ® and Y are plotted on the corresponding potential energy surfaces. While being somehow
scattered, they are all located on the lowest energy basins.
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Figure 7. ® and ¥ angles measured in the 3D structures of cocrystallized GAG protein complexes,
reported on conformational maps.

Similar features are observed for all disaccharides (or disaccharide units) irrespective of the
presence and the positions of sulfate groups on the monosaccharides. The agreement between the
repertoire of the experimentally determined conformations and those predicted by computational
methods provided the basis to develop a pipeline to translate glycosaminoglycans sequences into 3D
models (http://glycan-builder.cermav.cnrs.fr/gag/) [47].

3.3. GAG Structures in the Solid-State

The solid-state features of chondroitin sulfate, dermatan sulfate, hyaluronan, and keratan
sulfate have been established by X-ray fiber diffraction [71] (Table 2) and are available in GAG-DB.
They encompass several allomorphs that occur in different experimental conditions, including the
nature of the counterions (Na*, Ca**, and K*). More structural features such as the polarity of the
polysaccharide chains, their interactions with the counterions and packing features can be deduced.
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Table 2. Characterization of the helix symmetry of GAGs polysaccharides in the solid-state.

Glycosaminoglycans Structure of the Main Repeating Disaccharides Helix Symmetry Ref.

Hyaluronan -4)--p-GlcpA-(1-3)-3-p-GlepNAc-(1- 21,372,453 [72-74]
Chondproitin-4-sulfate -4)-3-p-GlcpA-(1-3)--p-GalpNAc(4S)-(1- 21,3 [75-77]
Chondproitin-6-sulfate -4)-B-p-GlepA-(1-3)-B-p-GalpNAc(6S)-(1- 21,3,83

Dermatan sulfate -4)-o-L-Idop A-(1-3)-3-p-GalpN Ac(4S)-(1- 21,35, 83 [78]
Heparin -4)-o-L-Idop A (25)-(1-4)-x-p-GlepNS(65)-(1 (Na't) 2y

Heparan sulfate -4)-B-p-GlepA-(1-4)-o-p-GlepNAc-(1- 21 [79]

Keratan sulfate -3)-B-p-Galp-(1-4)-3-p-GlcpNAc(6S)-(1- 21 [80]

The organization of all these polysaccharide chains in the form of helices seems recurrent.
Two parameters, n and h, characterize helical structures, where n is the number of repeat units
(disaccharide unit) per turn of the helix and h is the projection of one repeat unit on the helical axis.
The sign attributed to n indicates the chirality of the helix. The positive value of n corresponds to the
right-handed helix and a negative value to a left-handed helix. Such helical descriptors provide a
simple way to classify the secondary structures and their potential allomorphs.

As with the disaccharide segments of GAGs, the values of the ® and Y torsional angles found in
all the conformations of GAGs fall in the low energy regions of the corresponding potential energy
surfaces. It is therefore relevant to question whether secondary structures other than those derived
from crystallographic characterization do occur. The sets of (®, ¥) values corresponding to the
low energy conformations can be propagated regularly, to generate structures, which can be further
optimized to form integral helices. When applied to hyaluronan structures, the analysis indicates
that this polysaccharide display a wide range of energetically stable helices (Figure 8). They span
the left-handed 4-fold symmetry to the right-handed five-fold symmetry with a rise per disaccharide
between 9.51 and 10.13 A [81].
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Figure 8. Stable regular helical conformation of single-stranded hyaluronic acid projected parallel and
orthogonal to their axes (drawn with SweetUnityMol [82]). The ® and ¥ conformations are shown on
the corresponding potential energy surfaces.

The results indicate that small variations in the glycosidic torsion angles might have a significant
influence on the symmetry and pitch of the resulting helices without any noticeable energetic cost.
This illustrates the capacity of hyaluronic acid to display different sites available for interactions
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with proteins and would occur, at no cost in energy, without altering the directionality of the
polysaccharide chain.

3.4. GAG Structures in Solution

The database contains the structure of heparin as established by NMR in solution (PDB
entry 1HPN, 1XT3) and analogue (2ERM). Other structures have been reported for the solution
structures of four different heparin oligosaccharides, determined by a combination of analytical
ultracentrifugation, synchrotron X-ray solution scattering that gave the radii of gyration and maximum
length extension [30,83] (PDB code 3IRI, 3IR], 3IRK, and 3IRL). Constrained molecular modeling of
randomized heparin conformers resulted in 9-15 best-fit structures for each degree of polymerization
(dp) DP18, DP24, DP30, and DP36 that indicated flexibility and the presence of short linear segments
in mildly bent structures. All the conformations of the experimental conformations are somewhat
scattered. They are all located in the lowest energy region of the corresponding ® and ¥ maps (see
Figure 9). The idopyranose residues experienced some changes, either 'C, or 2Sg, without any influence
on the ® and ¥ maps. This establishes a model of heparin in solution as a semi-rigid object.
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Figure 9. 3D representation of heparin in a helical conformation (left panel) and in disordered
conformation. The distribution of the ® and ¥ angles are reported on the two corresponding potential
energy surfaces (drawn with SweetUnityMol [82]).

Such a computational protocol was used to model the disordered features of hyaluronic acid [81]
and chondroitin sulfate [84]. As with heparin, the semi-rigid behavior and the stiffness of these GAGs
polysaccharides could be established.

4. Conclusions

The aim of the article was to integrate three-dimensional data of GAGs, GAGs oligosaccharides
as complexed with proteins. The sources of data are multiple: X-ray fiber diffraction, solution NMR,
small angle X-ray scattering for GAGs, and X-ray biomolecular crystallography for protein-GAGs
and protein-GAG mimetics complexes. A series of descriptors were selected to guide the search.
They include cross-references to PDB, UniProtKB, MatrixDB, and GlyTouCan. GAG-DB opens the
possibility of deciphering the full potential of GAGs as bioactive fragments or a structurally important
multivalent scaffold for interaction synergy at assembling proteins within quaternary structures.
The inspection of the many features of the database supports the reporting of robust facts/knowledge
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and the determination of what remains to be investigated or discovered. The amount and the quality
of the 3D structures of GAG-protein complexes are amenable to comparison between the observed
and the calculated 3D descriptors. Such a rich set of experimental information provides a solid
basis for validating and improving computational strategies. We could confirm previously described
features such as the lack of counterion effect in the interaction between GAGs; the definition of the
preferred amino acids bringing the electrostatic neutrality of the interaction; and the lack of influence
of sulfate groups on the glycosidic torsion angles. All the observed conformations fell within the
low energy basins, thereby comforting the suitability of the computational protocol to model GAGs
conformation in a disordered state. An emerging picture is the description of these polysaccharide
chains as propagating linearly in a preferred direction, with extended fragments separated by kinks.
The semi-rigid character of the chains involves microarchitectural domains. They contain preformed
conformation for optimal binding to protein targets. The separation of such domains, at a long enough
distance, offers the possibility of multivalent binding to create further spatial arrangements that can
induce the formation of functional assemblies of proteins.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/12/1660/s1,
Figure S1: Detailed of the analysis of GAG binding in crystal structure of a ternary FGF1-FGFR2-Heparin
complex (PDB 2GD#4) available from different souces; PDBe; Swiss-Model; PLIP, LIGPOLT. Figure S2: Quaternary
organisation in the crystal Structure of the Antithrombin-5195A Factor Xa-Pentasaccharide Complex (PDB 1EO0)
computed and displayed by PISA.
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Abstract: A comprehensive understanding of the behaviour of Glycosaminoglycans (GAGs) combined
with imaging or therapeutic agents can be a key factor for the rational design of drug delivery and
diagnostic systems. In this work, physical and thermodynamic phenomena arising from the complex
interplay between GAGs and contrast agents for Magnetic Resonance Imaging (MRI) have been
explored. Being an excellent candidate for drug delivery and diagnostic systems, Hyaluronic acid
(HA) (0.1 to 0.7%w/v) has been chosen as a GAG model, and Gd-DTPA (0.01 to 0.2 mM) as a relevant
MRI contrast agent. HA samples crosslinked with divinyl sulfone (DVS) have also been investigated.
Water Diffusion and Isothermal Titration Calorimetry studies demonstrated that the interaction
between HA and Gd-DTPA can form hydrogen bonds and coordinate water molecules, which plays a
leading role in determining both the polymer conformation and the relaxometric properties of the
contrast agent. This interaction can be modulated by changing the GAG/contrast agent molar ratio and
by acting on the organization of the polymer network. The fine control over the combination of GAGs
and imaging agents could represent an enormous advantage in formulating novel multifunctional
diagnostic probes paving the way for precision nanomedicine tools.

Keywords: hyaluronic acid; glycosaminoglycan; hydrogel; MRI; hydrodenticity; precision medicine

1. Introduction

Glycosaminoglycans (GAGs) have always attracted the interest of many research groups because
of their versatile properties, making them desirable resources for the design of multifunctional
materials in biomedicine [1-3]. Compared to other classes of materials, like amino acid sequences,
which have been coded and possess well-known properties and characteristics, GAGs represent a still
unexplored group of materials, not specifically ascribable to any of the already known chemical and
biophysical patterns [1]. This stimulates the investigation of their nature and behavior in biological
environments, e.g., nanoscale interactions with proteins, lipids, and other GAGs, in order to fully
understand and control their potential in the precision nanomedicine field as drug delivery systems
and image contrast enhancers. As naturally derived biomaterials from affordable sources, GAGs
represent an abundant, biodegradable, biocompatible class of materials for the synthesis of the
new generation of nanomedicines, overcoming some of the toxicity- and stability-related issues of
synthetic materials [4]. Physico-chemical properties of GAGs, such as monomer length, reactive
groups, molecular weight, and charge, proved to be key features to design engineered nanostructures
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for biomedical applications [1,4]. In addition, they provide a large polymeric backbone for chemical
modification where small molecules, drugs, proteins, or diagnostic agents can be easily conjugated
onto the NPs’ surface or, alternatively, physically encapsulated into the NPs’ core or shell [5,6], thereby
improving their targeting efficiency. The easy decoration of NPs, for example with polyethylene glycol
(PEG), can prolong their in-vivo circulation time, which increases the possibility of accumulation of
the delivered drug in the site of interest [7-9]. Additional advantages, compared to other metallic or
silica NPs [10-12], lie in their high tunability thanks to the recent advancements in nanotechnology
and material processing techniques, from batch synthesis to high-pressure homogenization and
microfluidics. The latter, in particular, proved to be a scalable, low-cost, and high-throughput technique
for controlling sizes, shapes, porosity, structure, and functional properties of polymer NPs [13-20].
Among the GAGs, hyaluronic acid (HA) (alone or coupled with other GAGs) proved to be an ideal
candidate for designing nanostructured probes for drug delivery and imaging [4]. HA, also called
hyaluronan, is an anionic highly hydrophilic GAG ubiquitously presents in tissues and fluids and
composed of a repeating disaccharide of d-glucuronic acid and N-acetyl-d-glucosamine. It is present
in the extracellular matrix and plays key roles in modulating cellular functions [4]. Moreover, HA
can intrinsically target CD44 receptors, which are overexpressed in various tumor cells, thus serving
as a targeting moiety for cancer therapy [21-23]. Very recent works demonstrated its potential
as hydrogel nanosystem for neural tissue regeneration [5], theranostic agent in breast cancer and
atherosclerosis [24-26], engineered nanostructure for multimodal imaging of B-cell lymphoma [27,28],
and contrast enhancer in Magnetic Resonance Imaging (MRI) [29,30]. Concerning the use of HA as a
contrast enhancer, studies [31,32] highlighted that MRI signal depends on the GAGs’ concentration
in human tissues, especially in articular cartilage, whose synovial fluid is made up of 98% HA [33]
(ranging from 0.25 to 0.4%w/v in healthy adults [34,35]). They showed that the administration of a
paramagnetic contrast agent, a metal chelate like Gadolinium diethylene triamine pentaacetic acid
(Gd-DTPA), can be used to visualize relative GAG distribution in-vivo since the negative charge of
the contrast agent will distribute itself within articular cartilage in a spatially inverse relationship
to the concentration of the negatively charged GAG molecules [31,32]. In a more recent study [36],
crosslinked HA-based hydrogels at different HA concentrations (ranging from 17%w/v to 30%w/v)
have been used as model tissues to investigate the relaxation enhancement of an MRI contrast agent
interacting the hydrogel structure at increasing magnetic fields. Such studies are focused on the
characteristic correlation times of the metal chelate within the hydrogel but do not take into account
the thermodynamic phenomena underlying the HA-contrast agent interaction, which are crucial to
understand the mixing process and control the complexation of the two compounds. Furthermore,
no tissue models at low HA concentrations (below 1%w/v), which correspond to the physiological range
of HA concentrations in human tissues [37-39], have been yet developed nor adopted. The investigation
of the relaxation enhancement mechanisms in the presence of a biopolymer network can be fundamental
for the rational design of novel nanostructured MRI contrast agents with enhanced properties [40]
in the field of drug delivery and precision medicine [2]. Recently, in our previous work, HA-based
nanostructures have been investigated [41] and the impact of the structural properties of the hydrogel
matrix on the relaxometric properties of an MRI contrast agent has been explained introducing
the concept of hydrodenticity, i.e., the complex equilibrium established by the elastic stretches of
polymer chains, water osmotic pressure, and hydration degree of the contrast agent, able to boost the
relaxometric properties of the contrast agent itself. In other previous works [42,43], we demonstrated
how the HA hydrogel structural parameters can impact the relaxivity of MRI contrast agents and
then we translated the acquired know-how into a microfluidic flow focusing approach to design and
produce functional Gd-loaded nanohydrogels with tunable relaxivity for MRI and multimodal imaging
applications [41,44—46].

Herein, based on our previous findings, we investigate from both a physical and thermodynamic
perspective the interactions between HA, chosen as a GAG model, and Gd-DTPA, as a linear ionic MRI
Gd-based contrast agent, able to boost the relaxometric properties of the metal-chelate. We highlight the
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importance of understanding and controlling their complex interplay and show how to take advantage
of their combination to develop nanosystems with precisely tailored composition. In the foreseeable
future, this knowledge can contribute to the innovation of traditional drugs and imaging agents.

2. Materials and Methods

2.1. Materials

Divinyl sulfone (DVS, 118.15 Da), Diethylenetriaminepentaacetic acid gadolinium (III) dihydrogen
salt hydrate (Gd-DTPA, 547.57 Da) and Sodium hydroxide pellets (NaOH) are purchased from Sigma
Aldrich (Milan, Italy). Sodium Hyaluronate, with an average molecular weight of 42 kDa is supplied
Bohus Biotech (Stromstad, Sweden) as dry powder and used without purification. Milli-Q water is
systematically used for sample preparation, purification, and analysis.

2.2. Sample Preparation

Non-crosslinked HA samples, from 0.1 to 0.7%w/v, are prepared by dispersing polymer powder
in Milli-Q water and then mechanically mixed using a magnetic stirrer (Fisher Scientific Italia, Milan,
Italy), 500 rpm at Room Temperature (RT) for 2 h. Crosslinked HA samples are prepared by adding
0.2 M NaOH to the above-described solutions in order to achieve the desired pH for the crosslinking
reaction and samples are mechanically stirred for 2 h (RT, 500 rpm). DVS is then added, with a DVS/HA
weight ratio ranging from 2 to 11, to chemically crosslink the polymer network. The crosslinking
reaction is performed at RT for 24 h in order to obtain a homogeneous gel. The biocompatibility
of HA-DVS hydrogels is already confirmed in the literature [47]. Crosslinked and non-crosslinked
Gd-DTPA loaded samples are prepared by adding Gd-DTPA at a concentration ranging from 0.01 and
0.2 mM (0.01—0.02—0.03—0.04—0.05—0.06—0.08—0.1—0.13—0.15—0.18—0.2 mM).

2.3. Time-Domain Relaxometry at 20 MHz and 60 MHz

Bruker Minispec (Bruker, Billerica, MA, USA) mq20 and mq60 bench-top relaxometer operating
at 20 MHz (magnetic field strength: 0.47 T) and 60 MHz (magnetic field strength: 1.41 T), respectively,
are used to measure longitudinal relaxation times (T1). 1 mL and 300 pL of the prepared samples are
used for the measurements at 20 and 60 MHz, respectively. Samples are placed into the NMR probe for
about 15 min for thermal equilibration. T1 values are determined by both saturation (SR) and inversion
recovery (IR) pulse sequences. The relaxation recovery curves are fitted using a multi-exponential
model. Relaxivity, r1, is calculated from the slope of the regression line of the relaxation rate, R1 = 1/T1,
versus HA concentration with a least-squares method, as showed in the following Equation (1):

Rlpa = Rlyater + r1*[HA], (1)

where R1, is the relaxation rate of the HA sample expressed in s, Rlyater is the relaxation rate of
free water expressed in s, and [HA] is the polymer concentration expressed in %uw/o.

2.4. Measurement of Water Self-Diffusion Coefficient at 20 MHz

Diffusion measurements of water molecules are carried out on a Bruker Minispec (Bruker, Billerica,
MA, USA) mq 20 bench-top relaxometer using a pulsed-field gradient spin echo (PFG-SE) sequence [48].
As previously described [42], the water self-diffusion coefficient, D, is calculated by linear regression
of the echo attenuation versus the tunable parameter of the PFG-SE sequence, k, as showed in the
following Equation (2):

k= (vgd)*(A - 8/3) ()

where v is the proton’s gyromagnetic ratio (equal to 42.58 MHz T~1), § is the length of the two gradients
(set equal to 0.5 ms), g is the strength of the two gradients (varied between 0.5 and 2 T m~1), A is the
delay between the two gradients (set equal to 7.5 ms).

53



Biomolecules 2020, 10, 1612

2.5. Diffusion-Ordered NMR Spectroscopy (DOSY) at 600 MHz

As described in our previous work [44], Diffusion-ordered NMR Spectroscopy (DOSY)
measurements are carried out on a Varian Agilent NMR spectrometer (Agilent Technologies, Santa Clara,
CA, USA) operating at 600 MHz. Gradient strengths (Gz) are varied from 500 to 32,500 G/cm.
The gradient pulse duration () is kept constant to 2 ms while the diffusion delay (A) is increased from
7 to 1000 ms. After Fourier transformation and baseline correction, DOSY spectra are processed and
analysed using Varian software VNMR]J (Agilent Technologies, Santa Clara, CA, USA) in order to
obtain the values of water self-diffusion coefficient, which is then plotted as a function of A.

2.6. Isothermal Titration Calorimetry

Titration experiments are performed by using a Nano ITC Low Volume calorimeter from TA
Instruments (New Castle, DE, USA) in accordance with our previously adopted protocol [44].
The sample cell (700 pL) and the syringe (50 pL) are filled with aqueous solutions of HA (from
0.1 to 0.7%w/v) and Gd-DTPA (1.5 mM) respectively. Injection volumes and intervals are fixed at 1 uL
and 500 s, respectively. Measurements are performed at 25 °C with a stirring rate of 200 rpm. Analysis
and modeling of the raw data is carried out using the NanoAnalyze (TA instruments, New Castle,
DE, USA). The function adopted to analyze the ITC data is the sum of two models: independent sites
model plus a constant used for the blank (i.e., Gd-DTPA in water). The first point is excluded from the
analysis. Statistics of the thermodynamic parameters are calculated on 1000 trials with a confidence
level equal to 95%.

3. Results and Discussion

Longitudinal relaxation times, T1, measured both at 20 MHz and 60 MHz of HA solutions at
increasing DVS/HA mass ratio, is reported in Table 1.

Table 1. Longitudinal relaxation time (T1) at different DVS/HA mass ratio.

o DVS/HA T1 (ms) ! T1 (ms) 2
HA (ow/o) (g/g) Mean =+ std Mean =+ std

0.25 0 3410 + 30 3740 + 60
0.25 2.35 3270 + 20 3560 + 70
0.25 4.70 2980 + 20 3530 + 50
0.25 7.06 3260 + 30 3410 + 50
0.25 9.42 3110 + 20 3520 + 50
0.25 11.77 3170 + 20 3540 + 50

1 measured at 20 MHz. 2 measured at 60 MHz.

The experiments show a measurable decrease in T1 at increasing DVS/HA mass ratio, which is
more evident at low frequency (20 MHz) when T1 is lower. Indeed, in the range of magnetic field
between 0.3 T and 3 T, which is the range of preclinical and clinical MRI applications, T1 increases with
the field strength. Therefore, if we read Table 1 horizontally, we will notice the appreciable increase in
T1 due to the increase in the magnetic field. This phenomenon occurs because the Larmor frequency
scales with field strength and, with increasing Larmor frequencies, the fraction of protons able to
interact at the higher Larmor frequency decreases, resulting in longer T1 values.

Then, water self-diffusion coefficient was measured through a Stejskal-Tanner plot (Figure 1a) for
each sample reported in Table 1. Diffusion values, D, are also plotted against the DVS/HA mass ratio
(HA fixed at 0.25%w/v) in Figure 1b, where the diffusion is measured 8 h and 24 h after the addition of
the crosslinker (see also Table S1 of the Supplementary Material).
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Figure 1. Diffusion measurements at 20 MHz: (a) Stejskal-Tanner plot to calculate water self-diffusion
coefficient of 0.25%w/v HA crosslinked with DVS at 2.35 (empty triangles) and 11.77 (filled triangles)
DVS/HA mass ratio after 8 h from the addition of the crosslinker; (b) Self-diffusion coefficient as a
function of DVS/HA mass ratio measured after 8 h (empty circles) and 24 h (filled squares) from the
addition of the crosslinker.

In Figure 1a, water self-diffusion coefficient is determined by the slope of the straight line as
already reported elsewhere [49-51]. A reduction in the water mobility with increasing DVS/HA mass
ratio can be observed in Figure 1a by looking at the increasing slope of the two regression lines of the
Stejskal-Tanner plot. This is far more evident in Figure 1b where an inverse relationship can be observed
between the water self-diffusion coefficient and DVS/HA mass ratio, as it also results from studies of
solvent molecules within polymer matrices or in confined environments [11,52]. A time-dependent
effect of the crosslinking reaction on the mobility of water molecules can be also observed in Figure 1b
by comparing D values at 8 h and 24 h. Indeed, at 8 h, the crosslinking reaction is completed [53,54]
and the swelling process is ongoing with polymer chains slowly hydrating and relaxing, thus the rate
of water diffusion in the polymer networks is still slow while the hydrogel matrix is hydrating [55],
binding, and entrapping water molecules. On the other hand, at 24 h, the swelling process is in the later
stage, all the sulfonyl-bis-ethyl bridges between the hydroxyl groups of the HA are formed, polymer
chains are well-relaxed and the swelling equilibrium is almost reached, as observed in previous studies
on swelling time of crosslinked HA [55], i.e., a balance between bound water and bulk water is achieved,
thus the contribution from the free diffusing water molecules is higher and the average self-diffusion
coefficient assumes slightly higher values than those measured after 8 h [49]. However, this difference
is not significantly appreciable especially with growing DVS/HA, since the higher crosslinking density
limits polymer chains movement, thus lowering the water uptake and shortening the time to reach the
swelling equilibrium [56,57].

T1 changes with water self-diffusion coefficient are evaluated afterwards at 20 MHz and 60 MHz,
as shown in Figure 2a,b respectively.

Both Figure 2a,b show how T1 increases with increasing water self-diffusion coefficient. This is
due to the higher mobility of the water slowing down the time taken by protons to re-align to the
external magnetic field after the stimulation with controlled radiofrequency pulses of the SR sequence.
Higher T1 values in Figure 2b compared to Figure 1a are due to the increase of T1 with the applied
magnetic field, as from previous considerations about Table 1. It is worth noting how Figures 1 and 2
show the opportunity to obtain a relaxation enhancement by simply increasing the crosslinking degree
of the sample, which is responsible for the reduction in the water mobility that thereby shortens the T1.
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Figure 2. Longitudinal relaxation time (T1) as a function of the water self-diffusion coefficient measured
for DVS/HA mass ratio solutions without Gd-DTPA at: (a) 20 MHz; (b) 60 MHz. Linear regression
lines with values of the determination coefficients are displayed.

The further step of our experimental campaign consisted in measuring the relaxivity, r1, as defined
from Equation (1), for crosslinked and non-crosslinked samples with addition of Gd-DTPA. Here,
DVS/HA is kept equal to 8 and three different HA concentrations are tested: 0.3%w/v, 0.5%w/v,
and 0.7%w/v. Results of measurements carried out with SR and IR sequences are plotted in Figure 3a,b
respectively (see also Table S1 of the Supplementary Material for the measured longitudinal relaxation
times). The r1 values of the samples are normalized against the longitudinal relaxivity of free Gd-DTPA
in water (rGd). As a reference, relaxivity of crosslinked and non-crosslinked samples without Gd-DTPA
are reported in the Table S3 of the Supplementary Material.
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Figure 3. Longitudinal relaxivity (r1) for crosslinked (filled circles) and non-crosslinked (empty circles)
samples with addition of Gd-DTPA, normalized against the relaxivity of free Gd-DTPA (rGd), as a
function of the HA concentration measured at 60 MHz using: (a) Saturation Recovery sequence;
(b) Inversion Recovery sequence. Linear regression lines with values of the determination coefficients
are displayed.

Both SR and IR sequences confirm that r1 increases with the polymer concentration and the values
are slightly higher (up to 1.2 folds) than the relaxivity of free Gd-DTPA in water. The higher accuracy
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of the IR sequence explains the higher determination coefficient (R?) of the linear regression lines
displayed in the both graphs. These values are two and three orders of magnitude higher than the
relaxivity of the polymer without Gd-DTPA (see Tables S2 and S3 of the Supplementary Material).

This behavior is explained by the reorientation and residence times of the water molecules
interacting with HA. At increasing HA concentration, indeed, the collisions of water molecules and
neighboring polymer chains increase the microviscosities of the environment [58] and the percentage
of the water molecules with the longest correlation time increases with respect to those with shortest,
with a consequent boost in the relaxivity [36]. Hence, the water molecules reorient more slowly, and a
stronger influence of the bound water molecules on the water relaxation is expected [58].

Moreover, the presence of Gd-DTPA has a significant impact on the relaxivity by further decreasing
the water self-diffusion coefficient within the polymer network. This influence of Gd-DTPA is studied
at increasing diffusion delays and observation times through NMR DOSY experiments, as displayed

in Figure 4.
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Figure 4. NMR-DOSY measurements of water self-diffusion coefficient at 600 MHz as a function of the
diffusion delay in: (a) 1%w/v HA with and without Gd-DTPA at 18 mM; (b) measurements repeated
after one week.

Both Figure 4a,b show that the co-existence of polymer and Gd-DTPA affects the water mobility
more than the polymer alone, causing an additional reduction in the value of the water self-diffusion
coefficient. Compared to our previous study [44], where the mobility of water molecules in presence
of HA and Gd-DTPA was investigated at low contrast agent concentrations (below 30 uM), here a
relatively high Gd-DTPA concentration (18 mM) is used in order to amplify the impact of the contrast
agent on the water self-diffusion coefficient. However, due to the interference of Gadolinium with
NMR measurements [59,60], the highest diffusion delay in the case of Gd-DTPA samples was 70 ms,
since values above this threshold present a very low signal-to-noise ratio impairing the reliability of
the taken measurements. Therefore, up to A = 70 ms, which is enough to describe the movement of
water molecules within the polymer meshes in the micrometer range (a A range from 1 ms to 70 ms
corresponds to diffusion distances from 0.5 pm to 40 um) [61-66], the Gd-DTPA causes a further
decrease in the solvent mobility. This is also confirmed after one week (Figure 4b), where a more
evident drop in the water self-diffusion occurs in presence of Gd-DTPA at longer diffusion delay
(50 ms < A <70 ms), i.e., nearby the polymer chains.

The impact of Gd-DTPA was carried out also from a thermodynamic perspective by investigating
the mixing between Gd-DTPA and HA through ITC. The modeling of the collected ITC data is showed
in Figure 5 and Table 2.
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Figure 5. Fitting of ITC data for Gd-DTPA titrated into 0.4%w/v HA. ITC peak area data (empty circles)
are plotted as a function of the Gd-DTPA/HA molar ratio. The model curve (solid line) is calculated as
the sum of two models: independent sites model plus a constant used for the blank (i.e., Gd-DTPA in
water). Residuals of the model and the standard deviation around fit are displayed in the bottom graph.

Table 2. Thermodynamic parameters from the modeling of ITC measurements conducted at 25 °C.

HA Blank ! nl Kq *10¢M)1  AH (kJ/mol) ! T-AS AG (l/mol) 3
(%w/v) Mean =+ std 2 Mean =+ std 2 Mean =+ std 2 Mean = std 2 (kJ/mol) 1 (kJ/mol)
0.1 —25.43 +24.36 9.99 +3.77 26.30 +722.3 24.04 + 49.60 50.15 -26.11
0.2 5.59 + 4.02 0.71 £ 0.37 7.25 + 0.58 —10.12 + 53.83 19.21 29.33
0.3 7.76 +£1.21 0.30 £ 0.11 3.62 +0.12 —10.56 +20.03 20.49 31.05
0.4 7.37 £ 0.96 0.33 + 0.038 3.71 +3.84 -11.54 +2.84 19.44 30.98
0.5 -2.18 +1.16 0.18 + 0.040 1.60 = 7.98 —10.06 + 9.43 23.01 33.07
0.6 9.97 + 2297 0.39 + 0.53 0.24 + 0.013 —23.84 + 64.48 2.48 26.31
0.7 156 +1.71 0.20 + 0.031 1.96 £ 5.16 -11.79 £+ 5.11 20.78 32.57

1 Values obtained by fitting ITC data with the independent sites model (constant is used for the blank, i.e., Gd-DTPA
in water). 2 Statistics are calculated on 1000 trials with a confidence level equal to 95%. 3 AG = AH — T-AS.

A representative binding isotherm for the titration of the HA with Gd-DTPA is shown for a single
HA concentration (equal to 0.4%w/v). The binding curve shows a slow increase in the enthalpy of
binding for the injections before 0.5 mol of Gd-DTPA per mole of HA. After this, a change in the signal
is observed for the following injections with the curve reaching a constant value after saturation of the
binding sites in the polymer chain, similarly to what is showed in previous works on the synthesis of
metal-chelating polymers [67,68]. Similar ITC curves are obtained for the other tested concentrations
(from 0.2 to 0.7%w/v) with the exception of HA = 0.1%w/v, which is showed in the Supplementary
Material (Figure S1).

Since multiple binding sites are usually present on GAGs [69], thermodynamic parameters are
determined by using an independent sites model, i.e., assuming multiple independent sites, and a
constant used to model the blank (Gd-DTPA in water). The best fit of the ITC curve gives the following
parameters: constant for the blank; reaction stoichiometry or number of binding sites (n); dissociation
constant (Kd); enthalpy gain (AH); entropy gain (AS).

Table 2 includes the thermodynamic parameters (mean and standard deviation) calculated at
increasing HA concentrations.

For HA concentrations above 0.1%w/v, the interaction process is exothermic (AH < 0); the binding
affinity between the HA and Gd-DTPA, expressed by 1/Ky, is relatively weak and ranges from 0.1 x 10°
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to 4 x 10° M~1; the reaction stoichiometry n ranges from 0.2 to 0.7 and decreases with the polymer
concentration. The fitting parameters allows the calculation of the Gibbs free energy (AG = AH — T-AS,
being T the temperature), showing the spontaneous nature of the interaction (AG > 0), which is mainly
driven by the entropy (JAH| < [T-AS]).

The favorable enthalpy conditions (AH < 0) suggest the formation of new complexes also
encouraged by the conformational changes of the HA in presence of Gd-DTPA, which increases
the entropy of the ternary system (AS > 0). Despite the interaction process being both entropically
and enthalpically favorable, nor the enthalpy nor the entropy gains are significantly influenced by
the increase in polymer concentration. Conversely, the reaction stoichiometry shows an inverse
relationship with the investigated HA concentrations. This can be attributed to the entanglement and
conformational changes of the polymer, which are highly dependent on concentration. Indeed, at HA
concentrations higher than 0.1%w/v, HA chains form a continuous three-dimensional network [37,39]
with chains interacting with each other and forming stretches of double helices that makes the network
more rigid and increases the fraction of water bound to HA chains and confined within the polymer
matrix with respect to the free water not interacting with the polymer [70]. Therefore, the higher the
polymer concentration is, the more HA-HA entangles and HA-water hydrogen bonds are formed,
thus reducing the number of available sites, n, for the interaction with Gd-DTPA. As already observed
in charged hydrophilic GAG [71], the interplay between intra- and inter-molecular solvent hydrogen
bonding, along with the entanglement mechanism, plays a major role during interaction processes,
and is also responsible for new arrangements of the polymer chains in solution [72].

However, the hydrogen bond network developed in solution around a polysaccharide depends
not only on the water layers organization but also on the presence of other solute species capable of
hydrogen bonds formation [72], like Gd-DTPA in this study. It is also known that a drug binding to a
GAG is expected to cause a decrease in the internal degrees of freedom of the GAG, thus affecting
its possible conformational changes [73]. Therefore, in such a continuous reorganization of the HA
chains in water, the presence of Gd-DTPA provides an additional contribution confirmed by the large
positive entropy changes, which arises from the conformational freedoms of both HA and Gd-DTPA
upon mixing, as also measured in other studies on Gd complexation [74].

The entropic gain due to conformational changes predominates but is not the only phenomenon
governing the process, since a smaller but still significant enthalpic contribution is measured and
suggests the presence of weak interactions between HA and Gd-DTPA, ascribable to non-covalent
binding, namely hydrogen bond, hydrophobic, electrostatic, and van der Waals interactions [74,75].
In accordance with Flory’s mean field theory [75], such non-covalent interactions are crucial
in determining the swelling equilibrium of the polymer network. Therefore, changes in the
Gibbs free energy of the system can be interpreted as function of the polymer-solvent mixing,
the elastic deformation of the polymer matrix, and the osmotic pressure due to the gradients of
solute concentrations.

Among these interactions, the nature of the compounds in solution, both hydrophilic and
negatively charged, brings our attention mainly to hydrogen bonding and electrostatic forces.

As also demonstrated elsewhere [76], hydrogen bonding phenomena is a fundamental factor
determining the thermodynamics of polymers in aqueous solution and, as previously mentioned,
the high hydrophilicity of HA enables the formation of inter- and intra-molecular hydrogen bonds [77].
At the beginning of the titration (Figure 5), the exchanged heat increases since the fraction of HA—water
hydrogen bonds increases. Starting from a Gd-DTPA/HA ratio of 0.5, the heat decreases because
other interactions take place (intra-molecular HA hydrogen bonding and HA conformational changes)
giving opposite enthalpy contributions and bringing the curve to its plateau, when all HA binding sites
are saturated and only water—water hydrogen bonding occur. This behavior agrees with observation
reported in other studies [78], demonstrating that the enthalpy of mixing of polyelectrolyte complexes
decreases at increasing salt concentration and polyelectrolyte complexation is essentially entropy driven.
Furthermore, the capability of forming intra-molecular hydrogen bonds impact on the exchange and
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diffusion of water molecules in the inner and outer coordination sphere of the Gd-DTPA, both factors
being responsible for the relaxation enhancement of the metal chelate [36,79].

As far as the electrostatic forces, it is known that the hundreds of negative charges fixed to
each polymer chain are responsible for electrostatic interactions with surrounding molecules [39].
These electrostatic interactions play an important role in the mixing process, giving a large positive
contribution to the entropy of the system [37,73]. In our system, we can hypothesize that intra-molecular
interactions and conformational changes are driven by the presence of Gd-DTPA. Indeed, since HA
and Gd-DTPA are both negatively charged, the addition of the contrast agent in solution causes
electrostatic repulsion, forcing the HA chains to rearrange in order to reach a new energetically
favorable configuration. This agrees with studies on the Gd-DTPA distribution in cartilage [32],
showing how the negative fixed charge density of GAGs forces the contrast agent to accumulate more
into areas with less GAG concentration. Moreover, as observed in other studies on polyelectrolytes
interaction [80], at high enough solute concentrations, a repulsion effect can also be caused by hydration
forces. These forces promote the local structuring of several layers of water molecules around the
polymer due to electrostatic and hydrogen-bonding interactions. When Gd-DTPA approaches closely
to the polymer, a collective disruption of these structured water layers would cost a fair amount of
energy, thus producing repulsive forces.

A further non-negligible effect that needs to be taken into account is the osmotic pressure. As it
occurs for solutes moving inside and outside the polymer network [75], the presence of Gd-DTPA not
only induces rearrangement of the polymer in solution but also generates an osmotic pressure due to
clustering of HA chains. Like other GAGs [1], indeed, HA conformational changes create regions of
high anionic charge leading to high osmotic pressure, which promotes the taking up of unbound water
molecule from the environment and drives the swelling of the polymer matrix [75]. The water uptake
is confirmed by the large entropic contributions due to the large number of possible configurations
upon swelling [58]. These changes in the osmotic pressure impact the hydration of the contrast agent
and contribute to the attainment of that complex equilibrium, called hydrodenticity [41], able to boost
the relaxometric properties of the Gd-DTPA, whose enhancement is promoted by the formation of the
Gado-mesh, as extensively defined in previous publications [41,44].

4. Conclusions

In this work, diffusion (Figures 1, 2 and 4), thermodynamic (Figure 5 and Table 2), and relaxation
properties (Table 1 and Figure 3) of HA and Gd-DTPA mixtures have been presented and discussed.

Following the previous studies on the binding between drugs and GAGs [73] and similarly to
what is shown about polyelectrolyte-protein interactions [81], our results suggest that the interaction
between HA and Gd-DTPA is mainly mediated by the role played by the water and determined by
two factors: (i) non-covalent processes (hydrogen bonding and electrostatic forces); (ii) conformational
changes of the polymer. While the former is endothermic and characterized by negative enthalpy
gain, the latter is exothermic and brings a positive entropy gain. Since they occur simultaneously,
the overall interaction can be described as the combination of the two above-mentioned factors with
one predominating on the others during the mixing. Indeed, both HA and Gd-DTPA have the capacity
of forming hydrogen bonds and coordinate water molecules, which not only produces conformational
changes but also affect the relaxometric properties of the contrast agent.

In conclusion, our results show a representative picture on GAGs interaction with MRI contrast
agents and contribute to build a useful framework for the interpretation of their behavior in solution
and for the understanding of the fundamental phenomena underlying the MRI relaxation enhancement.
Moreover, we also expect that our results can be extended to other liner Gd-based contrast agents since
they present analogous chemistry and relaxation mechanisms. Further potential applications extended
also to macrocyclic Gd-based contrast agents could be explored in future works. This knowledge
could provide insights into the fields of nanomedicine and precision medicine, where the proper choice
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and combination of GAGs with imaging or therapeutic agents is the key factor for the formulation of
effective targeted drug delivery systems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/12/1612/s1,
Figure S1: Fitting of ITC data for Gd-DTPA titrated into 0.1%w/v HA, Table S1: Values of water self-diffusion
coefficient at different DVS concentrations measured at 20 MHz after 8 h and 24 h from DVS addition, Table S2:
Longitudinal relaxation times of the crosslinked and non-crosslinked samples without Gd-DTPA measured with
Saturation and Inversion Recovery sequences, Table S3: Relaxivity of the crosslinked and non-crosslinked samples
without Gd-DTPA measured with Saturation and Inversion Recovery sequences.
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Acronyms

DVS Divinyl Sulfone

GAG Glycosaminoglycan

HA Hyaluronic Acid

IR Inversion Recovery

ITC Isothermal Titration Calorimetry
MRI Magnetic Resonance Imaging
NMR Nuclear Magnetic Resonance
NMR-DOSY  Diffusion-ordered NMR Spectroscopy
NPs Nanoparticles

PFG-SE Pulsed-Field Gradient Spin Echo
RT Room Temperature

SR Saturation Recovery
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Abstract: This review examines aggrecan’s roles in developmental embryonic tissues, in tissues
undergoing morphogenetic transition and in mature weight-bearing tissues. Aggrecan is a remarkably
versatile and capable proteoglycan (PG) with diverse tissue context-dependent functional attributes
beyond its established role as a weight-bearing PG. The aggrecan core protein provides a template
which can be variably decorated with a number of glycosaminoglycan (GAG) side chains including
keratan sulphate (KS), human natural killer trisaccharide (HNK-1) and chondroitin sulphate (CS).
These convey unique tissue-specific functional properties in water imbibition, space-filling, matrix
stabilisation or embryonic cellular regulation. Aggrecan also interacts with morphogens and growth
factors directing tissue morphogenesis, remodelling and metaplasia. HNK-1 aggrecan glycoforms
direct neural crest cell migration in embryonic development and is neuroprotective in perineuronal
nets in the brain. The ability of the aggrecan core protein to assemble CS and KS chains at high
density equips cartilage aggrecan with its well-known water-imbibing and weight-bearing properties.
The importance of specific arrangements of GAG chains on aggrecan in all its forms is also a primary
morphogenetic functional determinant providing aggrecan with unique tissue context dependent
regulatory properties. The versatility displayed by aggrecan in biodiverse contexts is a function of its
GAG side chains.

Keywords: aggrecan; tissue morphogenesis; HNK-1 trisaccharide; glycosaminoglycan; cellular
regulation; extracellular matrix

1. Introduction

A vast amount has been written over the last five decades on aggrecan’s structure (Figure 1)
and function in weight-bearing connective tissues such as hyaline cartilage and intervertebral disc
(IVD) in health and disease [1-8]. However, aggrecan also has important roles in tensional connective
tissues (e.g., meniscus, tendon and ligaments) [9,10] as well as in non-cartilaginous tissues such as
the heart and nervous system [11-22]. While aggrecan has important roles in tissue development and
function, surprisingly little has been published on its interactive and cell-directive properties in tissue
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morphogenesis. This review aims to rectify this deficiency but cannot be meaningfully undertaken
without first covering aggrecan’s functional attributes in weight-bearing tissues that contribute to
matrix stabilisation. This diversity in aggrecan’s functional properties is due to modifications in its
glycosaminoglycan (GAG) side chains which equip it with unique ligand interactivity in specific
developmental contexts.
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Figure 1. Amber/GLYCAM 3D stick structures of chondroitin sulphate isomers depicting their 3D
conformations, disaccharide compositions and Haworth projection disaccharide structures showing
sulphation positions (a—e). Schematic depiction of the structural organisation of the chondroitin
sulphate glycosaminoglycan side chains of aggrecan depicting specific structural features of areas of
the chain detected by monoclonal antibodies, putative sulphation patterns, linkage region structure to
aggrecan core protein and non-reducing terminal structures (f). These regions on the CS side chain are
numbered 1-8. Key: (1) Non-reducing terminal groups present on some cartilage aggrecan CS chains;
(2) 3-B-3(—) CS sulphation motif is also present as a non-reducing terminal component on some chains;
(3) putative region on CS chain identified by MAb 6C3; (4) putative region on CS chain identified by
MAD 4C3; (5) putative region on CS chain identified by MAb 7D4; (6) CS linkage attachment region
to Serine residues of the aggrecan core protein; (7) 3-B-3(+) CS sulphation stub epitope generated by
exhaustive digestion of the CS chain by chondroitinase ABC and recognised by MAb 3-B-3; and (8)
2-B-6(+) CS sulphation stub epitope generated by exhaustive digestion of the CS chain by chondroitinase
ABC and recognised by MAD 2-B-6. Note: Regions 3-5 of the CS chains containing the 6-C-3, 4-C-3 and
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7-D-4 reactivity are susceptible to chondroitinase ABC digestion; thus, in graded partial digestions,
the 6-C-3 and 4-C-3 reactivity can be selectively removed leaving the 7-D-4 reactive region intact.
However, this is also susceptible to chondroitinase ABC, and exhaustive digestion conditions eventually
lead to generation of the unsaturated 3-B-3(+) and 2-B-6(+) stub epitopes attached to the linkage region,
as shown in this diagram. In (f), the structures shown hypothetical many features such as the sulphation
positions on GAGs are variable; the depictions shown are thus generalisations based on literature data.

2. CS Sulphation on Aggrecan Is an Important Functional Determinant

Studies have shown that two out of every seven non-reducing termini of normal [23] and
chondrosarcoma [24] aggrecan CS chains contain 4, 6-disulphated GalNAc. Non-reducing terminal
GalNACc4S or GalNAc4,6S can be linked to either a 4-sulphated or a 6-sulphated disaccharide. In a further
study, CS from juvenile and adolescent growth plate cartilage was shown to contain non-reducing
terminal GalNAc4S, whereas in adult cartilages approximately half of the non-reducing termini were
disulphated GalNAc4,65 [25], representing an increase in aggrecan sulphation with tissue maturation.
It is these sulphate groups which provide aggrecan’s interactive properties with a number of ligands;
a high density of sulphate and carboxylate groups in aggrecan confer its remarkable ability to imbibe
water and to provide tissue hydration that allows some tissues to withstand compressive loading
(Figure 1a,f).

While clear functional roles for HS-PGs in cell signalling transduction pathways are well
established, roles for CS-PGs in such processes have often been given lower importance; nevertheless,
CS can also modulate cell-signalling pathways involving hedgehog proteins, wingless-related proteins
and fibroblast growth factors [26-35]. Indeed, the co-distribution of these components with aggrecan
in growth plate cartilages and localisation of particular CS sulphation motifs with chondroprogenitor
cell populations associated with diarthrodial joint development (Figure 2a,f) alludes to multiple
interactive possibilities [36]. Studies with brachymorphic mice, nanomelic chick, dyschondroplastic
chicken and Cmd mutant mice clearly show the importance of aggrecan in growth plate cartilage
development and skeletogenesis. Furthermore, individuals suffering from Kashin—-Beck disease,
an endemic osteochondropathy that occurs in certain parts of China, is characterised by small stature
and deformities of the limbs and digits, distorted growth plates, chondrocyte apoptosis and low levels of
aggrecan [37—41]. The correct sulphation of the CS chains of aggrecan is essential to generate functional
determinants capable of interacting with growth factors and morphogens [42-45]. Approximately one
in three of aggrecan’s CS chains have a non-reducing terminal chondroitin-4, 6 disulphated residue
(CS-E) in articular cartilage [46]. Highly sulphated CS-E binds the HS binding growth factors midkine
and pleiotrophin [47—49].

Approximately two in seven CS chains are terminated in 4, 6 disulphated GalNAc, which varies
with the age and cartilage type; four in seven of CS chains are terminated by 4-sulphated GalNAc;
and one in seven CS chains are terminated in a GlcUA linked to 4-sulphated GalNAc. Non-reducing
terminal 4,6-disulphated GalNAc residues are 60-fold more abundant than 4,6-disulphated GalNAc in
interior regions of the CS chain [24].

CS chains terminated in 4-sulphated GalNAc predominate in aggrecan from foetal to 15-year-old
knee cartilage, whereas, in 22-72-year-olds, 50% of the CS chains were terminated in 4,6-disulphated
GalNAc. GlcUA-4-sulphated GalNAc disaccharides terminated 7% of CS chains in foetal to 15-year-old
cartilage but fell to 3% in adults, whereas GlcUA-6-sulphated GalNAc represented 9% of the CS chains
in foetal to 72-year-old cartilage. This disaccharide is recognised by MAb 3-B-3 () [46].
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Figure 2. Immunofluorescent localisation of the 3-B-3(—) CS sulphation motifs on aggrecan associated
with rudiment cartilage of a rat intervertebral disc (a) and demonstration of the generation of the 3-B-3(—)
epitope by digestion of aggrecan and serglycin as model proteoglycans with hyaluronidase-4 (HYAL4)
(b). Immunolocalisation of the 3-B-3(—) and 7-D-4 CS sulphation motifs in developmental human foetal
knee joint cartilage (14 weeks gestational age) (c,d). The inset of (e) shows foetal aggrecan samples
separated by native composite agarose polyacrylamide gel electrophoresis and blotted to nitrocellulose
for detection of the 3-B-3(—) and 7-D-4 proteoglycan populations. Two aggrecan populations are
discernible. The 3-B-3 (-) CS sulphation epitope has a widespread distribution in the developing
rudiment cartilage, whereas the 7-D-4 epitope has a more discrete distribution pattern in small stem
cell niches in the cartilage surface. A schematic depicting a typical CS chain and digestion products
generated by endoglycolytic cleavage by HYAL4 generating the 3-B-3(—) non-reducing terminal on the
cleaved CS chain (f). Exhaustive digestion of CS by chondroitinase (Ch’ase) ABC also depolymerises
the CS chain but generates a 3-B-3(+) stub epitope attached to the CS linkage attachment to aggrecan
core protein. Inset image (e) modified from [50]. (a,c,d) Images supplied courtesy of Prof B. Caterson,

University of Cardiff, UK. As already shown in this manuscript approximately ~1-2 in every seven non-
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reducing termini of CS chains in cartilage are terminated in the 3-B-3(—) epitope and these vary with
age and cartilage type. The 3-B-3(—) epitope is a marker of tissue morphogenesis [36,51,52]. Stem cells
are surrounded in proteoglycans decorated with this CS motif [8-10]. This motif is also released into
synovial fluid in degenerative conditions such as OA [53-56]. Recently, Farrugia et al. [57] showed that
mast cells synthesised HYAL4, a CS hydrolase that could generate the 3-B-3(—) motif in the CS chains
of aggrecan and Serglycin in vitro.

The distribution of 4- and 6-sulphated CS epitopes is variable along a CS chain in aggrecan and is
influenced by the maturational status of the cartilage or the extent to which the cartilage was sampled
from a high or low weight-bearing cartilage region [3]. Certain trends have been observed in the
sulphation patterns of CS in aggrecan chains. C-4-S is more predominant in aggrecan from foetal
and young articular cartilage and occupies a central region in the CS chain, whereas non-sulphated
chondroitin is more predominant towards the linkage region. C-6-S has a predominant distribution
towards the non-reducing terminus and is more abundant in mature cartilage to the detriment of C-4-S
sulphation [51].

Graded partial digestions of CS chains with chondroitinase ABC or ACII reveals regions along the
CS chain where MAbs 6C3, 4C3 and 7D4 are most immunoreactive [51]. MAb 6C3 reacts optimally
with regions of CS chains towards the non-reducing terminus where C-6-S predominates, and this
reactivity is removed during early stages of chondroitinase digestion. Further digestion removes MADb
4C3 reactivity and continued digestion then removes reactivity to MAb 7-D-4. While the specific
epitopes identified by MAb 4C3 and 7D4 are yet to be identified, reactivity of these antibodies in a
range of tissues undergoing morphogenetic transition during development displays subtly different
immunolocalisation patterns and are of functional significance [52,58-65].

MAb 3-B-3 identifies a non-reducing terminal disaccharide in CS consisting of
GlcUA-GalNAc-6-sulphate, which is termed a 3-B-3(—) epitope to distinguish it from the 3-B-3(+) stub
epitope disaccharide attached to the linkage region that is generated by exhaustive end-point digestion
of CS chains by chondroitinase ABC [64]. As noted above, this non-reducing terminal 3-B-3(—) epitope
occurs in approximately two in every seven CS chains; disulphated C-4,6-S and C-6-S GalNAc also
occur as components in this non-reducing terminal disaccharide in CS chains [24,46].

3. HNK-1 Aggrecan Regulates Neural Crest Cell Migration during Embryonic Development

Neural crest stem cells (NCSCs) are a transient multipotent migratory embryonic neuroepithelial
cell population present in vertebrate embryos [66]. The neural crest (NC) gives rise to the neural
tube and notochord, neurons and glia of the peripheral nervous system/central nervous system
(PNS/CNS), melanocytes, cartilaginous and bony tissues of the craniofacial skeleton as well as cephalic
neuroendocrine organs and some cardiac tissues, including large vessels, valve leaflets and heart
tendons. NCSCs express Sox 10 and HNK-1 and transition to a mesenchymal NC tissue during
early embryonic development [67]. HNK-1 is a highly interactive functional module participating
in homophilic and heterophilic interactions [68] in a number of neural PGs and cell adhesive
proteins [69]. HNK-1 is also widely expressed on a number of myelin-associated glycoproteins
such as L1, myelin-associated glycoprotein (MAG), TAG-1 (transient axonal glycoprotein) [70] and
PO as well as sulpho-glucuronyl glycolipids (SGGLs, SGGL-1 and SGGL-2) which have important
roles to play in the remyelination of damaged axons [69]. PO and MAG are integral transmembrane
glycoprotein components of peripheral nerve myelin (Figure 3a,d). TAG-1, a GPI anchored 135-kDa
glycoprotein expressed transiently on the surface of subsets of neurons in the developing mammalian
nervous system, has neurite outgrowth promoting activity [70]. HNK-1 also mediates neural cell
attachment to laminin in ECM structures [71,72]. During early embryonic development, HNK-1
decorates aggrecan in the notochord, and this form of aggrecan has roles in the directional control
of NCSCs in the development of the neural tube, notochord, neural networks and associated tissues
(Figure 3e).
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Figure 3. Structure of human natural killer-1 epitope (HNK-1) present on: N-glycans (a); notochordal
aggrecan (b); brain phosphacan (c); and myelin Po glycoprotein in nervous tissues (d). Schematic
depictions of representative aggrecan structures in articular cartilage, brain perineuronal nets and
notochord in embryonic developmental tissues showing their variable relative KS contents and the
presence of HNK-1 carbohydrate substitution in brain and notochordal aggrecan (e).
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4. Variation in the CS Chain Fine Structure with Development and Pathology in Health
and Disease

Several years ago [58,64,73], MAbs 3-B-3(—) and 7-D-4 were shown to identify chondrocyte-clusters
in pathological (osteoarthritic) canine and human articular cartilage. At that time, which pre-dated
knowledge of stem/progenitor cell niches in tissues, these cell-clusters were considered a classical
feature of the onset of late stage degenerative joint disease and were interpreted to indicate a failed,
late-stage, response to replace PGs in a matrix extensively degraded by matrix proteases. An alternative
explanation of this cellular phenomenon however has now emerged. It is now believed that these
“chondrocyte clusters” arise from adult stem/progenitor cell niches [74-77]. The 3-B-3(-), 4-C-3 and
7-D-4 CS sulphation motifs also occur in foetal development and are markers of anabolic processes in
transitional tissues (Figure 2a,d). Animportant feature of the stem/progenitor cell niche is the sulphation
of the PG GAG side chains (Figure 1a,f). Variable expression of GAG sulphotransferases and glycosyl
transferases in stem/progenitor cell niches (Figure 2a,c,d) supports such an interpretation [78-80].
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Cell clusters have also been shown to express Notch 1 and CD166, biomarkers that are synonymous
with the stem cell niche [74,81].

5. Effects of Modulation of CS Sulphation on Gene Expression and Cartilage Development

In chondrocyte cultures, p-nitrophenyl xyloside (PNPX) acts as a competitive acceptor of CS5/DS
substitution on PG core proteins [82]. PNPX treatment reduces SOX-9, aggrecan and collagen type
II gene expression, levels of collagen type II protein synthesis and PG sulphation. It also leads to
delayed expression of native CS/DS sulphation motif epitopes and delayed chondrogenic differentiation
of bovine MSCs accompanied with reduced tissue development. While the precise role of native
CS sulphation motifs identified by MAb 3-B-3(-), 4-C-3, 7-D-4 and 6-C-3 in transitional tissues
are not known, they appear to be of importance in the initial stages of chondrogenesis and their
distribution patterns indicate they have roles in morphogenetic signalling through the capture and
cellular presentation of soluble bioactive molecules (growth factors, morphogens, etc.) of importance
in tissue development and morphogenesis [51,58-60,83] (Figure 2a,c,d).

6. Aggrecans Roles in Articular Cartilage, Fibrocartilages, Heart and Neural Tissues

Aggrecan is a large KS and CS substituted lectican PG family member with important space filling
and water imbibing properties. In weight-bearing articular cartilages aggrecan forms macro-aggregate
structures through interaction of its N-terminal G1 domain with hyaluronan and link protein [2,5,6].
Aggrecan-HA aggregates have important water-imbibing properties that entrap water in tissues
in a dynamic manner. These properties allow the aggrecan-rich tissues to resist compression and
equips articulating tissues in synovial joints with their weight-bearing properties. Cartilage is also
self-lubricating through moisture expelled at the cartilage surface when the joint is loaded arising
from aggrecan associated water molecules. This is a dynamic process with moisture returning to
the cartilage when load is reduced or removed from the joint. Aggrecan is widely distributed in the
articular hyaline cartilages of diarthrodial joints, but also occurs in the elastic and fibrocartilages of rib,
nasal and tracheal cartilages, larynx, outer ear and the epiglottis [84-87]. Aggrecan is also important
in foetal heart development and is a functional ECM component, which contributes to the resilience
of the endocardium, myocardium, epicardium and valve leaflets of mature heart tissue [17,88].
Aggrecan is also found in the CNS and PNS in perineuronal net (PNNs) structures. These are
aggrecan-HA-tenascin C aggregate structures which localise around neurons during development,
and are specialised forms of neural extracellular matrix (ECM), which have neuroprotective roles
and control synaptic plasticity [20,21,89]. Several studies show that, similar to notochordal aggrecan,
brain aggrecan does not contain KS; however since most of these studies were conducted in mice and
murine cartilage aggrecan does not contain KS, the significance of this statement needs to be carefully
evaluated [90-92]. Further studies on bovine, ovine and human aggrecan have shown that, while KS is
present on brain aggrecan, its content is significantly reduced compared to cartilage aggrecan [90,92-94]
(Figure 3e). The hydrodynamic size of brain aggrecan is smaller both due to this absence of KS chains
and replacement of CS chains with the HNK-1 trisaccharide. Embryonic chick cartilage aggrecan
contains KS however notochordal aggrecan does not. HNK-1 aggrecan is also found in early embryonic
cartilage rudiments but it disappears with tissue maturation.

The notochord is a full-length embryonic midline structure found in the Chordata [95].
In vertebrates, the notochord is critical for development and defines the major axis of the embryo [96].
The notochord is a source of developmental signals that regulate the patterning of tissues surrounding
the notochord [97]. Hedgehog proteins (Shh, Ihh and Dhh) secreted by the notochord are central
regulators of embryonic development [98] and control the patterning of tissues and proliferation of cell
populations which form a wide variety of organs including the brain, heart and kidneys. Aggrecan
interacts with the hedgehog morphogens and has key roles in the regulation of cellular proliferation
and tissue development by embryonic NCCs in these tissues. Morphogens orchestrate the actions
of progenitor cell populations through the regulation of cellular behaviours including migration,
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proliferation and matrix deposition into the axial embryonic tissues and in the patterning of the
surrounding connective tissues.

7. Co-Ordination of Weight-Bearing and Tension-Bearing Properties in Tissues

Aggrecan equips tissues with an ability to withstand compressive loads and provides mechanical
support to elastic and collagenous fibre networks within tissues. These supporting fibre networks
provide mainly tensile strength within tissues and are weak in compression. The hydrodynamic
space-filling properties conferred by aggrecan therefore allow these tissues to function optimally to
resist tensional and shear stresses as well as providing elastic and compressive resilience. Elastic
fibrillar structures control reversible tissue deformation providing elasticity to otherwise largely
inextensible collagen rich tissues such as cartilage [99-102]. Historically, the major emphasis of many
aggrecan studies were aimed at understanding how aggrecan conveyed functional properties to the
weight-bearing articular tissues of diarthrodial joints. The importance of the high fixed charge density
of the aggrecan GAG side chains became apparent as an important contributor to the osmotically driven
hydration of cartilage which equipped it with the ability to withstand compressive loads [103,104].
However, a few careful studies on aggrecan GAG composition and structure during development,
maturation and degeneration also provided important functional information on the GAG side chains
of aggrecan. These studies established the importance of GAG sulphation as a functional determinant
required not only for aggrecans role in weight bearing but also equip aggrecan with cell directive
properties and an ability to interact with morphogens, growth factors and cytokines of importance in
tissue development [27,61,105,106].

8. Modifications to Aggrecan Side Chain Structure Modifies Its Functional Properties in Tissues

In adult articular cartilage, aggrecan contains ~100 CS and ~25-30 KS chains, which collectively
represent ~90% of the mass of this PG [4]. CS is the predominant GAG in aggrecan and is localised
on the C-terminal half of the core protein in so-called CS1 and CS2 domains (Figure 3). KS is also
present in a KS rich region between the N-terminal globular domains and the CS rich region. These are
O-linked through Serine residues to the aggrecan core-protein and have been classified as KS-II
chains [2,107]. Complete sequencing of the murine core protein [108,109] shows that it does not contain
the consensus sequences for attachment of KS as found in human aggrecan core protein (E-(E K)-P-F-P-S
or E-E-P-(S,F)-P-S) [8,110,111]. Humans and bovine aggrecans contain a 4-23 hexapeptide repeat
segment where KS is attached, while rats and other rodents lack this region [110,111]. Rodent aggrecan
is truncated in the KS rich region thus does not contain a KS rich region such as that found in human or
bovine aggrecan. Rodent aggrecan does however contain small N- and O- linked KS chains in the G1,
G2 and interglobular domain (IGD); IGD KS chains have been proposed to potentiate aggrecanolysis
by ADAMTS4 and ADAMTS5 [112]. The lack of a KS rich region in mouse aggrecan does not appear
to be detrimental to its normal properties in mouse articular cartilage.

While much still needs to be learnt of the specific roles played by KS in aggrecan, much has already
been uncovered about the interactive properties of this GAG in a number of physiological processes
in the last decade. Corneal KS-I is interactive with a number of cell stimulatory molecules [113]
such as insulin-like growth factor binding protein-2 (IGFBP2) [114], SHH, FGF1 and FGF2 [115-118].
A proteomics and microarray screen of 8268 proteins and secondary screen of 85 extracellular nerve
growth factor epitopes using surface plasmon resonance, micro-array and microsequencing has
shown that KS-I interacted with 217 proteins including 75 kinases, membrane and secreted proteins,
cytoskeletal proteins, nerve regulatory proteins and nerve receptor proteins [113]. In comparison,
chondroitin-4-sulphate interacted with 24 proteins including 10 kinases and 2 cell surface proteins
in the same microarrays. Confirmation of these interactions by surface plasmon resonance allowed
binding constants to be calculated and the validity of these putative interactions to be determined. Of 85
ECM nerve-related epitopes, KS-I bound 40 proteins, including Slit, two Robos, nine Eph receptors,
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eight Ephrins, eight Semaphorins and two nerve growth factor receptors. It has yet to be ascertained
however if the KS-II chains of aggrecan have similar interactive properties as KS-I.

Antibodies which detect low sulphation KS motifs have now been developed (reviewed in [119])
and have demonstrated KS in a number of tissues previously thought to be KS deficient after labelling
with mAbs such as 5-D-4, which is specific for highly sulphated KS epitopes [120]. Roles are emerging
for low sulphation KS-epitopes in electro-sensory processes [69,115,121]. Neural tissues are the second
richest source of KS in the human body after the cornea [69,115].

While aggrecan has important interactions with growth factors and morphogens which direct
chondrocyte proliferation and differentiation in cartilage development and maturational processes
essential in endochondral ossification and skeletogenesis, it also has important functional roles to play
in weight-bearing and in the stabilisation of the cartilage ECM. Aggrecan, as its name indicates, forms
massive mega Dalton aggregate ternary complexes via interaction of its N-terminal HA binding G1
domain with hyaluronan (HA) stabilised by cartilage link protein which shares homology with the G1
domain and also has HA binding properties [2,4,107]. The G3 domain of aggrecan also interacts with
tenascin-C via its fibronectin type III repeats, which have lectin binding activity, and these interact with
the C-type lectin motifs on the aggrecan G3 domain [19,122-124]. Tenascin-C, R, Fibulin-1 and fibulin-2
also bind to the cartilage aggrecan G3 domain through interactions with its C-type lectin and EGF
domains of G3 [15]. The C-type lectin of the aggrecan G3 domain also interacts with cells and activates
the Complement system [124]. Complement is a defence system against foreign pathogens and aids
in the removal of dying cells, immune-complexes, misfolded proteins and invading microbes [125].
Excessive complement activation can exacerbate autoimmune disorders and pathological inflammatory
conditions such as rheumatoid arthritis (RA) [126]. Complexes of matrilin-1 and -3 and biglycan
or decorin also connect collagen VI microfibrils to collagen II and aggrecan [127], forming a link
between the PG and fibrillar collagenous networks in cartilage and IVD [1,3,5]. Cartilage oligomeric
protein (COMP and TSP-5) also binds to aggrecan, providing an extended co-operative network in
cartilage [128], which helps to distribute loading stresses throughout this tissue avoiding the point
loading which can be damaging to ECM components [3]. This extended collagen—aggrecan network
also provides a mechanosensory biosensor system extending far from the cell through the interstitial
and inter-territorial matrix, which allows the chondrocyte to perceive and respond to perturbations
not only in its local mechanical microenvironment but also to more remote cartilage regions to regulate
tissue homeostasis and optimal tissue functional properties [1,3].

The essential role of aggrecan to cartilage function is well illustrated in a naturally occurring
Cmd (cartilage matrix deficient) mutant mouse [129], which has a single 7 bp deletion in exon 5
of the aggrecan gene which encodes the B loop of the G1 domain of aggrecan [130]. Homozygote
(cmd/cmd) mice display dwarf-like features, spinal deformity, chondrodysplasia, abnormal collagen
fibrillogenesis, a cleft palate [130], deafness [131] and die shortly after birth due to respiratory
failure [132]. The articular cartilage of the Cmd~/Cmd™ mouse displays tightly packed chondrocytes
surrounded by little matrix; growth plate cartilage contains chondrocytes arranged in disorganised
columns of diminished length in severely diminished proliferative, pre-hypertrophic zones consistent
with the reduced proportions of these mice [132] (Figure 4a). Cultured nanomelic chick chondrocytes
synthesise a truncated aggrecan core protein precursor [133] due to a premature stop codon, and this
is not translocated to the Golgi apparatus for processing, which leads to an absence of aggrecan
in nanomelic cartilage, chondrodysplasia, disrupted organisation of the hyaline and growth plate
cartilages, severely diminishing skeletal stature [134-137] (Figure 4b).

While the role of the KS chains in the G1 and G2 domains of aggrecan is largely unknown,
some G1 KS chains have been found to sterically obscure an N-terminal T cell attachment site in
aggrecan and have a protective effect over autoinflammatory conditions arising from fragmentation of
aggrecan (Figure 5a,b). Further T cell interactive sites in the G3 domain of aggrecan have also been
identified which may contribute to auto-inflammatory arthritic conditions [138-140]. These G1 KS
chains suppress a T cell mediated response initiated by free G1 when it is used as an arthritogen in
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models of inflammatory arthritis [138-142]. KS chains in the IGD also potentiate aggrecanase activity
in this region of the core protein [143]. A few KS chains are also interspersed within the CS rich region.
KS-II chains in aggrecan from weight-bearing tissues such as articular cartilage and IVD contain
1-3 fucose and 2-6 N-acetyl-neuraminic acid residues [119]; however, these modifications in KS are
absent in aggrecan from non-weight-bearing nasal and tracheal cartilage [144]. The significance of
these KS modifications and why they only occur in aggrecan from weight-bearing tissues is unknown;
antibody 3D12/H7 identifies these KS chains embedded in the CS rich region [145] but they do not
share immunological identify with KS chains in the KS rich region. This KS epitope contains three
sulphate groups and two fucose residues on GIcNAc residues in a branched fucosylated sialo-KS
structure of unknown function.

Cmdmouse A
Wild type cmd®/cmd®e

§ Ty
@ "2
ST 3y )

Col2al

ISHWT and Nanomelic chick bl Nanomelic Chick B.
FGFR3 Coll X Ihh wild type g7 Nanomelia
E12 Wild type S 53

Figure 4. Demonstration of the modulation of growth plate cartilage morphogenesis by aggrecan
in wild type (WT) (A) (a—h) and nanomelic E7-E12 chick tibia (B) (a-r). The ISH images presented
demonstrate the expression of: FGFR3 (a); type X collagen (b); and Indian Hedgehog (IHH) (c) in WT
(a—c); and nanomelic growth plate (d-f) in E12 (a—f); E7 (g-1); and E8 chick tibia (m-r). Images modified
from [134] with permission using open access.
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Figure 5. Structural organisation of aggrecan depicting the CS, KS and HS GAG chain distributions (a)
and T cell receptor epitopes on the G1 and G3 globular domains (b). The aggrecanopathies showing
regions of aggrecan affected by these mutations and the diseases that result (c).

Several mutations in the aggrecan gene have been documented, which affect variable regions in
the aggrecan core protein leading to a number of conditions collectively termed the aggrecanopathies
(Figure 5c) [146,147]. The aggrecanopathies are a spectrum of non-lethal skeletal dysplasias including
spondyloepimetaphyseal (SEMD) and spondyloepiphyseal dysplasia (SED), osteochondritis dissecans
(OCD) and a number of accelerated bone maturation disorders that result in short stature and
idiopathic short stature (ISS) [146,148]. Skeletal abnormalities are also prominent features of animal
models which display deficient levels of cartilage aggrecan such as the Cmd mouse [129,130] or
nanomelic chick [137,149]. Brachymorphism [150] also results in reduced PAPS levels, and the
aggrecan synthesised is deficiently sulphated and functionally impaired, resulting in abnormal skull
development and short squat skeletal frames [151-153]. Manipulation of the diastrophic dysplasia
sulphate-transporter gene (DDST) also results in the synthesis of aggrecan with deficient sulphation
levels and a variety of skeletal abnormalities such as short stature and joint dysplasia in diastrophic
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dysplasia [151], micromelia in atelosteogenesis Type II [152] and short skeletal proportions due to
aberrant trunk and extremity development in achondrogenesis Type IL. Heterozygous ACAN mutations
result in a phenotypic spectrum of skeletal abnormalities including short stature, accelerated bone
maturation, early growth cessation, poor responsiveness to human growth hormone, brachydactyly,
early-onset OA and susceptibility to the development of degenerative disc disease due to dysfunctional
articular cartilage and IVD tissues [147,154-156]. Osteochondritis dissecans (OCD) is a disabling
condition characterised by abnormal deposition of aggrecan in cartilage and the appearance of cracks
in the cartilage and subchondral bone. This condition effects juveniles and adults but its aetiology
is unknown. Trauma has been suggested as a predisposing factor in juveniles and recent genomic
wide studies have identified a cluster of genes associated with this condition suggesting that it may
also have a genetic basis [157-159]. Several skeletal dysplasias have been shown to be due to a
constitutively activated mutation in a transient receptor potential vanilloid 4 (TRPV4) cation channel
protein [160-164]. This results in abnormal cation mediated cell signalling by chondrocytes and altered
regulation by BMP2 and TGFp1 activity [164].

Aggrecan is required for correct growth plate cytoarchitecture and differentiation, endochondral
ossification and skeletogenesis [165]. The CS side chains of aggrecan make important contributions
to this process and their sulphation status is an important functional determinant [60]. Six CS
N-acetylgalactosaminyltransferases (t1-t6) have been described. Initial stages of CS sulphation
is undertaken by t1 and t2; t1 and t2 double knockout mice display shortened growth plates,
distorted hypertrophic growth plate regions, reduced growth plate chondrocyte proliferation, type X
expression, dwarfism, disruption in the postnatal formation of the secondary ossification centres and
chondrodysplasia; this is lethal postnatally [166] (Figure 8). Aggrecan aggregates are also formed in
the CNS and PNS stabilised by interaction with tenascin-C and tenascin-R, HA and a brain specific link
protein variant Bral-1 (HAPLN2) to form perineuronal nets (PNNs), which are structures assembled
around neurons (Figure 7) that scavenge oxygen free radicals in neural tissues thus preventing
oxidative stress [19,20,93,167-169]. Brain tissue is fatty acid rich and prone to oxidative damage,
which produces reactive species that detrimentally affect mitochondrial activity in neurons. Brain tissue
is metabolically demanding and requires optimal mitochondrial activity to ensure energy production
to power neuronal signalling.

WT t1/t2 DKO

WT

Figure 6. Chondroitin sulphate N-acetylgalactosaminyltransferase-1 and -2 (T1/2) knockout induces
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dwarfism in mice and altered cartilage structural organisation of the femoral condyle, its ossification
centre and growth plate in wild type mice (a,c,e) and T1/2 knockout mice (b,d,f). The boxed area in
(c,d) is depicted at higher magnification in (e,f). Safarin O-Fast green stain depicting aggrecan GAG
distribution. Arrows depict normal ossification centre in (c) and abnormal structural organisation in
T1/2 knockout mice in (d,f). Figure modified from [166]. Figure reproduced under the terms of the
Creative Commons Attribution Licence Copyright: 2017 Shimbo et al. [166].
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Figure 7. Visualisation of: perineuronal net structures (a,b); vascular features (c); and ganglion cells

(d,e) in cerebellum and dorsal root ganglia using MADb 1B5 in confocal images. Immunolocalisation
of CS Isomer 1B5 in paraformaldehyde fixed 20-pum cryo-sections of 24-month-old Wistar rat brain
and lumbar dorsal root ganglia. Confocal z-stacked images of IB5 CS stub epitope generated by
chondroitinase ABC digestion using Alexa 488 secondary antibody for detection and propidium iodide
nuclear counterstain, mounted under coverslips using Vectasheld mountant. Images courtesy of Prof
B. Caterson, University of Cardiff. Copyright Caterson, Hayes 2012 (a—f). Immunolocalisation of
perineuronal nets surrounding isolated neurons in murine visual cortex using: antibody to parvalbumin
(g,1); Wisteria floribunda lectin (h); and in a merged image (j). A schematic model of the perineuronal
net structure in the boxed area in (k) showing its constituent lectican proteoglycans (aggrecan, versican,
neurocan and brevican) interacting with tenascin hexabrachion and hyaluronan to form an aggregate
structure stabilised by link protein. A key is provided to explain items in (k,1). Figure modified
from [170] under Open Access under the auspices of a Creative Commons Attribution License.
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9. Aggrecan-GAG Interactions Are of Importance in Heart Development

During early embryonic development, ectodermal NC cells migrate to form the neural tube and
notochord under the direction of HNK-1 substituted aggrecan. This HNK-1 substituted form localises
to the peri-notochordal space where its repulsive cell interactive properties guide the NC cells to
form the notochord in a co-ordinated pattern-dependant manner (Figure 9). Equally impressive is the
direction of assembly of tissue structures through HNK-1 aggrecan with NC cells migrating outwards
along specific guidance tracts to form the cardiac neural crest region and the cardiac septae, outflow
tracts and aortic arches [171] (Figure 9). Development of the heart valves and cardiac muscle with
electroconductive properties from the endocardial cushions is also regulated by distinct spatiotemporal
distributions of aggrecan and versican [16,172]. Heart tissues have remarkable mechanical properties
of elasticity, compressibility, stiffness, strength and durability achieved through careful guidance of
cell-mediated ECM assembly of collagen fibril and versican- and aggrecan-rich tissue regions to provide
these tissues with highly specialised functional properties. Cardiac tissues are electroconductive and
the charge transfer properties of GAG side chains of heart PGs may contribute to tissue properties in a
similar manner to how electrosensory properties are conveyed to neural tissues. Similar developmental
processes are also evident in the formation of cartilage, tendon and bone using the same ECM
components but in a different manner to effect specialised tissue function [11]. The development of
co-ordinated electroconductive cardiomyocyte networks with synchronised pulsatile properties is a
particularly impressive achievement [173,174]. The properties of the heart valves and heart strings
are equally important to heart function and these have material properties more similar to cartilage
and tendon. It is not surprising therefore that aggrecan and transcription factors such as Sox 2, Sox 9
and growth factors/morphogens such as FGFs/BMPs play such prominent roles in the development of
cardiac tissues [11].

Figure 8. Demonstration of: Sox 10 (a,e); Seraf (b); and HNK-1 epitope (c,d) expression in migratory
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neural crest cells (a,c) and in whole mount chick embryos (b,d,e). (a,c,d) In-situ hybridisation images.
(b,e) Immunolocalisations with specific antibodies. Seraf (Schwann cell-specific EGF-like repeat
autocrine factor) is a unique protein expressed by avian embryo Schwann cell precursor cells [175].
Images reproduced from [176] under the auspices of attribution-non-commercial-no derivatives 4.0
international licence (CC BY-NC-ND 4.0).
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Figure 9. Fluorescent immunolocalisation of HNK-1 and aggrecan S103L epitope in 2-5-day-old chick
trunk sections associated with the neural tube (NT) and notochord (N) development (a,b) and in
Western blots (c) of purified chick notochordal and cartilage aggrecan. Keratan sulphate was also

5-D-

immunolocalised on blots using MAb 5-D-4. Notochordal aggrecan was S103L and HNK-1 positive but
did not contain KS and was of a smaller molecular weight; the 400-kDa cartilage aggrecan species was
not detected. Cartilage aggrecan did not stain with the HNK-1 antibody. The S103L antibody identifies
the sequence XXX Glu Ileu Ser Gly Phe Leu Ser Gly Asp Arg®!® in the CS attachment domain of
aggrecan. Images reproduced from [177-179].
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The calcineurin/nuclear factor of activated T cells (NFatcl), which regulates osteoclast
differentiation [180], is also required for valve formation [181,182]. Myocyte-specific enhancer factor
2C (Mef2c), a master transcription factor which regulates hypertrophy and osteogenic differentiation
of chondrocytes [183], is also essential for normal cardiovascular development, and loss of function
mutations in Mef2c contribute to congenital heart defects [184]. Moreover, activated BMP signalling
has been shown to increase expression of cartilage and bone-type collagens, and increased expression of
the osteogenic marker Runt-related transcription factor 2 (Runx2)/core-binding factor subunit alpha-1
(CBF «-1) is observed in adult aortic valve disease [185]. Thus, there is considerable overlap in cartilage
synonymous transcriptional factors in the integrated development of functional heart tissues. The cell
directive properties of HNK-1 aggrecan not only makes a particularly important contribution to the
sculpting of embryonic cardiac tissues but it is also a functional component of these tissues.

10. Aggrecan and Cellular Regulation

The form of aggrecan present in the notochord does not contain KS but contains the HNK-1
trisaccharide recognition motif [92] (Figure 3b,e). S103L reactive aggrecan is prominent in the
peri-notochordal space and its inhibitory properties on NC cells instructively guides their migration
during formation of the neural tube and notochord [90,91] (Figure 9). The absence of KS on aggrecan is
not without precedent. Rodent aggrecan has a truncated core protein and also does not contain a KS
rich region; however, this is not detrimental to its weight-bearing properties in cartilage or the turnover
of aggrecan by MMPs in these tissues. Rodent aggrecan contains small O- and N-linked KS chains in
the G1, IGD and G2 domain described in human aggrecan with roles in the potentiation of ADAMTS-4
and -5 activity. Some studies have also reported the existence of populations of aggrecan devoid of KS
in brain tissues based on an absence of reactivity with 5D4 anti-KS antibody, although their detailed
characterisations have yet to be provided. Aggrecan expressed by embryonic glial cells in the brain
is an astrocyte developmental regulator [186]. Chick aggrecan nanomelia mutants display marked
increases in the expression of astrocyte differentiation genes in the absence of extracellular aggrecan
indicating that aggrecan regulates astrocyte differentiation and controls glial cell maturation during
brain development [186]. Heavily sulphated CS chains on aggrecan and other PGs can bind the midkine
family members (midkine and pleiotrophin), and some FGF family members (FGF-1, -2, -16 and -18)
provide clues as to how they influence cellular processes [48,187]. Appican in brain tissue [188], a CS-PG
synthesised by astrocytes but not by neurons [189], contains embedded CS-E motifs [190] within
their CS side chains which interact with heparin-binding neuroregulatory factors [187]. Expression of
Appican by astrocytes induces morphological changes in C6 glioma cells and promotes adhesion of
neural cells to the ECM [191].

In articular cartilage, the CS chains of aggrecan have major roles in the attraction of water into
this tissue which forms the basis of its hydrodynamic viscoelastic properties as a weight-bearing
tissue. However the non-reducing terminal regions of the CS chains of aggrecan from articular and
growth plate cartilages also contain 4, 6-disulphated CS, and these are likely binding candidates
for morphogenetic proteins which show a similar distribution to aggrecan in these tissues [192].
BMP-2, FGFR-3 and IHH co-distribute in growth plate cartilage with the pre-hypertrophic cells [193].
BMP-2, BMP-4 and dual BMP-2/4 knockout mice have severely disturbed shortened growth plate
organisation due to decreased chondrocyte proliferation and increased apoptosis [194-196]. Type X
collagen expression is also severely down regulated as is MMP-13 expression in BMP-2/4 KO mice.

11. Role of IHH in Chondrogenesis

Indian hedgehog (Ihh) [197], a member of the hedgehog protein family along with sonic hedgehog
(Shh) [198], regulates chondrocyte differentiation, proliferation and maturation in articular cartilage
development [199] and during endochondral ossification through interactions with parathyroid
hormone-related peptide (PTHrP) [200] and BMP mediated cell signalling [201]. Ihh has multiple
functions during skeletogenesis [202-204]. Mice lacking the Ihh gene exhibit severe skeletal
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abnormalities, including markedly reduced chondrocyte proliferation and abnormal maturation
and an absence of mature osteoblasts, which has detrimental effects on bone development [205].
Ihh and its receptor, smoothened (smo), are expressed in chondrocytes and osteoblasts thus Ihh may
have a direct effect on osteoblasts, or its effects may be mediated indirectly through chondrocytes
during the process of endochondral ossification.

IHH colocalises with aggrecan in the growth plate (Figure 4A,B; plate A g; B ¢,f). Aggrecan
regulates the expression of growth factors and signalling molecules during cartilage development
and is essential for proper chondrocyte organisation, morphology and survival during formation of
the axial skeleton. The sulphated GAGs of the CS and KS side chains of aggrecan provide water
imbibing properties creating a large hydrophilic molecule important for the hydration of cartilage
and the provision of its hydrodynamic weight-bearing properties but also bind growth factors and
morphogens crucial to chondrocyte maturation and function [27,206]. Thus, aggrecan should not be
considered merely as a space-filling ECM component that provides hydration and weight-bearing
properties to tissues but also a cell directive tissue organiser that is capable of modulating the activity
of growth factors and morphogenetic proteins, thus mediating tissue development. Indeed, aggrecan
knock-out mutants display a range of severe ECM defects, which supports this proposal [134,165].

12. HNK-1 Carbohydrate Epitope as a Recognition Motif

The human natural killer-1 (HNK-1) carbohydrate motif is a unique sulphated trisaccharide
of the structure SO4-3GlcA[31-3Gal31-4GIlcNAc, which is developmentally and spatially expressed
in a cell-type specific manner within the CNS (Figure 3a—d) [207]. HNK-1 is also a well-known
CNS glycoprotein epitope with essential roles to play in neural plasticity, higher brain function,
synaptic plasticity, spatial learning and memory. However, it is not limited to the CNS and also
displays specific localisations in other strategic locations elsewhere in the human body including in
the kidney [208], the heart [209,210], retina [211] and as a component of the PNNs identified in the
auditory system [212]. As a neural cell marker, HNK-1 plays crucial roles in cell migration and cellular
attachment during embryonic nerve development and formation of the notochord from the neural tube
(Figure 9). Carbohydrate—protein interactions between HNK-1 reactive sulpho-glucuronyl-glycolipids
and PG lectin domains mediate neuronal cell adhesion and neurite outgrowth [213-215]. Some laminin
isoforms also bind specifically to sulphated glycolipids [216] and are important in cell adhesion [215],
particularly in nerve development. Several neural cell-adhesion molecules contain the HNK-1
epitope including neural cell adhesion molecule (NCAM), myelin associated glycoprotein (MAG),
myelin basic protein (MBP), neural-glial adhesion molecule (Ng- CAM, L1), contactin, PO, Tenascin-C,
Tenascin-R. Sub-populations of the enzymes N-acetylcholinesterase and 5’-nucleotidease also contain
the NHK-1 epitope, which is important in their localisation in synaptic vesicles and membranes.
Acetyl cholinesterase and 5'-nucleotidase are GPI anchored ecto-enzymes of high catalytic efficiency.
Acetylcholinesterase cleaves the neurotransmitter acetylcholine in the neuromuscular junction (NMJ)
and this allows muscles to return to a relaxed state following contraction. Acetylcholinesterase cleaves
in excess of 5000 molecules of acetylcholine/s per molecule of enzyme. Without such an efficient
enzymatic system and co-ordinated expression of neurotransmitters in the NMJ, muscles would be
tensed and relaxed in an uncoordinated manner and movements would be jerky and irregular as
evident in neuromuscular disorders such as Parkinson’s disease or the spastic paralysis evident in
Schwartz-Jampel Syndrome. It is not surprising therefore that the expression of NHK-1 is under strict
spatial and temporal regulation on migrating neural crest cells, cerebellum, myelinating Schwann
cells and motor neurons but not on sensory neurons. A form of HNK-1 substituted aggrecan is
synthesised in the notochord and in early foetal rudiment cartilage [90,92] (Figure 9a,b). HNK-1
has been immunolocalised to the electro-receptors of the shark and electric organs of the electric eel
(Electrophorus electricus), electric catfish (Malapterurus electricus) and electric ray (Torpedo marmorata).
HNK-1 has also been mapped to electroconductive tissue during human foetal heart development
and is expressed by cultured cardiomyocytes leading to the development of smart electroconductive
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polymers for applications in regenerative medicine [217]. HNK-1 sulphotransferase (HNK-1ST)
catalyses the transfer of sulphate to position 3 of terminal glucuronic acid in protein and lipid linked
oligosaccharides carried by many neural recognition molecules [218,219]. These facilitate cellular
interactions during CNS development and in synaptic plasticity. HNK-1 ST acts in combination
with two other glucuronyl transferases (GlcAT-P and GIcAT-S) to form a heteromeric complex in the
biosynthesis of the HNK-1 trisaccharide epitope [220,221]. HNK-1 ST suppresses the glycosylation of
a-dystroglycan in sub-populations of melanoma cells in a number of tissues where neither GlcAT-P
nor GIcAT-S is expressed, and this reduces the ligand binding capability of x-dystroglycan establishing
a tumour suppressor role for HNK-1 ST in melanoma. The HNK-1 epitopes of acetylcholinesterase
and 5’-nucleotidase have roles in cell-cell and cell-matrix communication independent of their
enzymatic activities.

HNK-1 (504-3GlcA31-3Gal 31-4GlcNAc) is expressed on N-linked and O-mannose linked glycans
in the nervous system. Several proteoglycans bear the HNK-1 epitope including phosphacan and
aggrecan (Figure 3b,c). NHK-1 sulphotransferase can utilise the xylose-galactose-galactose-glucuronic
acid linkage tetrasaccharide as acceptor to attach the 3-O sulphate group to the non-reducing glucuronic
acid residue [222] but in so doing inhibits further CS chain elongation; thus, aggrecan substituted
with HNK-1 has a lower density of CS chains and has a reduced hydrodynamic size compared to
cartilage aggrecan [220,222]. Phosphacan occurs as a soluble PG and as a variant protein tyrosine
phosphatase which contains KS and CS side chains in addition to HNK-1 carbohydrate. The HNK-1
motif in phosphacan is O-mannose linked through an Asn on the core protein. Notochordal and early
rudiment cartilage cells synthesise a form of aggrecan substituted with the HNK-1 epitope, but this
disappears in later stages of skeletal development (Section 9 and Figure 9).

The HNK-1 substituted Tenascin-R and -C splice variant multimeric ECM glycoproteins contain
multiple FNIII and EGF repeats and a fibrinogen domain which are interactive with the C type lectin
domains of the lectican CS PG family in brain [223,224]. Tenascin-R is a major component of the PNNs
which surround neurons in the brain, spinal cord and in specific areas of the hippocampus [225].
Perineuronal nets consist of the lectican CS-PGs assembled into extracellular networks through
interaction with HA and link proteins cross-linked by Tenascin-R and are linked to neurons through
their C-terminal domains, endowing them with neuroprotective properties [226] (Figure 7a—e k).

13. The Therapeutic Potential of Aggrecan and Its GAG Side Chain Components

13.1. Analysis of Cartilage Aggrecan and Its GAG Side Chains

As already shown in this review, aggrecan is a large specialised protein which provides
weight-bearing or space-filling properties to cartilaginous tissues through its large solvation volume
and ability to imbibe water. Cartilage aggrecan has a core protein of ~250 kDa and contains ~100 CS
and 25-30 KS side chains, which collectively represent ~90% of its mass. As also shown in this review,
aggrecan forms also exist in specialised tissue niches and in developmental contexts which do not
contain KS or have some CS chains replaced by the HNK-1 trisaccharide which result in changes in
aggrecan’s interactive properties. Murine aggrecan contains a truncated core protein and is devoid of
a KS rich region; however, this does not impede its functional properties in murine cartilage or the
normal turn-over of this proteoglycan. Thus, the functional importance of KS in human aggrecan
is unknown at present and the need for two GAG types in aggrecan is a question which has yet
to be answered. While corneal KS-I has interactive properties with a range of neuron associated
proteins [113,119] such as SHH, FGF-1 and FGF-2 [117], it is not known if the KS-II chains of aggrecan
share this property. KS-II differs from KS-I in its capping modifications with L-fucose and N-acetyl
neuraminic acid [119], which render KS-1I resistant to total depolymerisation by keratanase-I and II
and endo-f3-p-galactosidase apparently through steric constraints which prevent access of these KS
depolymerising enzymes to KS substrate, KS-I is totally depolymerised under the same digestion
conditions thus significant differences exist between KS-I and KS-1I [227]. This could also sterically
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impede potential interactions of KS-II with other ligands. Furthermore, cartilage aggrecan also contains
a few KS chains interspersed within its CS-1 and CS-2 rich regions. An antibody to these KS chains,
(MADb 3D12/H7) identifies trisulphated fucosylated and poly-N-acetyllactosamine modifications in
the KS linkage regions in these KS chains to aggrecan core protein [145]. These 3D12/H7 positive KS
chains do not share immunological identity with the KS-II chains of the KS rich region of aggrecan
however their functional properties still have to be ascertained.

To understand the properties of the aggrecan side chain GAGs and how these may contribute to
the properties of aggrecan, methods have been developed to isolate aggrecan and its GAG side chains
from cartilaginous tissues.

13.2. Aggrecan Isolation Procedures

To isolate aggrecan from cartilage for analysis, it must be dissociated from its ternary complex
formation with HA and link protein. This is achieved by using chaotropic agents such as guanidinium
hydrochloride (GuHCl), which disrupts the water structure of the tissue, opens up the dense collagenous
structure allowing dissociation of the aggrecan—-HA-link protein complexes and release of aggrecan
monomer which diffuses out of the tissue and is recovered in the extraction solution [228]. Cartilage is
initially diced into small pieces to reduce the diffusive pathways out of the tissue for effective extraction;
broad spectrum protease inhibitors covering all four mechanistic classes of proteases are included
in the extraction solution to protect the aggrecan from proteolysis. Homogenisation procedures,
which are commonly used in the extraction of proteins from other soft connective tissues, cannot
be used for the isolation of aggrecan in an intact form since their high shear forces fragment the
aggrecan. The cartilage extract can then be subjected to anion exchange chromatography on support
matrices derivatised with anionic ligands such as diethylaminoethyl (DEAE) or sulphopropyl [229],
dissociative size exclusion chromatography in 4-M GuHCI containing buffers using open pore gel
chromatographic media such as Sephacryl or Sepharose CL2B [230], or density gradient equilibrium
isopycnic ultracentrifugation in high concentrations of CsCl [231]. This latter procedure relies on
aggrecan’s high buoyant density in CsCl gradients of >1.55 g/mL to isolate aggrecan; while extracted
proteins typically have buoyant densities of 1.3-1.35 g/mL, HA has a buoyant density of 1.4-1.45 g/mL.
Density gradient ultracentrifugation can be conducted in the presence of 4M GuHCl to ensure aggrecan
is isolated free of other interactive components also present in the cartilage extract [231,232].

13.3. Analysis of Aggrecan’s GAG Side Chains

The CS chains of aggrecan are primarily of interest since these make a major contribution to
aggrecans physicochemical and biological properties in tissues, whereas the function of the more minor
KS chains are currently not known and thus are of lesser interest [116,233-235]. Several qualitative
and quantitative methods have been developed for the discriminative measurement of intact GAG
chains, including dye specific, thin layer chromatography (TLC), capillary electrophoresis [236-238],
high-performance liquid chromatography (HPLC), various mass-spectrophotometric formats including
liquid chromatography—tandem mass spectrometry (LC-MS/MS) [239-241], gas chromatography,
enzyme linked immunosorption analysis (ELISA) using a wide array of anti-GAG antibodies,
GAG microarrays and automated high-throughput mass spectrometric methods. Electrophoretic
methods to separate intact GAG chains and GAG disaccharides generated by GAG depolymerising
enzymes by capillary electrophoresis and conventional slab gel formats use media such as highly
purified agaroses [242], polyacrylamide or mixtures of these as separation media. GAGs can
be descriminated enzymatically either by eliminative cleavage with lyases (EC 4.2.2.-) or by
hydrolytic cleavage with hydrolases (EC 3.2.1.-). These enzymes can be used in combination with
chromatographic or electrophoretic separation methodologies to identify GAG species [243-247].
Following electrophoresis, electroblotting of the separated GAGs can be employed to nylon or
nitrocellulose support membranes treated with cationic detergents. A large array of specific anti-GAG
antibodies can be used for identification of the blotted GAGs. In gel, detection of separated
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GAG disaccharides and oligosaccharide species can also be carried out using fluorophore assisted
carbohydrate electrophoresis (FACE) [248]. Capillary electrophoresis, has high resolving power
and sensitivity in the analysis of GAG composition, disaccharide sulphation patterns and sequence
analysis [236-238].

14. Evaluation of the Aggrecan Content and Distribution in Pathological Cartilage Using
Imaging Techniques

This review shows that aggrecan is an important functional component of articular cartilage and is
depleted in OA cartilage. Several non-invasive cartilage imaging procedures have been developed that
allow the assessment of the spatiotemporal distribution of aggrecan during OA disease progression.
MRI of articular cartilage (AC) has been applied to assess osteoarthritic changes occurring in cartilage
with the progression of OA. Traditional MRI evaluates AC morphology and measures cartilage thickness
over time [249]. More advanced MRI techniques can now be used to assess AC matrix composition
non-invasively to detect early articular changes. T2-mapping and T1p sequences estimate the relaxation
times of water inside AC and have found application in clinical protocols to assess cartilage changes in
OA [250]. Diffusion-weighted and diffusion tensor imaging can also be used to assess ECM changes in
AC since the movement of water in cartilage is affected by ECM composition and structure. Specific
imaging techniques that evaluate cartilage GAGs, such as delayed gadolinium enhanced MRI [251]
or Chemical Exchange Saturation Transfer [252,253] and sodium imaging [254,255] or PET (positron
emission tomography)-sodium imaging [256] have also shown utility in the non-invasive detection of
AC damage [257].

15. Tissue Therapeutic Interventions Involving CS

With the recent publication of the first draft of the GAG Interactome, the GAG—protein interactive
properties previously investigated [116,233] have now been extensively catalogued [235]. There are two
major areas of therapeutic application involving CS: (i) use of CS as a drug to treat OA cartilage depleted
of proteoglycans; and (ii) therapeutic use of CS-depolymerising enzymes to remove the CS side chains
of CS-PGs that are laid down in scar tissues, which stabilise spinal cord defects, neural damage in
the PNS and neural damage following brain trauma [243,258,259]. While CS-PGs are laid down in
neural scar tissues to stabilise the neural defects to prevent further mechanical damage at the defect
site, the CS side chains of these PGs inhibit neural outgrowth through the scar tissue, thus functional
recovery of the spinal cord or other traumatised neural tissues is prevented [260]. Chondroitinase ABC,
ACII and hyaluronidase-4 (HYAL4) [261], which is a CS hydrolase despite its misnaming, have all been
evaluated in models of spinal cord injury [262]. Removal of CS from the defect site by these enzymes
resulted in recovery of neural functional properties [260,263-265]. Acute trauma to the brain and upper
limbs resulting in neural damage have also been treated using chondroitinase ABC [266,267], resulting
in neural sprouting through the defect site [268] and functional recovery [269].

Chondroitin sulphate has been of interest as a therapeutic agent for the treatment of OA for at least
the last decade. A biochemical study in 2008 showed that CS interfered with progressive degenerative
structural changes in joint tissues and thus showed promise in the treatment of OA [270]. A review of
several CS preparations subsequently shows variable but generally positive responses in the treatment
of OA but emphasises the need for highly purified CS preparations to provide unequivocal results [271].
A further study with pharmaceutical grade CS subsequently confirmed that highly purified CS had
beneficial effects in the treatment of OA [272]. Continued assessment of highly purified pharmaceutical
grade CS and other CS preparations confirmed safety data on the use of pharmaceutical grade CS for
the treatment of OA and set down some guidelines for its use but indicated these were not applicable to
lower grade CS preparations [273]. A further study raised doubts on some therapeutic CS preparations
primarily focussing on the beneficial functions of CS-based therapeutic supplements and potential
harmful effects of some fucosylated CS preparations which may contaminate these in a similar manner
to the oversulphated CS species which have previously been identified, as contaminants in some
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heparin preparations [274]. A current study on highly purified therapeutic commercially available CS
(Condrosu1f®, IBSA, Biochimique, Lugano, Switzerland) and a literature review on its clinical efficacy
confirmed the reduced pain and improvements in joint function afforded by this preparation of CS to
OA patients [275]. Condrosulf® is a cost-effective and safe treatment for OA, efficacious after 30 days
of administration and has beneficial properties for at least the months after the drug is discontinued.
Full safety reports analyses confirmed the safety profile for CS. It has almost no side effects and shows
better gastrointestinal tolerance compared to conventional non-steroidal anti-inflammatory drugs
used to treat OA [275]. The beneficial properties of CS may explain the resurgence in the use of
PGs, recombinant PG sub-domains, GAG and PG mimetic, and the development of neo-PGs [276] for
therapeutic repair procedures. CS can also be used to stimulate stem cells and promote the attainment
of defined pluripotent stem cell lineages [277]. GAGs also have generalised properties which are useful
in tissue repair [278] and have been incorporated into a number of bioscaffolds to promote stem cell
regulation and to develop potential new tissue repair strategies (reviewed in [279]).

16. Conclusions

N-terminal interactions of aggrecan with HA forms macro-aggregate structures that are physically
entrapped within the type II collagen networks of cartilaginous tissues. These along with the C-terminal
G3 mediated interactions of aggrecan EGF-like, Complement-like and C-type lectin domains with
Type VI collagen lattices forms an extended tissue-wide cooperative network. This network provides a
bio-sensory platform that not only dissipates loading in cartilaginous tissues but also facilitates an
appropriate metabolic response by chondrocytes within the tissue to the loads they perceive to assemble
an optimal functional and protective matrix, thus preventing cellular damage through point loading.
Matrilin-3, SLRPs, COMP and fibulin also stabilise G3 interactions in this network. Collectively,
these N- and C-terminal interactions tether aggrecan at both ends in tissues where its dynamic water
imbibing properties with HA convey weight-bearing properties to tissues. In cartilaginous tissues,
incorporation of aggrecan into an extended mechano-transductive sensory network allows the resident
chondrocytes to perceive and respond to biomechanical changes to maintain biosynthetic responses
which ensure tissue homeostasis and optimal tissue properties. The interactive properties of the G1
domain of aggrecan with HA undergoes a maturational phase where initially it does not interact with
HA for 24 h which allows the newly secreted aggrecan to diffuse away from the cell into the interstitial
matrix, as confirmed through pulse-chase radiosulphate labelling experiments. Immunohistochemistry
also demonstrates a high density of aggrecan in the pericellular matrix around chondrocytes where
network formation transmits regulatory cues to the chondrocyte to effect tissue homeostasis and aid in
the stabilisation of cartilage. The variable functional attributes of aggrecan in particular tissue contexts
is due to the diverse structure of its attached glycan side chains, allowing it to act as a space-filling
molecule with an ability to entrap water in weight-bearing tissues such as articular cartilage and IVD
but also as an interactive molecule with morphogens, growth factors and cells in growth plate cartilage
and embryonic tissues. This functional diversity arises through substitution and post-translational
modifications of aggrecan’s attached GAG chains, for example post-translational modification of
CS can occur such as disulphation on some non-reducing termini or variation in the disaccharide
composition along the CS chain. These disulphated terminal groups regulate collagen fibrillogenesis
in growth plate cartilage and are interactive with morphogenetic proteins such as IHH and SHH.
These morphogenetic proteins direct maturational changes in the growth plates by regulating spatial
and temporal chondrocyte differentiation eventually leading to growth plate closure and mineralisation
at the cartilage-bone interface as part of the endochondral ossification process to extend the axial
skeleton. The molecular composition of aggrecan thus varies in specific cellular and developmental
contexts. Aggrecan in early embryonic development of the neural tube and notochord does not contain
KS chains and some of its CS chains are replaced by the HNK-1 trisaccharide motif. This reduces
aggrecans charge density and its solvation volume but conveys homophilic and heterophilic HNK-1
mediated properties and interactions with NC cells and ECM glycoproteins which direct NC cell
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migration, development of the neural tube and notochord and migration of precursor cells involved
in the development of the neural network, heart and brain stem. Aggrecan also forms specialised
ECM structures such as PNNs in the CNS/PNS, which are neuroprotective and important for synaptic
plasticity and cognitive learning. The form of aggrecan in these structures contains KS, CS and the
HNK-1 glycan motif; however, the density of attached CS and KS side chains in brain aggrecan is
less than in cartilage aggrecan. While aggrecan has essential cell directive properties in embryonic
heart formation, it also has important supportive roles to play in mature heart tissues. The heart
has a complex structure, aggrecan is an important functional component of a number of its tissues
providing mechanical strength and resilience for the demanding continuous cycles of compression and
relaxation which occur throughout an animals life-time. Aggrecan also stabilises the attachment points
of valve leaflets facilitating the co-ordinated flow of blood between the ventricles and strengthens
the heart tendon chordae tendineae which attach the papillary muscles of the internal heart wall
to the atrioventricular valve. These are important internal stabilising structural components of the
heart. This review shows that aggrecan has a diverse range of functional attributes and is of major
importance not only in embryonic skeletal development but also in mature tissues where it maintains
homeostasis and functionality. Due recognition of aggrecans attached GAG chains is important and
explains its diverse tissue context driven properties. A greater understanding of the glyco-code and its
cell directive properties may one day provide important insights as to how specific tissue repair and
regenerative strategies may be directed more effectively in repair biology.
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Abstract: The expression of glypicans in different hair follicle (HF) compartments and their potential
roles during hair shaft growth are still poorly understood. Heparan sulfate proteoglycan (HSPG)
distribution in HFs is classically investigated by conventional histology, biochemical analysis, and
immunohistochemistry. In this report, a novel approach is proposed to assess hair histology and
HSPG distribution changes in HFs at different phases of the hair growth cycle using infrared spectral
imaging (IRSI). The distribution of HSPGs in HFs was probed by IRSI using the absorption region
relevant to sulfation as a spectral marker. The findings were supported by Western immunoblotting
and immunohistochemistry assays focusing on the glypican-1 expression and distribution in HFs.
This study demonstrates the capacity of IRSI to identify the different HF tissue structures and to
highlight protein, proteoglycan (PG), glycosaminoglycan (GAG), and sulfated GAG distribution in
these structures. The comparison between anagen, catagen, and telogen phases shows the qualitative
and/or quantitative evolution of GAGs as supported by Western immunoblotting. Thus, IRSI can
simultaneously reveal the location of proteins, PGs, GAGs, and sulfated GAGs in HFs in a reagent-
and label-free manner. From a dermatological point of view, IRSI shows its potential as a promising
technique to study alopecia.

Keywords: hair follicle growth; glycosaminoglycans; infrared spectral imaging; k-means cluster-
ing; immunohistochemistry

1. Introduction

A hair follicle (HF) is a real mini-organ that makes hair growth possible. The hair
shaft extends under the skin into the HF. Histology of a HF shows that it is organized
into two compartments [1]. The first compartment with a dermal origin is composed
of connective tissue sheath (CTS) and dermal papillae (DP). The second compartment is
of epithelial origin and comprises the hair matrix, the outer (ORS) and inner (IRS) root
sheaths, and the hair shaft. The bulb is comprised, at the bottom, of the DP surrounded
by the germinative hair matrix, and at the top, of the differentiation zone of the matrix.
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In addition, it has appendages, the sebaceous gland, and the arrector pili muscle. The
sebaceous gland associated with the HFs protects the hair by sebum secretion, a substance
rich in lipids [2].

A HF undergoes cyclic changes over the course of its life [3] allowing the renewal
of lost hair (40 to 100 lost hairs per day). One cycle is comprised of three main phases:
anagen, catagen, and telogen. The exogen phase is a phase of the hair growth cycle that is
controlled separately leading to hair shaft loss [4,5]. The anagen phase is characterized by
intense proliferation allowing the generation of new hair shafts [6] and lasts on the average
from three to six years. It is divided into six stages during which the morphology of the
HF undergoes major remodeling due to the activation of different cell types at the end of
the telogen phase [7,8]. As soon as the hair growth is complete, its degeneration begins.
The catagen phase corresponds to the cessation of hair shaft growth and a regression in the
size of the HF [8]. This phase is characterized by apoptosis of the keratinocytes separating
the secondary hair germ (SHG) from the DP. In contrast to the anagen phase, the catagen
phase is more rapid, lasting on the average between 15 and 20 days; it is divided into
eight stages [8]. The telogen phase is a resting phase during which the hair shaft remains
anchored in the hair follicle [6]. At this stage the DP in the dormant state is in contact with
the SHG [8]. This phase may last several months until a stimulus causes the HF to return
to the anagen phase.

The morphological changes in the HF observed during the hair cycle involve many cell
types: keratinocytes, fibroblasts of the DP, endothelial, fat, and immune cells. The presence of
these different cell types makes the study of the regulation of the hair cycle complex. It is also
known that a fine regulation of growth factors involved in the hair shaft growth is essential for
the passage between the different phases of the hair cycle [9].

The mechanisms involved in the regulation of these growth factors are still poorly
understood, but it is highly probable that heparan sulfate proteoglycans (HSPGs) are
involved because of their capacity to sequester growth factors [10]. HSPGs are composed
of linear chains of heparan sulfate glycosaminoglycans (GAGs) covalently attached to
a core protein [11]. They are classified according to their localization, either in the cell
membrane or secreted in the extracellular matrix (ECM). The secreted HSPGs interact
with the macromolecules of the ECM and growth factors and thus play a pivotal role
in cell growth, survival, proliferation, adhesion, migration, and differentiation [12]. The
cell membrane HSPGs are divided into two major families: syndecans (SDCs), which
are transmembrane PGs, and glypicans (GPCs), which are attached to the cell membrane
by a glycosylphosphatidylinositol (GPI) anchor. Syndecans interact with the ECM and
growth factors and have a role in embryonic development [13]. GPCs are essential for
the formation or regeneration of many tissues and organs by regulating many pathways
involved in development. For example, they regulate the Hedgehog (Hh) pathway during
the embryonic development or long bone formation [14,15], the Wnt pathway during
the embryonic development or regeneration of intestinal crypts [16,17], and the bone
morphogenetic protein (BMP) pathway involved in osteogenesis [18]. The HF is a true
mini-organ regulated by Wnt, BMP, and Hh pathways [19,20]. Therefore, it appears highly
likely that HSPGs and particularly GPCs also play a key role in the growth of a new hair
shaft.

Previous studies have shown modifications in the distribution of various ECM HSPGs [21]
or membrane HSPGs such as syndecan-1 [22] during the hair cycle. This phase-dependent
change seems to indicate a role of HSPGs in the regulation of hair shaft growth. Coulson-
Thomas et al. showed that complex control of HSPG sulfation is necessary for correct morpho-
genesis of the hair shaft [23]. However, expression of GPCs in different HF compartments and
their potential roles during hair shaft formation are still poorly understood.

HSPG distribution, localization, and quantification in HFs are classically investigated
by conventional histology, biochemical analysis, and immunohistochemistry. In this report,
a novel approach based on infrared spectral imaging (IRSI) is proposed to assess, in the first
part, the HSPG distribution in the HF, and in the second part, to compare HSPG variations

104



Biomolecules 2021, 11, 192

in HFs at different phases of hair cycle. Fourier-transform infrared (FTIR) spectroscopy
is a vibrational method based on the principle of interaction between mid-IR radiation
and matter, which is used to analyze pure samples but also more complex systems such as
cells, tissues, or biofluids. It is non-invasive, label- and chemical-free, very sensitive, and
requires no specific preparation [24]. The spectral signature of a sample contains vibrations
of molecular bonds that are related to its molecular structure and composition. Today, IRSI
is a proven technique that is intensively used for cell (spectral cytology) and tissue (spectral
histology) characterization [25-28]. In an infrared image, each pixel is associated with
an entire IR spectrum and thus both molecular and spatial information can be obtained.
Recently, our group has reported studies on vibrational spectroscopic analyses of standard
GAGs [29] and of GAGs in cells and tissues [30,31]. These studies permitted identifying
specific spectral signatures. As we reported previously, two major spectral ranges were
used to characterize HSPG distribution: the spectral window 1800-900 cm ™!, also known
as the fingerprint region, shown to be the most specific range for GAG studies [24], and
the spectral window 1350-1190 cm~ 1, centered at 1248 cm™!, that is specific for GAG
sulfation [29].

Based on this knowledge, we propose in this original study to probe the distribution
of HSPGs in HFs at different phases of the hair growth cycle by IRSI using sulfation as
a spectral marker. IRSI might constitute a promising technique for early diagnosis and
prevention in alopecia. The goal was to study HSPG, GAG, and sulfated GAG distribu-
tion and variation in HFs without any staining or labeling. It allows investigating these
changes during the hair growth cycle. In parallel, our data were supported by Western
immunoblotting and immunohistochemistry assays, more specifically by analyzing the
GPC1 expression and distribution in HFs at different phases of the cycle.

2. Materials and Methods

The workflow of the present study is illustrated in Figure 1.

Hair follicles (HF)
[ [ |
| Spectral histology | | Western immunoblotting ‘ | Immunohistochemistry
HF sections HF protein extracts HF sections
' ' ‘v
White light image Protein migration GPC1 labeling
r - ' '
Transfer and revelation Evans blue counterstaining
‘v ' '
IR imaging GPC1 expression GPC1 localization

== [ N
' '

Spectrum preprocessing  Image preprocessing
and processing and processing
PCAanalysis

k-means clustering

&

Figure 1. Workflow showing the methodological approach of hair follicle analysis by label-free
infrared spectral histology, Western immunoblotting, and immunohistochemistry. Pictures shown
here are only illustrated examples. PCA, principal component analysis.
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2.1. Ethics Statement

Human scalp biopsy samples were obtained from human donors during surgeries
after obtaining informed consent under applicable ethics guidelines and regulations and
were provided by Alphenyx (Marseille, France).

2.2. Hair Follicle Sample Isolation and Preparation
2.2.1. Hair Follicle Isolation

Two different methods were used for obtaining human HFs. The first one consists in
maintaining the hair follicle in its phase to investigate the three major phases of hair growth
cycle (anagen, catagen, and telogen) and the second one permits inducing intermediate
phases, in particular, to study intermediate anagen stages of the hair growth cycle. HFs
were isolated from the human scalp according to Philpott’s method [32].

For all our experiments, four donors were involved with two to three hair samples on
the average per donor. For each hair sample, two to three sections were obtained. More
precisely, for the first method, 32 anagen A1, 25 anagen A3, 26 catagen C1, 28 catagen C2,
31 telogen T1, and 41 telogen T3 HF sections were analyzed. For the second method, 9 early
anagen DO, 18 intermediate anagen D3, and 11 catagen D6 HF sections were analyzed.

In the first approach, the HFs were isolated from the scalp at different hair growth cycle
phases (anagen, catagen, and telogen) and maintained in culture in the William’s E medium
(W4128, Sigma-Aldrich, Saint-Louis, MO, USA) supplemented with 0.5% antibiotics, 2 mM
L-glutamine (49420, Sigma-Aldrich), 10 ng/mL hydrocortisone (H-0396, Sigma-Aldrich),
10 pg/mL transferrin (T8158, Sigma-Aldrich), and 10 ng/mL selenite (5-5261, Sigma-
Aldrich) for one day (named Al, C1 and T1, respectively) and for three days (named A3,
C3, and T3, respectively) before analysis.

In the second approach, the different phases of the hair cycle (early anagen, intermedi-
ate anagen, and catagen) were induced in culture. To do so, early anagen HFs were isolated
and selected from the scalp; one part was directly analyzed (D0, early anagen HFs), while
the other part was maintained in culture for three days (D3, intermediate anagen HFs) and
for six days (D6, catagen HFs) in the cell culture medium described above, supplemented
with 0.5 pg/mL insulin (91077C, Sigma-Aldrich).

2.2.2. Hair Follicle Preparation for Infrared Analysis

For the different approaches described above, HFs were embedded individually in
cryoprotective Tissue-Tek® O.C.T.™ Compound (Sakura, Alphen aan den Rijn, Nether-
lands) and snap-frozen at —-80 °C. Seven micron-thick longitudinal sections of HFs were
prepared using a cryostat (Leica Biosystems, Nanterre, France). The sections were then
placed on an IR-transparent calcium fluoride (CaF,) window (Crystran Ltd., Dorset, UK)
for IRSI analysis (2 to 4 sections per window). The sections were imaged directly without
any staining.

2.2.3. Hair Follicle Preparation for Inmunohistochemistry

The same process described for HF preparation for infrared analysis was used to
prepare sections. Sections were placed on glass slides and air-dried; then, they were fixed
in acetone for 10 min at —20 °C. After three washes in PBS, the sections were placed in a
sheep serum solution (Thermo Fisher Scientific, Illkirch-Graffenstaden, France). Primary
antibody anti-GPC1 (Proteintech, Rosemont, IL, USA) was incubated overnight at 4 °C.
After several washes with PBS, the secondary antibody coupled with Alexa 488 was applied
for 45 min at room temperature and in the dark. The Evans blue counterstain was applied
after several washes for 5 min at room temperature. After the final washes, the glass slides
were mounted under a coverslip using Fluoprep. The observations were performed using
a confocal microscope (TCS-SPE, Leica Biosystems).
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2.3. IR Spectral Imaging of Hair Follicle Sections

All sections of HFs were imaged in the transmission mode using the Spotlight 400
infrared imaging system (PerkinElmer, Villebon-sur-Yvette, France). The acquisition param-
eters were as follows: spatial resolution with a projected pixel size of 6.25 um x 6.25 pum,
spectral range from 4000 to 900 cm ™!, spectral resolution of 4 cm~?, and at 16 scans/pixel.
IRSI acquisition was performed on whole hair follicles. Prior to this, for each section,
a background spectrum was measured using 90 scans in a region of the CaF, window
without sample or optimal cutting temperature (OCT) compound and was automatically
removed from each pixel spectrum of the image. A total of four spectral images were also
acquired on the OCT compound using the same experimental conditions. All acquisitions
were performed using the Spectrum Image 1.7.1 software (PerkinElmer, Villebon-sur-Yvette,
France). All IR images underwent atmospheric correction using the same software. This
step reduces the interferences due to molecules present in the sample environment such as
carbon dioxide or water vapor.

2.4. IR Spectral Preprocessing

Pixel spectra were extracted from specific regions of interest of the IR images, smoothed
(Savitsky—Golay, 7 points), baseline-corrected (elastic), vector-normalized, and offset-
corrected using the OPUS 5.5 software (Bruker Optics, Ettlingen, Germany).

2.5. IR Spectral Processing by Principal Component Analysis

For spectral processing, principal component analysis (PCA), an unsupervised exploratory
method, was used. This method allowed spectral data reduction, replacing original and
correlated variables with synthetic and uncorrelated variables called principal components
(PCs). These PCs contain the information of interest and are ranked from the highest to lowest
variance in the dataset. In this study, PCA was performed on mean-centered spectra to remove
redundant information and using the spectral ranges 1800-900 or 1350-1190 cm .

2.6. IR Image Preprocessing

All images were preprocessed with the extended multiplicative scatter correction
(EMSC) algorithm which included correction of the baseline, variations related to the dif-
ference in sample thickness, and vector normalization. Indeed, this step allowed removing
the outliers and artifacts that can influence spectral image analysis. All spectral images
were preprocessed in the 1800 to 900 cm~! spectral region using a developed in-house
routine in Matlab (The Mathworks, Natick, MA, USA).

2.7. IR Image Processing by k-Means Algorithm

Spectral image analysis was performed using the k-means clustering algorithm, which
is one of the most popular unsupervised classification methods [33]. It aims at separating
a set of N unlabeled points of d dimensions into k clusters. Thus, it allows grouping
pixel spectra into distinct classes (k clusters) and usually the choice of k is driven by a
priori knowledge of the structure of the studied dataset. A trial-and-error procedure can
also be used by iteratively increasing the number of clusters until obtaining a coherent
partition of the studied phenomenon. Each cluster is represented by its barycenter, also
called centroid, and the algorithm starts by randomly choosing k initial points as centroids
at the beginning of the process. Each pixel spectrum is assigned to the cluster whose
centroid is the nearest in terms of spectral similarity, based on a chosen distance metric,
which is often the Euclidean distance. These steps are repeated until point assignment is
stabilized. The k-means algorithm thus converges to a local minimum. Finally, each class is
represented by a color and the cluster image is reconstituted as a false-color map. In order
to compare different HF section images, a common k-means was applied using 10 classes
in the 1800-800 cm ! spectral range.
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2.8. IR Correlation Images Using Spectra of Standard Compounds

The spectral images of HF sections obtained previously were processed to produce
correlation maps corresponding to heparan sulfate (HS), GPC1, and hyaluronic acid (HA)
distribution. To do so, solutions of standard GAGs (HS, Celsus Laboratories, Cincinnati,
OH, USA; and HA, MP Biomedicals, Illkirch-Graffenstaden, France) and recombinant
human GPC1 (R&D Systems, Minneapolis, MN, USA) were deposited on a CaF, window,
dried, and imaged in the transmission mode using a Spotlight 400 infrared imaging system.
For each image, the spectra were averaged to obtain the mean representative spectrum of
each standard. Each standard spectrum was then in turn correlated pixel by pixel with HF
images corrected for atmospheric contribution using the Spectrum Image 1.7.1 software.
The resulting correlation maps show the distribution of the standards with a correlation
scale ranging from 0 (dark color) to 1 (white color), corresponding to low and high levels
of correlation, respectively.

2.9. Hair Follicle Protein Extract Preparation for Western Immunoblotting

HF proteins were extracted from a pool of five HFs and prepared in a radioimmuno-
precipitation assay buffer (RIPA) buffer supplemented with 1% protease inhibitor cocktail
added (Sigma-Aldrich) using the FastPrep 24™ (MP Biomedicals) six times at 6.0 m/s for
40 s. The obtained lysates were incubated 20 min on ice with vortex-mixing every 5 min.
Cell debris were precipitated by centrifugation at 10,000 g for 10 min at 4 °C. Proteins in the
supernatant were collected and assayed using the Bradford (Bio-Rad, Marne-la-Coquette,
France) technique [34].

2.10. Western Immunoblotting

Samples were deposited onto polyacrylamide gels as previously described [35]. The
GPC1 primary antibody used was 16700-1-AP (Proteintech, Rosemont, IL, USA). The
appropriate peroxidase-coupled secondary antibody (1/10,000) was the anti-rabbit NA934V
(GE Healthcare Life Sciences, Marlborough, MA, USA).

3. Results and Discussion

The present report describes the evolution of GAGs, sulfated GAGs, and, more specifi-
cally, the HS-type GAGs and GPC1 distribution in hair follicles at different phases of the
hair growth cycle using spectral imaging. IRSI presents the advantage of being label-free,
reagent-free, and rapid. The data obtained by this novel approach were compared to the
immunohistochemistry and Western immunoblotting data.

3.1. Discrimination of HF Structures, Distribution of HSPG and GPC1 Using IR Spectral
Imaging Analysis

Anagen, catagen, and telogen HFs were individually isolated and maintained in
culture for one day (A1, C1, and T1, respectively) or three days (A3, C3, and T3, respectively)
before analysis. The white light image in Figure 2A shows a section of a HF and its different
structures: germinative matrix (1), differentiation zone (2), IRS (3), ORS (4), and hair shaft
(5). OCT is indicated by number 6.
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Figure 2. PCA analysis of spectra from specific hair follicle regions. (A) White light image of a hair
follicle. Five hair follicle structures were analyzed: 1, germinative matrix; 2, differentiation zone
of the matrix; 3, IRS; 4, ORS; 5, hair shaft. The number 6 corresponds to OCT. (B) Pixel spectrum
representative of each structure and OCT. (C,D) PCA score plot performed on normalized mean
spectra of the above regions in the 1800-900 em~1 (C) or 1350-1190 cm ! (D) range and carried
out on anagen Al/A3, catagen C1/C3, and telogen T1/T3 hair follicles. Ellipses represent the 95%
confidence intervals.

3.1.1. Different Structures of the Hair Follicle are Discriminated by IR Spectral Imaging
Analysis Based on the Variation of GAGs and Their Sulfation

The whole section was analyzed by IRSI and representative spectra of the HF struc-
tures are illustrated in Figure 2B. These spectra represent the means calculated from a
small zone from each HF structure (indicated by 1 to 5). For comparison, the mean spec-
trum of OCT was also represented (6). The analysis of the GAG spectral profiles in the
different HF structures was performed by PCA first in the 1800-900 cm ™! spectral range
(Figure 2C) corresponding to the proteins and PGs and then in the 1350-1190 cm ! spec-
tral range (Figure 2D), focusing on sulfated GAGs. Figure 2C shows the PCA score plot
built with the principal components PC1 and PC3 carrying 58.4% and 13.3% of the total
explained variance, respectively. This score plot revealed five structural groups distributed
in three well-differentiated zones. The first zone was composed of an overlap of the
germinative matrix (group 1) and the differentiation zone (group 2). This overlap can
be explained by the fact that the matrix cells of the differentiation zone are the result of
differentiation of the progenitor cells present in the germinative matrix derived from stem
cells of SHG [36-39]. They therefore share similar characteristics, such as proteins and
polysaccharides, explaining their similarity. The second zone is constituted by the ORS
(group 4), the third—Dby the hair shaft zones of HFs (group 5). It can be noted that the
IRS structure (group 3) lies between the ORS and the hair shaft zones. Interestingly, IRS
histologically separates the hair shaft from the ORS, which corroborates spectral data.

Figure 2D shows the PCA score plot built with the principal components PC1 and
PC2 carrying 94.4% and 3.9% of the total explained variance, respectively. The PCA
performed in the sulfated GAG absorption range (1350-1190 cm~!) succeeded to precisely
discriminate the germinative matrix structure (group 1) from the four other groups and, in
particular, from the differentiation zone (group 2), in contrast with the overlap observed
in Figure 2C. The other structures (differentiation zone, IRS, ORS, and hair shaft) were
not clearly separated using sulfated GAG spectral signatures. Interestingly, different
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groups obtained by this PCA reflect the scheme of differentiation of the multipotent HF
cells [36-39]. Indeed, the progenitor hair cells present in the germinative matrix provide,
on the one hand, the ORS cells and, on the other hand, the transit-amplifying cells of the
differentiation zone that will differentiate into IRS and hair shaft cells.

The PCA results shown in Figure 2C,D allowed discriminating several features of the HFs,
the germinative matrix, the differentiation zone, the ORS, the IRS, and the hair shaft, by the
contribution of proteins, PGs, GAGs, and sulfated GAGs. The biochemical spectral information
is confirmed by the loading vectors shown in the region of 1800-900 cm~! (Figure S1A) and in
the region of 1350-1190 cm ! (Figure S1B). The sulfate group vibrations of GAGs are mainly
represented by the IR absorption band centered at 1248 cm~!. This peak is assigned an anti-
symmetric stretching S=O vibrations as we have previously reported [29]. This discrimination
is in agreement with the difference in PG composition in the different parts of HFs observed
by immunostaining or immunofluorescence [21,22,40]. Moreover, the IRSI technique does not
require any staining or chemicals while keeping good discrimination of histological structures.

3.1.2. Focus on GPC1 Distribution in Hair Follicles by Spectral Imaging Analysis and
Immunohistochemistry

In order to better understand the contribution of HSPGs in the differences observed
by the PCA in the spectral range corresponding to PGs/GAGs and sulfated GAGs, a
correlation image was computed with a spectrum of standard HS. This analysis permitted
obtaining a representative image of the HS contribution in the section of HFs. As shown
in Figure 3, the coefficient of HS contribution was most important in the ORS. The IRS
displayed a good correlation with HS. The germinative matrix structure presented a low
correlation with HS, while the differentiation zone and the hair shaft did not correlate
with the HS. This result correlates well with HS distribution in the HFs obtained by
immunohistochemistry reported by Malgouries et al., where several HSPGs were found in
the ORS part of HFs [21,40].
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Figure 3. Characterization of hair follicle structures by different imaging approaches. From left to right: white light image,

HS- and GPCl1-correlated IR images, and immunohistochemical labeling of GPC1 (green) counterstained with the Evans
blue dye (red). CTS, connective tissue sheath; IRS, inner root sheath; ORS, outer root sheath. Arrowheads indicate high
level of correlation. Scale bar: 100 pum.
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A correlation image was also created with a representative spectrum of GPC1. The
coefficient of GPC1 contribution is most important in the differentiation zone (Figure 3).
The hair shaft, the ORS, and the germinative matrix also presented a good correlation with
GPC1, but not the IRS. The GPC1 correlation map is confirmed by the GPC1 green labeling
obtained by immunohistochemistry of HFs. These results obtained by the IRSI technique
demonstrate its ability to discriminate at the molecular scale in a comparable manner to
immunohistochemistry without any labeling.

These results support the PCA analyses carried out on the different HF structures.
The use of both HS and GPC1 correlation mapping may partly explain the discrimination
potential of the PCA analyses.

3.2. Different Phases of Hair Growth Cycle and Spatial Distribution of HS and GPC1 Determined
by IR Spectral Imaging Analysis
3.2.1. k-Means Clustering Identifies the Hair Follicle Structures in the Different Phases
Based on the Protein and HSPG Spectral Information

The IR images obtained from HFs in different phases of the hair growth cycle were
analyzed by common k-means clustering in the 1800-800 cm~! range (Figure 4). The
protein, HSPG, and GAG contribution varied within HFs forming five different clusters
(each associated with a pseudo-color) corresponding to different parts of the HF (the CTS,
the ORS, the IRS, the bulb (germinative matrix and differentiation zone), and the hair shaft),
independently of the phase of the hair growth cycle (Figure 4A-C). The five other clusters
(1, 3,5, 6, and 10) were attributed to the OCT spectral signatures and formed a separate
group. The dendrogram constructed on centroid spectra illustrated the correlation between
clusters and histological structures (Figure 4D,E).
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Figure 4. Discrimination of hair follicle structures at different phases of hair growth cycle by k-means
clustering. (A—C) Representative color-coded k-means clustering images using 10 classes in the
1800-800 cm ! spectral range for hair follicles in anagen A1l (A), catagen C1 (B), and telogen T1 (C)
phases. (D) Centroid spectra corresponding to each cluster. (E) Dendrogram of centroid spectra and
assignment of corresponding hair follicle structures. CTS, connective tissue sheath; IRS, inner root
sheath; ORS, outer root sheath. Scale bar: 100 um.

IRSI combined with k-means clustering allows separating the five principal structures
of HFs using the protein, HSPG, and GAG spectral signatures and the OCT embedding.
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3.2.2. IR Correlation Maps Highlight Spatial Distribution of HS and GPC1 in the
Different Phases

In order to investigate the impact of HS and GPC1 in each phase of the hair growth
cycle, IR correlation maps were calculated using their representative spectra (Figure 5).
The spectra of HS and GPC1 used for the correlation maps are presented in Figure 5A.
HS was mostly detected in the ORS in the anagen phase, and in the ORS and IRS in the
catagen and telogen phases (see arrowheads in Figure 5B-D). HS correlation coefficient
seems to be lower in the ORS in the anagen phase of the HE. GPC1 was majorly distributed
in the differentiation zone and less in the hair shaft and in the germinative matrix without
any significant differences between the three phases. The presence of GPC1 in the ORS
was specifically detected in the catagen phase in agreement with immunohistochemical
labeling (see Figure 3). In addition, the spectrum of HA was also used for the correlation
map (Figure S2A). HA is detected in the IRS and the hair shaft in the anagen and catagen
phases but not in the ORS and the differentiation zone (Figure S2B,C). A faint correlation is
observed in the lower part of the differentiation zone in the telogen phase (Figure S2D).
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Figure 5. Contribution of the heparan sulfate GAG chain and glypican-1 in a hair follicle. (A) Mean spectra of standard HS
(continuous line) and GPC1 (dashed line). (B-D) IR correlation maps of hair follicles in the anagen A1l (B), catagen C1 (C),
and telogen T1 (D) phases using mean spectra from standard heparan sulfate (left) and human recombinant glypican-1
(right). HS, heparan sulfate; GPC1, glypican-1. Arrowheads indicate high level of correlation. Scale bar: 100 pm.

These correlation maps inform on the HS-type GAG and GPC1 distribution within
the HF. The results suggest that GPC1, mainly detected in the differentiation zone and hair
shaft, does not exhibit HS chains in contrast to HS, which is detected in the ORS and IRS.
Based on this GPC1 distribution, at this stage, it is not possible to differentiate the different
phases of the hair growth cycle. However, GPC1 correlation in the ORS (Figure 5C) requires
further studies to eventually validate GPC1 as a spectral biomarker of the catagen phase.
In contrast, the anagen phase, corresponding to a growing phase of the HF, is identified
using IRSI as it is associated to a decreased HS correlation coefficient. However, the catagen
phase is characterized by an increase in HS correlation. Moreover, HA, the non-sulfated
GAG, exhibits a different distribution in the HF as compared to HSPG independently of the
phases of the hair growth cycle. Malgouries et al. have previously described the capacity
to discriminate the phases of the hair growth cycle by the distribution of several HSPGs
using immunofluorescence [21].

The differences observed in the distribution of HS and GPC1 in the three phases may
partly account for the different classes obtained by k-means clustering.
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3.3. Discrimination of Hair Growth Cycle Phases, Distribution of Sulfated GAG and GPC1 Using
IR Spectral Imaging Analysis

3.3.1. Different Phases of the Hair Growth Cycle are Discriminated by PCA of IR Spectra
Based on the Variation of GAGs and Their Sulfation

Spectra used for this analysis were taken from the ORS (central zone of the HF). This
zone was chosen because it is rich in HS (see Figure 3). PCA was performed on the Al,
C1/C3, and T1 HF spectra in the spectral range of 1800-900 cm !, which encompasses the
protein and PG absorptions. Figure 6A shows the PCA score plot, built with the principal
components PC2 and PC3 carrying 30.3% and 11.5% of the total variance, respectively. PC2
permitted clearly separating the anagen HFs from the telogen HFs. The catagen HFs were
dispersed in these two groups, but in a specific manner. Interestingly, the catagen C1 HFs
were in the same group as the anagen HFs, while the catagen C3 HFs were in the telogen
HF group. The same pattern was observed when the PCA score plot was recalculated
using the sulfate absorption (1350-1190 cm~!) spectral range (Figure 6B; PC1 and PC2
carrying 93.2% and 3.0% of the total variance, respectively). The second and third loading
vectors shown in the region of 1800-900 cm™! (Figure S3A) and the first and second loading
vectors shown in the region of 1350-1190 cm ! (Figure S3B) reveal the biochemical spectral
information permitting to separate the different phases of the hair growth cycle.
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Figure 6. Discrimination of hair follicles at different phases of hair growth cycle by PCA. (A,B) PCA
score plot performed on normalized mean spectra of the ORS region 4 in the 1800-900 cm~! (A) or
1350-1190 cm ™! (B) range and carried out on anagen A1, catagen C1/C3, and telogen T1 hair follicles.

The PCA results, on the one hand, suggest the discriminating power of the IR method
capable of differentiating HFs at different phases of the hair growth cycle via their spectra
and, on the other hand, demonstrate that the protein, PG, GAG, and sulfated GAG content
varies during the phases of the hair growth cycle.

3.3.2. GPC1 Expression Corroborated with IR Spectral Maps of Sulfated GAG Distribution,
Discriminates Different Phases during the Hair Growth Cycle

In order to support the PCA results obtained in the HFs of different phases of hair
growth cycle, a PCA was performed on the HF phases induced by culture. This method
allowed obtaining intermediate phases such as early and intermediate anagen.

After isolation, the early anagen HFs at day 0 (D0) were analyzed by spectral imaging
and Western immunoblotting. Before analysis, the intermediate anagen (D3) and catagen
(D6) HFs were maintained in culture for three and six days, respectively. As previously,
spectra used for PCA analysis were extracted from the ORS region.

Figure 7A displays the PCA score plot constructed with the first two principal com-
ponents PC1 and PC2 carrying 95.8% and 2.7% of the total variance, respectively. The
variance carried by PC2 permitted separating the early anagen DO from the catagen D6
HFs. The intermediate anagen D3 HFs were dispersed in these two groups, but in a specific
manner. The observed tendency was that intermediate anagen D3 HFs with the hair shaft
seemed to be closer to the early anagen DO HF group, while those without the hair shaft
were closer to catagen D6 HFs. The biochemical spectral information is supported by the
loading vectors shown in the region of 1350-1190 cm ! (Figure S3C).
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Figure 7. Discrimination of hair follicles by PCA compared to GPC1 expression during the hair
growth cycle. (A) PCA score plot performed on normalized mean spectra of the ORS region 4 in the
1350-1190 cm ! range and carried out on early anagen DO, intermediate anagen D3, and catagen D6
hair follicles. (B) GPC1 protein expression analyzed by Western immunoblotting of early anagen DO,
intermediate anagen D3, and catagen D6 hair follicles. (C) Quantification of each GPC1 form.

This result confirms the capacity of the PCA analysis to discriminate HFs at different
hair growth cycle phases based on the sulfated GAG spectral signature. Moreover, data
tend to indicate that the sulfated GAG evolve throughout the hair growth cycle.

In order to confirm the difference in GAG sulfation observed by IR imaging between
HFs at different phases of the hair growth cycle, a GPC1 protein expression analysis was
performed on HFs in the early anagen D0, intermediate anagen D3, and catagen D6 HFs.

Protein analysis carried out on HFs at different phases of the hair growth cycle
shows that the GPC1 forms (cleaved, anchored, and glycanated) changed with the phases.
In particular, cleaved and glycanated forms exhibited a noticeable difference observed
between DO, D3, and D6 HFs (Figure 7B). Indeed, the glycanated form of GPC1 was more
abundant in the intermediate anagen D3 and catagen D6 compared to early anagen DO
HFs. Moreover, a slight decrease was observed in catagen D6 compared to intermediate
anagen D3 HFs. An accumulation of the cleaved GPC1 form was observed from DO to D6
(Figure 7C).

According to the different HF phases, differential glycation of GPC1 could be demon-
strated by Western immunoblotting. These observed differences may explain the PCA
grouping of HF spectra with regard to the different phases based on sulfated GAG absorp-
tion.

Altogether, the IR spectral images processed by different chemometric approaches
such as PCA, k-means clustering, and correlation mapping, could identify the histological
structures and the different phases of the hair growth cycle. In addition, these approaches
corroborate immunohistochemical and biochemical analyses of the present report and from
the literature.

4. Conclusions

This report demonstrates the capacity of IRSI to identify the different tissue structures
of the HFs and to show protein, PG, GAG, and sulfated GAG distribution in these structures.
In addition, the comparison between the anagen, catagen, telogen phases of the hair growth
cycle shows the qualitative and / or quantitative evolution of GAGs as supported by Western
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immunoblotting. Thus, IRSI can reveal some information on the location of proteins, PGs,
GAGs and sulfated GAGs in HFs in a reagent- and label-free manner. In the long term,
from a dermatological point of view, IRSI might constitute a promising technique for the
early diagnosis and prevention in alopecia.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2218-273
X/11/2/192/s1, Figure S1: PCA analysis of spectra from specific hair follicle regions. (A-B) Loading
vectors 1 and 3 obtained from Figure 2C (A) and loading vectors 1 and 2 obtained from Figure 2D
(B), Figure S2: Contribution of hyaluronic acid in hair follicle. (A) Spectrum of standard HA. (B-D)
IR correlation maps of hair follicles in anagen Al (B), catagen C1 (C) and telogen T1 (D) phases
using spectrum from standard hyaluronan. HA, hyaluronan. Arrowheads indicate good level of
correlation. Scale bar: 100 um, Figure S3: PCA analysis of spectra from specific hair follicle regions.
(A—C) Loading vectors 2 and 3 obtained from Figure 6A (A), loading vectors 1 and 2 obtained from
Figure 6B (B), and loading vectors 1 and 2 obtained from Figure 7A (C).
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Abstract: The tumor microenvironment (TME) is composed of cancerous, non-cancerous, stro-
mal, and immune cells that are surrounded by the components of the extracellular matrix (ECM).
Glycosaminoglycans (GAGs), natural biomacromolecules, essential ECM, and cell membrane compo-
nents are extensively altered in cancer tissues. During disease progression, the GAG fine structure
changes in a manner associated with disease evolution. Thus, changes in the GAG sulfation pat-
tern are immediately correlated to malignant transformation. Their molecular weight, distribution,
composition, and fine modifications, including sulfation, exhibit distinct alterations during cancer
development. GAGs and GAG-based molecules, due to their unique properties, are suggested as
promising effectors for anticancer therapy. Considering their participation in tumorigenesis, their
utilization in drug development has been the focus of both industry and academic research efforts.
These efforts have been developing in two main directions; (i) utilizing GAGs as targets of therapeutic
strategies and (ii) employing GAGs specificity and excellent physicochemical properties for targeted
delivery of cancer therapeutics. This review will comprehensively discuss recent developments and
the broad potential of GAG utilization for cancer therapy.

Keywords: glycosaminoglycans; cancer; cancer therapy; hyaluronan; heparan sulfate; heparin;
chondroitin sulfate; drug carriers; nanomaterial; therapy targets

1. Introduction

The tumor microenvironment (TME) is composed of cancerous, non-cancerous, stro-
mal, and immune cells that are surrounded by the components of the extracellular matrix
(ECM) [1]. The ECM is a significant component of the TME with a vital role in cancer’s
pathogenesis [2,3]. It is well established that TME plays an essential role in tumorigenesis.
Indeed, tumor growth and metastasis steps, e.g., primary lesion development, intrava-
sation, extravasation, and metastasis to anatomically distant sites, are executed via the
discrete interplay of the tumor cells with their microenvironment [4]. Glycosaminoglycans
(GAGsS), natural biomacromolecules, and essential ECM and cell membrane components
are extensively altered in cancer tissues [5]. Indeed, these heteropolysaccharides vital in
supporting homeostasis have also been established to participate in inflammatory, fibrotic,
and pro-tumorigenic processes [6-9]. Both free GAGs and GAGs bound into the protein
cores of proteoglycans- (PG) are crucial mediators of cellular and ECM microenvironments,
with the ability to specifically bind and regulate the function of ligands and receptors
crucial to cancer genesis [4,10,11].
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Structurally, GAGs are linear, long-chained polysaccharides consisting of repeating
disaccharide units linked by glycosidic bonds. These building blocks are composed of
N-acetylated hexosamine and uronic acid. The type of the disaccharide repeating unit
and its modifications, including discrete sulfation patterns, allows the classification of
GAGs into specific categories, e.g., chondroitin sulfate (CS)/dermatan sulfate (DS), heparin
(Hep)/heparan sulfate (HS), keratan sulfate (KS) and hyaluronan (HA) [12-15]. KS chains
contain galactose instead of uronic acid in their disaccharide building blocks [15]. CS/DS,
HS/Hep, and KS chains are covalently bound into the protein cores of proteoglycans [6].
On the other hand, the non-sulfated GAG HA is not bound into the proteoglycan core but
is secreted to the ECM of almost all tissues [13].

Bound GAGs are initially synthesized on core proteins at the Golgi lumen. Their
glucuronic acid—N-acetylglucosamine /N-acetylgalactosamine(GlcA-GlcNAc/GalNAc)
or, in the case of KS, galactose-N-acetylglucosamine (Gal-GIcNAc) repeating units are
subjected to significant structural modification, including sulfation and in the case of
HS/CS epimerization at the Golgi apparatus. Moreover, the desulfationof HS chains is
performed at the cell membrane compartment [16]. The fine modifications result in an
astonishing number of divergent GAG structures.

The GAG fine modifications define, to no small degree, the specificity of their binding
with proteins. Notably, GAGs have been shown to interact with more than 500 proteins [17].
The interactions of GAGs with membrane receptors, ECM proteins, chemokines, and cy-
tokines, as well as enzymes and enzyme inhibitors, are crucial in both development and
homeostasis [18,19]. Likewise, GAGs’ interactions with the above, both soluble and insol-
uble ligands, play a vital role in various diseases, including cancer [20]. By modulating
numerous signaling pathways, GAGs exert distinct effects on cancer cells” functions, can-
cer stroma interactions, and cancer-associated inflammation, thus regulating essential
processes for tumor progression and metastasis [1,4,6,21].

During disease progression, the GAG fine structure changes in a manner associated
with disease evolution. Thus, changes in the GAG sulfation pattern are immediately
correlated to malignant transformation [22]. Their molecular weight, distribution, com-
position, and subtle modifications, including sulfation, exhibit distinct alterations during
cancer development [23,24]. Thus, most tumor types exhibit increased CS content with
an increase in the 6-O-sulfated and/or unsulfated disaccharide content and a decrease
in the 4-O-sulfation level due to changes in relevant enzyme activities [23,24]. Likewise,
an aberrant HS sulfation pattern has been correlated to tumorigenesis. It was shown that
the N-sulfation of GlcNresidues in specific domains along the HS chain facilitate tumor
angioegenesis [25]. The expression of HS 60-sulphated disaccharide content was shown to
be increased during chondrosarcoma [26] and colon carcinoma progression [27].

GAGs and GAG-based molecules, due to their unique properties, are suggested
as promising effectors for anticancer therapy [28]. Considering their participation in
tumorigenesis, their utilization in drug development has been the focus of both industry
and academic research efforts [29]. These efforts have been developing in two main
directions; (i) utilizing GAGs as targets of therapeutic strategies and (ii) employing GAGs
exquisite specificity and excellent physicochemical properties for targeted delivery of
cancer therapeutics.

This review will discuss recent developments and the broad potential of GAG utiliza-
tion for cancer therapy.

2. Focus on GAGs’ Structure and Roles

GAG polymers are assembled through several consecutive steps with different en-
zymes’ involvement at each separate stage. Sulfated GAGs are synthesized by specific
enzymes in the cell’s Golgi apparatus, whereas HA is synthesized by transmembrane
proteins called HA synthases (HASs). While HA is not linked to a protein and is produced
from its reducing end, the sulfated GAGs are built up from the non-reducing end and
synthesized as side chains attached to a protein core of PGs [5].
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In the case of KS, GIcA is replaced by GalN. Henceforth, the growing GAG chain’s
modifications, e.g., deacetylation/N-sulfation and epimerization of GlcA to IdoA followed
by O-sulfation, are performed [30,31]. Therefore, the individualized functionalization of
GAGs results in their unique structures. Indeed, distinct sulfation patterns have been iden-
tified at the disaccharide unit’s functionalization sites, hexosamine, and IdoA components,
facilitating great complexity and structural diversity [32,33].

Different variations in the expressions/activities of enzymes involved in GAG syn-
thesis have been described. One example is that the levels of exostoses (multiple)-like 1
(EXTL1) and CS N-acetylgalactosaminyltransferase 1 (CSGalNAcT-1), which participate
in the production of HS and CS, respectively, were shown to exhibit an inverse ratio of
expression. The inverse expressions identified in the process of B-cell differentiation have
been suggested to act as a switch enabling either CS or HS synthesis observed during these
cell differentiations [34].

2.1. Heparin and Heparan Sulfate

Both Hep and HS chains are synthesized as a modification of a PG protein core,
sharing a biosynthetic scheme but exhibiting some disparities [35,36]. Thus, initially, the
sequential addition of four sugar residues by different glycosyltransferases will give rise to
the linker tetrasaccharide (for Hep/HSXyl-Gal-Gal-GlcA) connected to the core protein’s
serine residue as a linker region [37]. Notably, the linkage region also serves as a primer for
the initiation of the CS chains biosynthesis. In the case of HS, the members of the EXTL
family of glycosyltransferases trigger chain creation by transferring an N-acetylglucosamine
(GlcNAc), whereas in the case of CS chains, a 3-N-acetylgalactosamine (3-GalNAc) residue
is attached to the linkage primer by a CSGalNAc-transferase [37]. Polymerization of HS
then takes place by the alternating addition of GlcAf1,4 and GlcNAc«x1,4 residues through
the action of designated glycosyltransferases [38].Modifications, such as N-deacetylation
and N-sulfation of glucosamine, and O-sulfations are subsequently performed. The GlcA
residues can, on some occasions, be epimerized to iduronic acid (IdoA)[35,36].

The two GAGs differ, as the main HS disaccharide unit comprises a GlcA and N-
acetylated GIcN(GIcNAc). In contrast, the main Hep disaccharide consists of sulfated, at
the carbon 2 IdoA(IdoA2S), and N-sulfated GlcN also sulfated at C6 (GIcNS6S). Due to the
high Hep sulfation level, this GAG is characterized as a biomacromolecule with the highest
negative charge density [39]. The functionalization with sulfate is uniformly distributed
along the Hep chain, whereas HS chains exhibit alternatively exchanging regions of high
sulfation with lower or non-sulfated sequences [40]. Indeed, Sulf-1 and Sulf-2, sulfatase
enzymes, are active at the extracellular compartment and trim the 6-O-sulfates partially
from HS, but do not affect Hep, which is not located at the cells’” membranes [41]. As
a result, the Hep chain mainly comprises trisulfated disaccharides (80%) consisting of
sulfated IdoA and sulfated GlcN.

The HS chains predominantly consist of disaccharide repeats comprised of GlcA
and GIcNAc, with a much lower sulfation level [42]. Notably, the “fully sulfated” HS
sequences, denominated as S domains, commonly exhibit the highest binding propensity to
Hep/HS-binding proteins [43]. Indeed, the binding between proteins and HS/Hep is most
commonly executed by charge—charge interactions between the proteins’ basic amino acids
and the anionic sulfate and/or carboxylate [18,44]. The interaction between respective
binding proteins and HS is likewise affected by the GAG heterogeneity and cationic
association [19]. Moreover, posttranslational modifications, such as N-glycosylation, of
the HS/Hep binding proteins can regulate ligand and HS/Hep binding as shown for
the fibroblast growth factor receptor 1 [45]. Notably, its disaccharide unit’s extensive
modifications render HS the most complex animal polysaccharide [19].

HS chains are synthesized by almost all mammalian cells in the forms of HSPG and
are localized to the cell membrane (e.g., syndecans) and pericellular space/basement
membranes (e.g., perlecan) or extracellular matrices. Despite the HS chain’s extensive
functionalization, its fine structure is notably conserved in a given cell type [46,47]. HS's
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composition varies both spatially and temporally during development and in a celltype-
dependent manner. The involved regulating mechanisms remain poorly elucidated.
Significant changes occur in HS composition during carcinogenesis, and vitally, both tu-
mor growth and tumor-dependent angiogenesis depend on HS growth factor interactions [48].
Hep is synthesized only in connective tissue-type mast cells or basophils [49]. The Hep
chain is synthesized during the core protein modification of the PG, seglycin. Seglycine
exhibits a small protein core but undergoes extensive glycosylation, resulting in a molecular
weight up to 750 kDa [50]. The bound Hep chains’ molecular weight varies between 60
KDa and 75 kDa. These Hep chains are cleaved into 5-25 kDa fragments when mast cells
and basophils are degranulated [51,52]. Mast cells release Hep by exocytosis upon binding
specific antigens to the IgE antibodies attached to their cell-surface receptors [53]. However,
Mast cell serglycin can also be decorated by other GAG chains, such as CS and DS [54].
Hep, however, can be uptaken by various cells, including endothelial cells, as the pri-
mary site for removing unfractionated Hep from the circulation is the liver sinus endothelial
cells [55].
In mammalians, HS/Hep are enzymatically degraded by heparanase, a strict endo-f3-
glucuronidase [56].

2.2. Chondroitin Sulfate/Dermatan Sulfate

The CS chains consist of disaccharides comprising 3(1-4) GlcA and ((1-3) GalNAc.
The sulfation pattern of the GlcA and GalNAc determinesthe type of CS. Thus, CS-A is
characterized by single sulfation at C4 of the GalNAc, whereas CS-C is determined by
single sulfation at C6 of GlcA. Other functionalizations exist, as GalNAc can be sulfated at
the carbon 4 and/or 6, whereas GIcA can also be sulfated at the C2 and/or C3 [57,58]. On
the other hand, CS-B denominated similarly to DS, consisting of alternating GlcA or IdoA,
which can be sulfated at C2, and GalNAc, which can be functionalized by sulfation at C4 or
C6 [58]. Both CS and DS exhibit vast differences regarding chain length and MW, with the
latter being in the 5-70 kDa range [59]. The prominent heterogeneity of the CS/DS chains
is directly correlated to these GAGs’ biological roles [60,61].

An example is the altered functionalization of CS/DS in gastric cancer as the sulfation
at C4 is downregulated, and sulfation at C6 increased in tumor cells compared to normal
gastric cells. Additionally, the chain length of CS/DS and the GAG content of the PGs,
decorin, and versican was decreased significantly.

2.3. Keratan Sulfate

The KS chains consist of disaccharides containing 3(1-4) GlcNAc and 3(1-3) Gal.
This specific glycosidic binding results in a GAG chain formation, unique for its lack of
a carboxyl group. KS’, binding into the protein core of PGs differs compared to HS/CS.
Thus, corneal KS denominated as KS-I binds to an Asn in the core proteins through an
N-linked complex, branched oligosaccharide. On the other hand, in cartilage, the KS chains
denominated as KS-II utilize their N-Acetylgalactosamine (GalNAc) to establish an O-link
with the Ser or Thr residues of the protein cores [62]. The type III KS (KS-III), initially
identified in the brain tissue, links a mannose to a Ser residue of the protein core [63]. KS
chains have a molecular weight ranging from 5-25 kD [64].

KS structure is mostly dependent on the tissue type as corneal KS-I exhibits longer
chain length and a lower degree of sulfation than the cartilage KS-II. KS-III is mainly bound
to PGs localized to the brain and nervous tissues [65,66]. The expression of KS is also
deregulated in cancer. Indeed, it was suggested that KS’s aberrant expression could be
utilized as a marker of pancreatic cancer progression and metastasis [67] and that highly
sulfated KS is produced by malignant astrocytic tumors [68].

2.4. Hyaluronan

Transmembrane enzymes denominated HA synthases (HAS) produce HA chains.
The three HAS isoforms, HAS1, HAS2, and HAS3, use cytoplasmic UDP-glucuronic acid
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and UDP-N-acetylglucosamine as substrates. Their active site is localized intracellularly;,
whereas the synthesized HA chain extrudes into the ECM [13]. This non-sulfated GAG is
composed of repeating units of GIcNAc and GlcA combined by (3-1.3 and 3-1.4 linkages,
with an average mass of 100-2000 kDa [13]. HAS1 and HAS?2 synthesize a high molecular
weight polymer, whereas HAS3 produces shorter chains (~2 x 10° Da vs. ~2 x 10° Da,
respectively) [69]. HA’s biological information is translated to the length of its polymers and
defines its effects [70]. The UDPsugar precursors and holistic cell metabolism responsible
for producing HAS substrates critically regulate HASs activities [71]. HA-mediated effects
are executed through various mechanisms that involve the binding of HA to surface
receptors such as CD44 and RHAMM [72-74] and the internalization of HA through
receptor-mediated endosomal pathways [75].

The human genome contains five active hyaluronidases (Hyals) (Hyall-Hyal4 and PH-
20) and the non-transcribed Hyal pseudogene (HyalP1). Hyal 2 and 3 exhibit degrading
activity, exclusively for HA [76]. Some human Hyals exhibit degrees of CS-degrading
activity. Thus, PH20 shows high activity for HA and low CS-degrading activity. On the
other hand, Hyall degrades CS-A more swiftly than HA [77]. Hyal-4 is misnamed, as it
shows specificity for CS and no ability to degrade HA [78].

Hyall is widely expressed and localized to lysosomes or trafficking vesicles [79].
However, Hyal 1 can also be secreted to the ECM by tumor cells [80]. Hyall is upregulated
in many human cancers and has been correlated with tumorigenesis [81].

In contrast, Hyal2 is bound onto the cell membrane via a GPI anchor and is usually
associated with lipid rafts [82], wherein, in common with CD44 and Hyall, it promotes HA
cellular uptake and endocytic internalization [75].

3. Types of Nanoparticles and Materials Utilized for Targeted Drug Delivery—Focus
on GAG-Based Nanoparticles

The development of targeted delivery systems for anticancer drugs in the form of
nanoparticles has been prioritized since classical methods, namely chemotherapy, radia-
tion therapy, surgery, and their combination, still do not benefit a significant number of
patients [83].

Micro- and nanoencapsulation [84-86], micellar [87,88], and liposomal [89] forms, den-
drimers [90], mesoporous particles [91], and nanogels [92] are used most often for targeted
drug delivery. A wide range of compounds, both synthetic [93,94] and natural [86,87,89,92],
are used as materials, and each of the groups has several advantages and disadvantages
(Table 1).

The delivery of nanoparticles to the tumors rests on a series of both specific and
nonspecific interactions with cells. The specific interactions are based on functionalizing
the surface of nanoparticles with ligands that are specific for the target tumor tissue,
including tumor cells, intracellular targets, intratumoral and peritumoral blood vessels,
and the ECM. The nonspecific nanoparticles are coated solely with stabilizing agents. Most
of the studies suggest that the crossing of the tumor blood vessel barrier by nanoparticles is
mostly perpetrated through intercellular gaps. Their restraint to the tumor site is dependent
on the pressure produced by inadequate lymphatic drainage, commonly denominated as
the enhanced permeability and retention (EPR) process [95]. Recent developments suggest
that more than 90% of nanoparticles actively enter solid tumor tissue through endothelial
cells, challenging the current rationale for nanomaterial synthesis [96]. Nanoparticles
targeting specific tumor-associated antigens exhibit superior delivery and effects [96]. A
new stage in developing nanomaterials is utilizing patient-derived macromolecules, as
recently shown by Lazarovits et al. [97].

In common with others, GAG-based nanoparticles have to overcome the mononuclear
phagocytic system’s action, which attenuates their efficiency through sequestration and
elimination. Notably, nanoparticles carrying a negative charge are more prone to phagocy-
tosis than positive surface charge carrying nanoparticles. Thus, modulating CS charges
with competent functionalization can attenuate their phagocytosis [98]. Renal excretion
function is another obstacle as it can severely attenuate nanoparticles’ actual delivery
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efficiency. Indeed, renal excretion function seems to be facilitated by incorporating GAG
components even though it does not seem to affect tumor accumulation [99]. Modification
of the hydrodynamic diameter to the 5.5 nm—100 nm range minimizes kidney excretion
and enhances delivery efficiency [100].

Nanocarriers obtained using biocompatible natural polymers such as GAGs do not
exhibit adverse effects on cell viability in cell cultures. They show good biocompatibility
in animal experiments [92,101,102]. In addition to biocompatibility and specificity, GAG-
based nanocarriers, when their GAG components are specifically modified, exhibit other
properties, such as high stability, adjustable particle size, and the ability to respond to
external stimuli, such as temperature, light, pH, and ionic strength [103-105], enabling
multifunctional utilization [106,107]. GAGs, such as CS and HA, have been utilized as
therapeutic agents for various pathologies, including osteoarthritis [108,109], with no
significant side effects, suggesting their long-term safety. The broad utilization of HA in
dermatological clinical practice has not been associated with side effects [110].

The resulting nano-systems’ properties depend on the type and concentration of polymer
used for their production and the type and degree of intermolecular interaction or crosslinking.
Thus, HA can generate self-assembling micelles with the ability to create amphiphilic nanocar-
riers. Indeed, HA micelles can effectively deliver hydrophobic drugs to target cancer cells
while simultaneously facilitating bioavailability and the half-life of the utilized drugs [111].
Importantly, nanoparticles can be loaded with various types of drugs, both hydrophilic and
lipophilic, as well as DNA, RNA, peptides, and proteins [85,88,112,113].

Table 1. Types of nanoparticles and materials utilized for targeted drug delivery.

Nanoparticle System Material Nanocarriers Type Examples of Carried Agents Reference
. . Liposomes, solid lipid . .
Lipids Phospholipids particles RGD peptide, apatinib [89]
Poly(N-
isopropylacrylamide, Doxorubicin, curcumin
Synthetic polymers poly-N-vinylpyrrolidone, Micelles, nanoparticles, indoc aniile een ’ [85,88,93,94,104,112]
poly(lactic-co-glycolic y &
acid)
. . Microcapsules
Natural bolvmers heHaAr'O ";Lgnmj;f{)gl;“r‘;s:tr}‘{ 1 nanospheres, Doxorubicin, BSA, [84-87,92,101,106,111]
poy P s tarcllq cS H}é y nanoparticles, nanogel, tirapazamine, cisplatin Section 1
+ oo Hep micelles
Dendrimer Polyafe(;lznl}{isggf;/ketal Micelles Camptothecin, methotrexate [90]
Silica Mesoporous silica Nanoparticles Doxo.rubm.m, fluorescein [91]
isothiocyanate
Metal Gold Nanoparticles, nanorods Doxorubicin, bleomycin [105]

3.1. Heparin and Heparan Sulfate for Anticancer Drug Delivery

Hep and low-molecular-weight heparins (LMWHs) are widely used as a clinical anticoagu-
lant due to their ability to bind with and inhibit the serine-threonine antithrombin protease [114].
Hep is also studied and used for applications in other therapeutic areas due to its biocompat-
ibility, for example, wound healing, burn injury treatment, inhibition of inflammation, and
metastatic spread of tumor cells [115]. Hep’s chemical and physical properties connected with
the large surface area of its chain and the presence of reactive functional groups allow efficient
binding of different anti-tumor agents. Nanoparticles based on Hep can be applied as efficient
anticancer agent carriers with versatile surface chemistry for functionalization and the intro-
duction of biomolecules [116]. Some of the Hep derivatives are used to deliver imaging agents,
such as iron oxide nanoparticles, to detect tumor cells in humans [117]. Sodium deoxycholate
(DOC)-conjugated Hep derivatives (DOC-heparin) were used to prepare nanoparticles for
in vivo tumor targeting and inhibition of angiogenesis based on chemical conjugation and the
EPR effect [118]. More substantial anti-tumor effects of the DOC-heparin were achieved in
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animal studies compared to Hep alone. Obtained results confirmed that the conjugated Hep
retained its ability to inhibit binding with the angiogenic factors, inducing a significant decrease
in endothelial tubular formation. In a separate study, dendronized Hep—doxorubicin (Dox)
conjugates were prepared, exhibiting a combination of Dox and Hep features and character-
ized as pH-sensitive drug delivery vehicles [119]. The prepared nanoparticles showed potent
anti-tumor activity, induced apoptosis, and significant antiangiogenesis effects in the 411 breast
tumor model. Additionally, dendronized Hep and the derived nanoparticles with the loaded
drug demonstrated no significant toxicity to the healthy organs of both tumor-bearing and
healthy mice, which was confirmed by histological analysis.

Park et al. first attached low molecular weight Hep to stearylamine to obtain am-
phiphilic polymer that was used to prepare self-assembled micelle-like nanoparticles,
loaded with docetaxel in their hydrophobic core. The obtained preparation was tested in
MCE-7 and MDAMD 231 human breast cancer cells. This approach demonstrated that Hep
retained about 30% of its anticoagulant activity, increased the half-life time of docetaxel in
the novel preparation used, and significantly inhibited tested cells” viability [120]. Park
et al. synthesized an amphiphilic biopolymer made of Hep and deoxycholic acid and
prepared nanoparticles loaded with Dox. These nanoparticles were tested for cytotoxicity
and anti-tumor effects. The investigated system showed high loading efficiency and a
substantial anti-tumor effect [121].

Other studies describe the characteristic properties of Hep-based nanoparticles as
potential drug delivery systems, not focusing on specific types of cancer [122].

In summary, Hep is capable of forming nanoparticles upon the introduction of am-
phiphilic or hydrophobic molecules [116,123,124]. It can also interact with proteins, which
leads to the formation of complexes with various biological effects [125,126]. Nevertheless,
absorption of blood proteins upon the introduction of Hep nanoparticles into the human
body needs to be controlled.

3.1.1. Micellar Heparin Nanoparticles

Studies showed that it is necessary to modify the Hep surface of nanoparticles to
reduce blood elements’ absorption. Moreover, it is possible to introduce additional specific
receptors for targeted delivery directly to the tumor [127,128]. In a study on the develop-
ment of Hep-based micelles, multifunctional self-assembling nanoparticles were created
that combine the following properties: the carrier material is non-toxic, and the resulting
micelles had high stability and sensitivity to pH. Intravenous injection of the Hep /Dox
combined micelles increased Dox blood circulation time and enhanced its accumulation at
the animal model’s tumor site [129].

Hep nanoparticles can penetrate body barriers. Thus, a study showed that Hep
particles 100 nm in size effectively overcame the blood brain barrier (BBB), as evidenced by
an increase in the concentration of drugs in the brain target tissue [130]. However, particles
with a small size very quickly left the circulation, which indicated the need to select the
functionalization of their surface specifically.

3.1.2. Heparin-Coated Metal NanoParticles

Another important direction is the development of targeted delivery systems based
on magnetic metal nanoparticles. The main disadvantage of such nanomaterials is that we
need to select a proper stabilizer or coating that will contribute to the constant particle size,
reduce their toxic effects, increase biocompatibility, and overcome physiological barriers
maintaining their high magnetic properties. Hep was found to be a sound basis for these
coatings [131]. Another study demonstrated that with Hep’s utilization, it is possible to cre-
ate stable magnetic nanoparticles, based on iron oxide, exhibiting low polydispersity [132].
The introduction of cis-platin to the composition of Hep and iron oxide created Hep-coated
metal nanoparticles, which exhibited a cytotoxic effect on cancer cells but lowered toxic
side- effects compared to the free drug [133].
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In similar studies, magnetic nanoparticles were modified with polyethylene glycol
(PEG) and Hep, after which they were functionalized with additional targeting agents. PE-
Gylation enables longer circulation time but can also render metal nanoparticles increased
passive targeting via the EPR effect. PEGylated metal nanoparticles were, furthermore,
modified with a Hep layer to enable the carrying of the highly cationic CPP-linked protein
drug [134]. Further studies demonstrated that the resulting nanoparticles have an increased
recirculation time in the blood, retain their high magnetic properties, and overcome the
BBB. It was also shown that in a mouse 9L glioma model, particles with a size of more than
50 nm accumulate at high concentrations in the tumor tissues [135].

3.1.3. Heparin Nanogels

Delivery systems based on liposomes, micelles, and magnetic nanoparticles are rela-
tively well-studied systems for which specific rules and dependencies have already been
developed, but depot forms based on nanogels represent a new milestone in this field [136].
Most scientific research, in this area, is devoted to creating matrices based on natural
polymers, including Hep, chitosan, alginic acid salts, and others.

The majority of the studies were dedicated to delivering genes and proteins. There
are also several reports in which Hep nanogels have been developed for the targeted
delivery of anticancer drugs [100]. A polymer matrix is typically produced by covalent
crosslinking to form strong and stable structures. Due to the polymer’s properties, the
delivery system can be sensitive to a wide range of external factors, and thus, fine-tuned
release of the drug load can be accomplished [124]. Melanoma is characterized by a high
metastatic potential of the transformed melanocytes, which also become “invisible” to the
immune cells. This “invisibility” is sustained by many mechanisms, one of them being the
formation of a platelet cloak. The heterogeneous mixture of GAGs can inhibit this process
by blocking P-selectin-mediated intercellular adhesion. LMWHep-coated with Dox and
loaded in liposomes (LMWHep-Dox-Lip) was studied in the B16F10 melanoma cell line.
This nanomaterial exerted both a cytotoxic effect and inhibited the adhesion between tumor
cells and platelets mediated by P-selectin. It was demonstrated in vivo that the pulmonary
metastases of melanoma are prevented by LMWHep-Dox-Lip treatment [137].

This type of drug-delivery system can be utilized for combination chemotherapy,
where more than two drugs with different properties and mechanisms of action are applied
to boost the cancer treatment. Thus, Joung et al.produced Hep-Pluronic (Hep-Pr) nanogel
loaded with paclitaxel and DNAase [138]. The nanogel allowed robust intracellular delivery
to facilitate these drugs’ synergistic effects in a dose-dependent manner and inhibited
tumor cells” growth. Notably, the synthesized matrix can bind to high concentrations of
both hydrophilic and hydrophobic drugs. Nanogels exhibit some disadvantages due to
their high polydispersity, hence the uneven distribution of the active substance in the
volume [139].

Some approaches utilize HS for nanoparticle preparation. A recent drug delivery strat-
egy conjugated the chemotherapeutic agent, docetaxel, onto HS. Due to its antimetastatic
and T cells infiltration enhancing properties, Aspirin (ASP) was encapsulated into the
HS-docetaxel micelle followed by the cationic polyethyleneimine (PEI)-polyethylene glycol
(PEG) copolymer binding to HS via electrostatic force. This approach results in an ASP-
loaded HS-docetaxel micelle (AHD)/PEI-PEG nanocomplex (PAHD). PAHD exhibits a
long half-life in the blood due to the PEG shell. As TME is characterized by weakly acidic
pH, the PEI-PEG polymers detach from AHD and increase tumor cells’ permeability due
to their positive charge. Heparanase, overexpressed by tumor cells, degrades HS, thus
delivering the active ASP and docexatel to tumor cells. Indeed, PAHD exhibits targeted
toxicity toward tumor cells but not normal cells and is bestowed with superior ability to
suppress tumor growth and lung metastasis in 411 breast cancer tumor-bearing mice [140].
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3.1.4. Summary

Significant progress in utilizing Hep-based nanoparticles as novel venues or in combina-
tion with existing therapies, such as chemotherapy or photodynamic therapy [131,138,141],
has been achieved. Indeed, many recent studies have proven that Hep-based nano-scaled
systems have great potential as drug carriers, the ability for specific delivery to cancer tissues,
and excellent biocompatibility [122].

However, even though significant achievements have been obtained in the synthesis
of Hep-based nanoparticles, no such nanomaterials have made their way to clinical trials.
A hurdle to clinical transition is the anticoagulant properties ofHep, which can lead to
bleeding complications. Chemically modifying Hep can attenuate its anticoagulant activ-
ities; however, the mechanisms of its anticancer and anticoagulant abilities are not fully
understood, and a more profound comprehension of the interplay between structure and
activity is needed [142]. Furthermore, one has to respond to difficulties in controlling Hep’s
quality due to its poly component and holistic pharmacologic characteristics [143]. Indeed,
Hep’ preparations contaminations have even resulted in patient death [144].

3.2. Chondroitin Sulfate and Dermatan Sulfate-Based Nanoparticles as Drug Delivery Systems

CS exhibits high biocompatibility and specific localization, being bound to PGs in
ECMs of tissues such as cartilage, blood vessel walls, skin, and tendons [48]. In line with
increasing nanotechnology application, optimally designed nano-scaled carriers on the
base of CS have been developed, exhibiting unique properties, such as biocompatibility, low
toxicity, and active and passive targeting. Their specific properties and discrete modalities
make them promising drug delivery vehicles for cancer therapy [145].

Because CS, like all GAGs, is a specific anionic acid polysaccharide, it couples well
with cationic poly-saccharides, including chitosan, which as a natural molecule is likewise
characterized with good bioactivity [146]. Thus, a CS—chitosan nanoparticle carrier encap-
sulating black rice anthocyanins exhibited significant apoptosis-inducing effects in colon
cancer cells [147], whereas loading these nanoparticles with curcumin induced a cytotoxic
effect in the lung cancer model [148].

Moreover, loaded with camptothecin (CPT) polymeric nanoparticles functionalized
with CS exerted targeted colon cancer drug delivery with superior anticancer effects
compared to non-targeted nanoparticles [149]. This approach utilized CS’s affinity for the
CD44 HA receptor overexpressed in various tumors [107].

Notably, CS can lower the adverse side effects of chemotherapeutic drugs as CS-Dox-
poly(lactic-co-glycolic acid) (PLGA)conjugated nanoparticles exhibited lower cardiotoxicity
and enhanced tumor inhibition compared with free Dox [150]. This development is an im-
portant achievement as cardiac toxicity through various mechanisms is a severe drawback
of Dox utilization [151,152].

Summary

In summary, CS-derived drug-loaded nanomaterial has been shown to have a rea-
sonable encapsulation efficiency, an appropriate hydrodynamic diameter, manageable
surface charge, low toxicity, and improved anticancer properties compared to the free
drug [149,153,154].

3.3. Keratan Sulfate in Anticancer Drug Delivery

KS, another perspective GAG for drug delivery, is localized in the ECMs of different
tissues, such as cartilages, cornea, and bone [15]. Besides acting as a constitutive molecule
of the ECMs, KS also plays a role as a hydrating and signaling agent in cartilage and
cornea tissues. KS chains are structurally bound to a protein core, forming PGs. Unlike
other GAGs, KS lacks uronic acid and contains galactose in its disaccharide building
blocks. Moreover, the unsulfated Gal residue is essential for binding mediated through
non-electrostatic interactions [155], such as hydrophobic and/or van der Waals forces [156].
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These data suggest that protein binding strategies may need to be chosen based on
the GAG class to be incorporated in the drug delivery vehicle [157-159].

Summary

Several reviews describe the structures and functions of KS proteoglycans, but their
potential role in drug delivery has not yet been determined [157-159].

3.4. Hyaluronic Acid-Based Nanoparticles for Controlled Drug Release in Cancer

HA is an abundant GAG, deposited to most tissues” ECM [160]. Its properties,
biodegradation, biocompatibility, water-solubility, non-toxicity, and non-immunogenicity
and its chemical characteristics, enabling modifications with functional groups, define HA
as a suitable molecule carrier to deliver low molecular weight drugs [161]. Furthermore,
its specific ligation with cell surface receptors such as CD44 and RHAMM [111] enables
HA-based nanoparticles to target diseased cells that express these receptors. Indeed, CD44
and RHAMM receptors are overexpressed by many tumor types [162-164]. High produc-
tion of HA has been determined in many solid tumors, but it is the combination of HA
production and Hyal overexpression that facilitate both carcinogenesis and metastasis [165].
In prostate cancer, the increased release of low molecular weight HA (LMWHA) due to
Hyall overexpression and increased HASs activity results in enhanced autocrine prolifera-
tion [166]. The naked mole-rat example, the only mammal resistant to cancer, argues the
importance of HA. This rodent produces high amounts of very high molecular weight HA
and simultaneously exhibits low Hyals expression, correlated to the minuscule ability to
cleave HA [167].

Therefore, the involvement of HA in tumorigenesis processes is of crucial significance.
This finding has ignited vibrant research efforts directed at HA metabolism and focusing
on the inhibition of HA degradation and on blocking HA-receptors interaction. The HA-
degrading enzymes Hyals have been identified as attractive anticancer therapy targets due
to their cell surface or extracellular deposition. HA localization enables their inhibition in
the ECM [81].

The use of HA-based nanoparticles requires knowledge of HA pharmacokinetics.
Thus, it is well established that blood and lymphatic transport system are responsible for
HA distribution in the body [168,169]. The utilization of isotopes showed that high molec-
ular weight HA (HMWHA) mainly accumulates in the liver, while LMWHA is secreted in
urine [170]. Notably, many studies indicate that the differences in HA-based nanoparticles’
targeting efficiency depend on their molecular weight. For example, HMWHA-coated
lipid nanoparticles exhibited a stronger binding affinity to the CD44 receptor of murine
melanoma cells in vitro than theLMWHA nanoparticles [162].

Different types of HA-based nanoparticles with discrete features have been used as
drug carriers (summarized in Figure 1).
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Figure 1. Mechanism of action of HA-based nanoparticles: HA (Hyaluronic acid)-based nanomedicines
are used to mediate targeted delivery of therapeutic compounds (DRUGS or siRNA: small interfering
RNA) in cancer cells. Nanoparticle targeting is enhanced by HA-specific interaction with CD44 or
RHAMM, which are overexpressed in different cancer cell types. These receptors also mediate the
internalization of the nanoparticles. After their uptake, each type of nanoparticle is degraded either by
enzymatic lysis of HA by hyaluronidase (HYAL) action or by a pH-dependent mechanism.

3.4.1. Hyaluronic Acid-Based Micelles

HA-based micelles were shown to target CD44 positive breast cancer cells with high-
affinity in vitro and in vivo [103]. The hydrophilic HA backbone is modified with hy-
drophobic groups to form an amphiphilic compound, which can self-assemble into a
micelle in an aqueous solution and encapsulate or conjugate drugs After reaching cancer
cells, drug release is achieved using various mechanisms, such as through pH dependence
or enzyme action [171,172].

HA-conjugated hexadecylamine micelles for the docetaxel delivery to MDA-MB-231
breast cancer cells are examples of a study testing HA-conjugated micelle drug forma-
tion [173]. Results showed that HA conjugation of micelles enhanced cellular uptake.
Moreover, treating mice bearing xenograft MCF-7 human breast cancer tumors with HA-
shelled-paclitaxel prodrug micelles resulted in 100% mouse survival and tumor-specific
accumulation of the micelles [174].

In pancreatic cancer, the use of HA-engineered nano-micelles loaded with 3,4-
difluorobenzylidene curcumin were tested in CD44-positive MiaPaCa-2 and AsPC-1 pan-
creatic cancer cell lines [175]. The existence of pancreatic cancer stem cells overexpressing
CD44 was identified, contributing to a tumor’s resistance to chemotherapy [175,176]. Re-
cent studies in vivo continued to prove the success of HA:Sucrose nanoparticles in the
delivery of anticancer treatments (such asEF2-Kinase inhibitor) to pancreatic cancer cells,
leading to significant inhibition of division and tumor formation [177].
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Recognized, HA-based micelles” disadvantages are the limited drug circulation in the
blood and the fast uptake by liver endothelial cells [178]. Therefore, the conjugation of
HA-micelles with PEG has been tested to improve their blood circulation time. Although
PEGylation may affect the micelle interaction with cancer cells HA-receptors [179], the
simultaneous use of these two types of micelles showed no significant variances as to their
delivery efficiency in vivo [180].

3.4.2. Hyaluronic Acid-Based Nanogels

These types of nanoparticles with physically or chemically crosslinked polymer chains
possess pores that can be filled with macromolecules to target cancer cells, as initially
demonstrated in vitro [181,182]. HA-based nanogels are used to improve the activity
of delivering compounds, enhancing stability, and increasing the biological half-life of
HA [178,183]. Indeed, several studies demonstrate the efficiency of HA-based nanogels
as drug carriers [184,185]. Moreover, it is possible to link HA with coiled-coil peptide,
creating a pH-sensitive nanogel for controled drug release to increase the anti-tumor effect
on MCEF-7 cells in vitro [186]. Furthermore, it was shown that HA nanogels, fabricated by
the methacrylation strategy, are sensitive to enzyme action. The nanogels target cancer cells
in a manner dependent on HA receptors expression and are deconstructed by the action
of Hyals, releasing their drug load [185]. The introduction of cholesterol to crosslinked
nanogels confers hydrophobicity to HA, increasing cell membranes’ permeability to HA-
based nanogels [187]. Another way to enhance the hydrophobic features of HA nanogels is
to acetylate the HA backbone. Indeed, acetylation’s degree affects Hela cells” drug loading
efficiency and targeting in an in vitro experimental model [188].

3.4.3. Inorganic Hyaluronic Acid-Based Nanoparticles

Another category of HA-based nanoparticles is the metal-organic framework NPs
conjugated with HA. These porous materials carry many metal-binding sites that can be
used for specific functionalization [106,179]. Their advantages are connected to their high
drug loading efficiency due to increased binding surface area [189]. This type of NP is
sensitive to different pH conditions, allowing fine-tuning of their release, as demonstrated
in a prostate cancer cell model [190].

Combining metal with HA allows the exploitation of specific characteristics of both
materials. Thus, AuNPs improve radiotherapy due to gold’s ability to adsorb X-rays,
demonstrated in animal models [191]. On the other hand, HA allows the restructuring
of AuNPs surface, enhancing the ability of the hybrid NPs to conjugate with drugs [192].
Moreover, the combined NPs exhibit superior stability and high-affinity targeting of CD44
positive liver cancer cells in vitro, as shown by Kumar et al. [193]. Furthermore, Dox-
HA-super-paramagnetic iron oxide nanoparticles (Dox-HA-SPION) were suggested to
enhance the drug efficacy and to minimize off-target effects in MDA-MB-231 human triple-
negative breast cancer cells (TNBC) [194]. Liu et al. designed tumor-targeting HA-titanium
dioxide (HA-TiO2) nanoparticles loaded with cisplatin (CDDP) with significant anticancer
activity in the A2780 ovarian cancer cells [195]. Silica NPs, also classified as inorganic
nanomedicines, have many advantages, such as controllable shape and size, low toxicity,
and good biocompatibility [196]. Modified with HA silica NPs exhibit increased delivery
to HA-receptor expressing cancer cells, as demonstrated in vitro and in vivo [197].

3.4.4. Clinical Trials Implementing Hyaluronic Acid-Based Nanoparticles

Primary studies in cell cultures and animal trials have shown promising results of
HA-based nanoparticle efficiency in anticancer therapy. Some of these compounds have
already been tested in Phase 2 or Phase 3 clinical trials with positive outcomes regarding
efficiency and safety. A phase 2 trial tested HA-irinotecan plus cetuximab in 45 patients
with KRAS wild-type metastatic colon cancer to examine the compound’s safety and
efficacy. However, the results of the study have not yet been announced [198]. Another
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phase 2 study involving 39 patients with extensive-stage SCLC indicates that HA-irinotecan
treatment provides survival benefits for patients bearing CD44 positive tumors [199].

Furthermore, phase 1 and 2 clinical trials utilizing HA-cisplatin nanoconjugates (HA-
Pt) in dogs with naturally occurring anal sac carcinoma, oral squamous cell carcinoma,
oral melanoma, nasal carcinoma, or digital squamous cell carcinoma have been conducted.
The obtained results demonstrated the beneficial effects of HA-Pt drug formulations for
the treatment of canine squamous cell carcinomas. Moreover, nephrotoxicity, a serious
side-effect of Pt therapy, was not evident in any canine subject. Notably, canine oral SCC’s
similarity to human HNSCC regarding progression and drug response gives essential
information for developing human treatments [200]. Examples of HA-based nanoparticle
types tested in different cancer models are shown in Table 2.

Table 2. Types of HA-based nanoparticles tested in different cancer models.

HA-Based NP Types Composition Drug/Conjugate Human Cancer Type Reference
Micelles HA-b-dendritic oligoglycerol paclitaxel breast [174]
. . 3,4-difluorobenzylidene .
HA-copoly(styrene maleic acid) curcumin pancreatic [175]
aoa - ) GY(EIAALEK)3GC (E3)
Coiled-coil-peptide-cross and GY(KIAALKE)3GC breast [186]
Nanogels linked-HA
(K3)
Acetylated HA with low
molecular weight 1,2,3-with
degrees of acetylation 0.8, 2.1, 2.6 Doxorubicin cervical [188]
acetyl groups per unit (2 glucose
rings)
I . HA super—par:ilmagnetlc tron Doxorubicin breast [194]
norganic oxide
HA-titanium dioxide Cisplatin ovarian [195]

4. Targeting GAGs in Cancer—New Prospective
4.1. Targeting Heparan Sulfate/Heparin

HS, expressed by all mammalian cells in homeostasis [31], has been determined to
be the most complex GAG [19]. This highly variable GAG is critical in cellular signaling
and extensively remodeled during cancer progression. In its natural state, Hep is a het-
erogeneous mixture composed of polysaccharide chains that exhibit varying lengths and
different sulfation patterns. Hep, compared to HS, is more homogeneous and its main
function is storage. HS and Hep chains can establish specific interactions with various
protein mediators regulating critical cellular signaling [18]. The affinity of HS/Hep chains
to proteins such as growth factors seems to be significantly affected by their sulfation status
and resulting electrostatic interactions [157-159]. Moreover, analysis by the polyelectrolyte
theory demonstrated that the binding of FGF-2 to Hep is primarily accomplished through
the more specific nonionic interactions, such as van der Waals packing and hydrogen
bonding [201]. Therefore, inherent properties of the GAG chains need to be taken into
account when designing novel drug carriers [157-159].

To date, more than 400 HS-binding proteins have been identified, including cytokines,
growth factors, chemokines, ECM proteins, as well as enzymes and enzyme inhibitors [18].
Thus, the targeting of HS protein interactions is an essential developing therapy approach.

The strategies that have been examined for cancer-oriented therapy are based on (i) the
utilization of GAG mimetics as competitive agents to block HS—protein interactions (ii) the
utilization of enzymatic methods to cleave or modify HS to inhibit HS—protein interactions.

The utilization of unfractionated Hep and LMWHs is standard clinical practice for the
protection against venous thromboembolism in cancer patients [202]. This clinical practice’s
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implementation has also demonstrated a beneficial effect of Hep on cancer patient survival
discrete from its anticoagulant properties [203]. Indeed, Hep has now been recognized as
a multifunctional drug [50]. Hep mimetics are commonly described as synthetic or semi-
synthetic compounds that are anionic, usually highly sulfated, and structurally defined as
distinct GAG analogs [204].

Research efforts focused on the synthesis of Hep derivatives with attenuated polyphar-
macy traits and anticoagulant activity, exhibiting enhanced potency and specificity while
downregulating unwanted side effects, e.g., anticoagulation [204]. This approach has
been facilitated by significant development in carbohydrate synthesis, including one-pot
multi-step procedures and coupling reactions, enabling the synthesis of complex oligosac-
charides [205].

A recently synthesized, multitargeting Hep-based mimetic, necuparanib, was shown
to attenuate pancreatic cancer tumor cell growth and invasion in a three-dimensional (3D)
culture model. In contrast, in vivo, it facilitated survival and attenuated the metastatic
ability of pancreatic cancer cells. Furthermore, the proteomic analysis demonstrated that
necuparinib, among others, targeted ECM-originating mediators, well established to affect
cancer cell growth and metastasis. Specifically, necuparanib attenuated the expression
of metalloproteinase 1 (MMP1) and facilitated the expression of tissue inhibitor of metal-
loproteinase 3 (TIMP3) in the 3D pancreatic cancer model [206]. Moreover, the levels of
TIMP3 in the plasma of patients with metastatic pancreatic cancer who were participating
in a phase I/1I study treatment with necuparanib plus standard therapy were found to be
substantially enhanced [206].

A crucial therapeutic target is cancer-associated angiogenesis. Both fibroblast growth
factors (FGFs) and vascular endothelial growth factor (VEGF) can form ternary complexes
with HS and their respective cell-membrane receptors, initiating signaling cascades that
facilitate angiogenesis [207]. These growth factors are characterized as important cancer
therapy targets with Hep mimetics” possible implementation [208,209]. The D-mannose-
based sulfated oligosaccharide mixture, PI-88 (Muparfostat) is one such inhibitor. It is
developed from the oligosaccharide phosphate fraction obtained from the extracellular
phosphomannan, initially derived from the yeast Pichia (Hansenula) holstii (NRRL Y-2448)
and subsequently extensively sulfated [210,211].

Modified LMWH functionalized by polystyrene (NAC-HCPS) exhibited increased
affinity to HS binding growth factors and attenuated anticoagulant properties, decreased
endothelial cell growth, and formation of endothelial tubes [212]. Moreover, SST0001 Hep
derivatives, characterized by 100% N-acetylated, 25% glycol split Hep SST0001 (100NA-
ROH, roneparstat), efficiently reduced FGF2-mediated proliferation of endothelial and
lymphoid cells and displayed a limited capacity to release FGF from the ECM. This effect
is associated with the N-acetylation of GIcN.SST0001 and was also reported to counteract
human sarcoma cell invasion induced by exogenous FGF2 [213]. Interestingly, Hep is
actively uptaken by melanoma cells and affects their migration and adhesion [214].

The disadvantages of using Hep derivatives, discussed above, are mostly correlated
to the intrinsic Hep anticoagulant properties to initiate severe hemorrhagic effects.

4.2. Enzymatic Modulation of HS—Protein Interactions

Heparanase, the only mammalian enzyme responsible for HS/Hep cleavage, is a
strict endo-f3-glucuronidase, favoring the fission of a GlcA linked to 60-sulfated GIcN,
which can either be N-sulfated or N-acetylated [56]. However, advances have implicated
the potential controlling role of the surrounding saccharide sequences and their sulfation
pattern in regulating the extent of substrate degradation [56].This plasticity of substrate
specificity enhances the execution of various heparanases’ roles [215]. The cleavage of HS
chains bound into PGs releases latent growth factors, including FGF2, hepatocyte growth
factor (HGF), keratinocyte growth factor (FGF4), and TGF-f3, which are sequestered to
the matrix and cell surface, but also inherently modulates the protein-GAG interactions
and downstream signaling [216]. Indeed, trimming of HS can enhance the binding of
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growth factors to their respective receptors, as in the case of FGF-2 where the creation
of tertiary FGF2-FGFR-HS complex is increased by moderate heparanase activity [217].
Moreover, heparanase was found to reside and accumulate in lysosomes suggesting that it
also exhibits intracellular functions [218].

Heparanase strongly affects protein-HS interactions, whereas tumor-associated activated
fibroblasts, endothelial cells, and immune cells exhibit increased heparanase activity [219].
The overexpression of heparanase results in vivo in increased tumor metastasis, whereas
downregulating heparanase markedly decreases cancer cells’ ability to metastasize [220].

Heparanase expression was shown to be upregulated in all cancer types, including
sarcomas, carcinomas, and hematological neoplasms [221]. Notably, heparanase activity
has been correlated to various human cancers’ metastatic potential. Thus, the examination
of the Cancer Genome Atlas (TCGA) data on heparanase expression in breast cancer clinical
samples showed its upregulation in the majority of specimens. Furthermore, increased
heparanase expression was correlated with poor patient survival [222]. Similar results
have been obtained for other cancer types, including multiple myeloma [223] and bladder
cancer [224]. Moreover, heparanase has been shown to affect cancer angiogenesis [225],
invasion, and autophagy [226] and partly through syndecan-1-dependent mechanisms to
modulate inflammation-associated tumorigenesis [227].

Heparanase can affect the response to chemotherapy. Thus, anti-myeloma chemothera-
peutic agents, including bortezomib (proteasome inhibitor) or melphalan (alkylating agent),
were shown to increase the expression and secretion of heparanase in an in vitro myeloma
model. The subsequent uptake of soluble heparanase by tumor cells initiated ERK and
Akt signaling pathways, stimulated the expression of vascular endothelial growth factor
(VEGEF), HGF, and MMP-9, and was correlated with an aggressive tumor phenotype [228].

An essential mechanism of heparanase action is promoting exosome secretion, which
affects both tumor and host cells” biological behavior and finally drives tumor progres-
sion [229]. In a myeloma model, it was shown that chemotherapeutic drugs increase
exosome secretion. Notably, chemoexosomes have an increased heparanase load, enhanc-
ing cell HS’s cleaving activity and initiating ERK signaling and syndecan-1 shedding. These
authors suggest that anti-myeloma therapy stimulates the secretion of high heparanase
content exosomes, facilitates ECM remodeling, changes tumor and stroma cell behavior,
and contributes to chemoresistance [230].

Several therapeutic approaches have been tested to develop efficient inhibitors of
heparanase activity. Non-anticoagulant heparin derivatives such as SST0001 or roneparstat
significantly downregulated heparanase-dependent cleavage of syndecan-1 HS chains,
attenuated HGF, VEGE, and MMP-9 expression resulting in decreased tumor growth
and angiogenesisinvivo [231,232]. Preclinical evidence resulted in the first human study
(NCTO01764880) assessing the safety and tolerability of roneparstat in patients with re-
lapsed or refractory multiple myeloma (MM). Patients treated with Roneparstat exhibited
acceptable tolerance at clinically significant doses [233].

PI-88 is an inhibitor of heparanase, in addition to its antagonist of angiogenic growth
factors function [234]. Even though it exerted adjuvant properties in hepatocellular car-
cinoma and melanoma patients [235,236], PI88 has been correlated with bleeding events,
and thus, did not progress to clinical practice [237].

A series of PI-88 analogs have been synthesized, exhibiting superior performance.
The improved analogs comprise single, characterized oligosaccharides with discrete func-
tionalizations and exhibit more efficient antagonism of angiogenic growth factors and
respective receptors binding with HS. These properties are translated into potent inhi-
bition of growth factor-dependent endothelial cell growth and strong downregulation
of the endothelial tube formation [234]. PG545 is the outstanding member of the PI88
analogs series exhibiting significant anti-angiogenic, anti-proliferation, and antimetastatic
effects through potent heparanase inhibitory and angiogenic growth factor antagonist
effects [238]. Moreover, PG545 was shown to exert anti-tumor effects discrete from hep-
aranase inhibition as it induces lymphoma cell apoptosis in a non-heparanase-dependent
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manner [239]. PG545 (pixatimod) is currently being tested in clinical trials [238]. However,
despite promising breakthroughs, the development of heparanase inhibitors with beneficial
clinical performance and acceptable adverse effects is still elusive. Therapeutics targeting
HS are summarized in Table 3.

Table 3. Therapeutics targeting HS.

Therapy
Target

Drug Cancer Type Stage Reference

3D model, animal tumor
model, Phase I/1I clinical

necuparanib Pancreatic cancer trial in combination with [206]
tandard th
Antagonists of standard thetapy
angiogenic growth PI-88 (muparfosfat) Gene.ral tumpr In vitro, animal models [210,211]
factors angiogenesis
NAC-HCPS Lung tumor Animal model [212]
Hep SST0001 Animal models
(roneparstat) Sarcoma Section 2 [213]
SST0001 (roneparstat) Multlsilcetirsgizloma Animal msoeci(:il(,)r(l?l;mcal trial [232,233]
Heparanase PI-88 He
e - patocellular .. .
Inhll?ltors (muparfosfat) Carcinoma. melanoma Clinical trial [235,236]
Section 3 -
PI-88 analogs Human lymphoma Animal model, [237,238]

(PC545-pixatimod)

Clinical trial

However, some studies targeting heparanase demonstrated contradictory results. In
some model systems, inactive heparanase facilitated adhesion and migration of endothelial
cells and induced factors that promote angiogenesis, such as vascular endothelial growth
factor [240]. The enzyme has a C-terminus domain involved in the molecule’s signaling ca-
pacity. The human heparanase variant (T5) lacking enzymatic activity has protumorigenic
properties, indicating the enzyme’s complex role in cancer pathogenesis [240].

5. GAGs and Immunological Aspects of Cancer Therapy

The involvement of glycobiology in cancer and the anti-tumoral immune response
can be analyzed at several levels. GAGs are involved in the immune response; they can
constitute new biomarkers and offer possibilities to develop new immune-therapy targets.

The interconnection of the immune system and various aspects of tumorigenesis are
described in all types of cancers [241,242]. An array of immune cells, mainly from the
myeloid lineage, macrophages, and dendritic cells, modulate tumor neoangiogenesis. HA
is an essential component of the TME, and its abnormal deposition has been assessed
in different tumor types. As HA is one of the modulators of tumor angiogenesis, it can
influence various immune cells’ physiopathology within the TME. HA-induced effects
depend on both its polymer size and its complexes with other molecules. Under healthy
conditions, HASs and Hyals are a tightly regulated molecular network that keeps HA
ECM levels within physiological limits. When pathological conditions appear, and HA
homeostasis is perturbed, the enzymes that regulate its characteristics aid the pro-tumoral
processes in TME and induce resistance to therapy [243].

Inflammation and tumorigenesis are intertwined processes [244], and inflammatory
mechanisms are involved in both the tumors’ initiation and progression. In the continuous
communication with the ECM, GAGs regulate the cell/matrix interface and the immune-
related mechanisms [2].
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5.1. GAGs Roles in Tumor Immunology

CD44-HA constitutes a molecular tandem that can affect tumor immunology by
utilizing complex mechanisms [6]. Macrophages have a different expression of CD44
related to their functions, and their capacity to bind HA is variable. CD44 has the highest
expression in M1 polarized macrophages, followed by MO type of macrophages, whereas
M2 type expression is similar to the latter. The higher CD44 expression in M1 induces
increased binding of HA. On the other hand, the lower M2 expression favors a better
internalization of HA. Therefore, the molecular mechanisms in the CD44-HA tandem
exhibit subtleties to predict targeting behavior [245].

The presence of tumor-associated macrophages (TAMs) is correlated with the poor
outcome in tumor-bearing organisms because these cells sustain the immune-suppression
and enhance pro-tumoral mechanisms, and, last but not least, inhibit the actions of anti-
tumoral drugs. Therefore, TAMs are preferred targets in tumor therapies [246]. Several
years ago, a nanoparticle was designed comprising poly(lactic acid-co-glycolic acid-grafted
HA (HA-g-PLGA) that carried a cytostatic, an active metabolite of irinotecan. At the
acidic pH of the TME, HA is exposed, and by linking to the CD44 expressed on tumor
cells and TAMs, it delivers the cytostatic intracellularly. Tumor cells continue to recruit
TAMs that encounter carriers with the cytostatics; hence, the anti-proliferative effect is
propagated [247].

In a recent study, novel carrier molecules were tested. Within the tested compounds,
oligomeric HA (oHA) targeted CD44 receptors on TAMs for the delivery of curcumin (Cur)
and baicalin (Bai) to overcome tumor resistance. The carrier had good cellular penetration
and cytotoxicity upon tumor cells. In in vivo animal modelsof A549 tumor-bearing nude
mice, the significant anti-tumoral effect was re-confirmed [248]. HA-based nanoparticles
were tested as drug carriers in epithelial ovarian cancers to target TAMs specifically. Thus,
HA nanoparticles that encapsulate miR-125b (HA-PEI-miR-125b) targeted TAMs in an
experimental mouse model of syngeneic ID8-VEGF ovarian cancer and induced these
cells to an immune-activating phenotype [249]. In the 4T1 breast cancer animal model,
mesoporous Prussian blue (MPB) nanoparticles and LMWHA (LMWHA-MPB) were tested.
This approach demonstrated that LMWHA-MPB penetrates M2 macrophages (pro-tumoral
macrophages), which are subsequently diverted toward the M1 phenotype exhibiting
anti-tumoral action. Therefore, LMWHA-MPB can induce TAMs pro-tumoral potential
and can likewise be used in situ for microenvironmental tumoral regulation [250].

LMWHA per se was demonstrated to have an anti-tumoral effect in colorectal carci-
noma. The immune response involves activated dendritic cells (DC). Authors have shown
that preconditioning DC from tumors with LMWHA increased their ability to migrate
in vitro and enhanced DC in vivo recruitment to regional lymph nodes. In a mouse animal
model, tumor lysate-pulsed DC (DC/LMWHA) was administered, and a potent anti-tumor
response was obtained. Splenocytes from animals treated with DC/LMWHA displayed
higher proliferative capacity, enhanced IFN-y production, and lower immunosuppressive
cytokine levels. Therefore, LMWHA can be considered a new adjuvant candidate for
DC-based anticancer vaccines [251].

Using HA’s ability in reprogramming pro-tumoral M2 type TAMs to anti-tumor
M1 macrophages, other nanoparticles with MnO2 were used to decrease tumor hypoxia
chemoresistance in the breast cancer experimental model. Increased tumor oxygenation
was obtained in conjunction with hypoxia-inducible factor-1 o« (HIF-1c) and VEGF down-
regulation. When these nanoparticles were combined with classical cytostatic Dox, tumor
growth/proliferation was inhibited [252].

As cancer immunotherapy has recently gained unprecedented momentum, HA's
involvement as a drug carrier was tested. TC-1, a polymeric conjugate formed by HA and
ovalbumin (OVA) as a foreign antigen, was tested using mouse lung tumor cells. This
model showed that OVA257-264 peptide is presented complexed with MHC class I on
the cells’ surface. With this approach, the foreign antigen could induce an anti-tumor
effect by enhancing the immune cells” attack. The mouse model’s systemic administration
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showed that the conjugate is accumulated into tumor tissue and facilitates the cytotoxic T
lymphocytes’ (CTLs) attack of the tumor cells, thus inhibiting tumor proliferation [253].

OVA-loaded micelle consisting of PEGylated HA was tested for increasing the OVA
uptake. The HA-coated micelle targeted CD44 on tumor cells and increased OVA cellular
uptake more than 10 times. Loading tumor cells with a foreign antigen, such as OVA,
would increase their recognition by CTLs, and thus, enhance destruction. In animal models,
tumor growth was significantly inhibited, and the authors point out that in the case of
cutaneous melanoma, this can be another approach to enhance immune-therapy [254]. The
same principle was implemented in TC-1 mouse cells and lung cancer epithelial cells, using
MMP9-responsive conjugates consisting of PEGylated HA and OVA. The complex was
taken up through CD44-expressing cancer cells via receptor-mediated endocytosis. In an
in vivo animal model, the tumor growth was significantly inhibited, antigen presentation
on the tumor cells enhanced, and T cytotoxic anti-tumoral action increased [255]. A complex
using HA and OVA on gold nanoparticles (AuNPs) was used to increase antigen uptake, by
DC, via receptor-mediated endocytosis. The complex HA-OVA-AuNPs has enhanced near-
infrared (NIR) absorption and thermal energy translation, so after engulfment, the cytosolic
antigen will be delivered through the photothermally targeted process. Proteasome activity
is increased, and the MHC I antigen presentation is enhanced; thus, the CD8+ cytotoxic
T-cell response is triggered. This protocol can be fruitfully expanded in the cancer vaccine
development area [256].

As some of the tumor cells and primary lymphocytes have low HS expression, other
carriers need to be utilized. Thus, proteins complexed with nanosize cholesteryl group-
bearing pullulans (cCHP) can be efficiently delivered to myeloma cells and to primary CD4+
T cells by macropinocytosis. When using these new types of nanoparticles to deliver the
anti-apoptotic protein Bel-xL, T cells’ functional regulation is achieved. These nanoparticles
can bypass the lack of HS expression and deliver anticancer effectors and modulators of
immune regulation [257].Figure 2 outlines the main mechanisms GAGs utilize to hinder
immune anti-tumoral action.
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Figure 2. The main mechanisms through which GAGs hinder immune anti-tumoral action. A. HA binds t oCD44-expressing

T suppresor cells and to the pool of tumor-associated macrophages contributing to the immuno-suppressive milieu in TME;

B. Specific enzymes (e.g., f1,4-N-acetylgalactosaminyltransferase 3 and 31,4-galactosyltransferase 3) induce modification of

1 integrin expressed by tumor cells, triggering intracellular signaling that favor pro-tumorigenic effects in cell growth, cell
cycle, and apoptosis. C. HA in the TME binds toCD44 expressed by tumor cells to physically block NK and T cytotoxic
lymphocytes” access to tumor cells.
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5.2. GAGs as Immunotherapy Targets

TME is complex and consists of immune cells (mainly lymphocytes and myeloid
cells), non-immune cells (mainly endothelial cells and fibroblasts), and a complex array
of structures, such as ECM, and various molecules that are either secreted or append
to the cell membrane [258]. TME sustains molecules that hinder the potential effector
function of NK lymphocytes. Transforming growth factor (TGF)-f3 and members of its
superfamily downregulate NK cell cytotoxicity functions, cytokine secretion, metabolism,
and proliferation. Likewise, galectins, a family of carbohydrate-binding proteins produced
by different sources within the TME, downregulate NK cell functions. Various ECM
components and associated enzymes (e.g., MMPs) can hinder NK cells’ activation and
become future therapy targets [259]. Pancreatic cancer, TME, contains various possible
therapy targets, such as HA, focal adhesion kinase (FAK), connective tissue growth factor
(CTGF), CD40, and chemokine (C-X-C motif) receptor 4 (CXCR-4), which could be utilized
in future clinical applications [260].

Immune checkpoint inhibitor immunotherapies that had achieved broad clinical ap-
plicability in recent years [261] face the gaining of resistance. It is supposed that the HA
accumulation influences tumor cells’ sensitivity to chemotherapy and immunotherapy.
A semiquantitative grouping of non-small lung cancer tissue demonstrated that HA de-
position predicts the tumor response to pegylated hyaluronidase (PEGPH20) in animal
models [262]. Thus, HA degradation facilitates tumor cells” exposure to drugs. Notably,
utilization of PEGPH20, in a phase I clinical study demonstrated safety and good tolerabil-
ity [263]. A phase I clinical trial, combining PEGPH20 with an immunotherapeutic agent,
pembrolizumab, is currently ongoing in a cohort of metastatic gastric adenocarcinoma
and non-small cell lung carcinoma patients [264], The reasoning behind this approach is
the combination of facilitating drug access to tumor cells with the hypothesis that HA
may modulate regulatory T cells and antitumor immune responses [265]. Clift et al. have
shown that upon degrading HA, the anti-programmed death-ligand 1 (PD-L1) antibody
accumulates more intensely in breast cancer tissues in vivo. An increased accumulation of
T and NK cells was noticed upon HA degradation. The authors point out that decreasing
HA in TME would enhance anti-tumoral immune cell infiltration and increase checkpoint
inhibitor therapy efficacy [266].

Heparanase has also been linked to tumor immunology. It was shown that heparanase
is implicated in chronic inflammatory bowel conditions and, consequently, in colon car-
cinoma initiation [222-224]. There is a clear correlation between intestinal heparanase
and immune cells, mainly macrophages, which sustain the chronic inflammation and
create a pro-tumoral microenvironment. Therapies that can re-equilibrate this enzyme’s
function and re-establish the physiological crosstalk between immune and epithelial cells
would hinder colon cancer development [267]. Leukocyte-derived heparanase is versatile;
therefore, subtle changes in the TME can direct the enzyme to either pro-or anti-tumoral
action. Thus, in immune cancer therapy, heparanase could be a vital therapy target by
either exploiting or inhibiting its activity [268].

Along these lines, heparanase inhibitors were tested in various hematological cancer
models. Weissmann et al. showed in 2019 that PG545, a heparanase inhibitor, had a
strong effect on human lymphoma. The inhibitor induces tumor cell apoptosis, ER stress
response, and increased autophagy. PG545 did not affect naive splenocytes but induced
apoptosis even in lymphoma cells deployed of heparanase activity [239]. Another approach
was utilizing heparanase-neutralizing monoclonal antibodies that strongly attenuate lym-
phoma cell tumor load in mouse bones due to tumor cell growth inhibition and reduced
angiogenesis [269].

In chronic lymphocytic leukemia (CLL), stromal cells secrete and present CXCL12,
a CXC chemokine ligand, through cellsurface-bound GAGs. By using this mechanism,
CLL cells are protected from cytotoxic drugs and sustain the residual disease. The GAG
mimetic, NOX-A12, binds and neutralizes CXCL12 and was tested to affect tumor cell
migration. NOX-A12 inhibited CLL cell chemotaxis generated through CXCL12. Thus,

137



Biomolecules 2021, 11, 395

NOX-A12 competes with GAGs (e.g., Hep) for CXCL12 binding and sensitizes CLL cells
toward chemotherapeutic drugs [270]. An outline of the main immune-therapy targets is
summarized in Table 4.

Table 4. Developing GAG-associated immune-therapies.

Target Therapy Cancer Type Stage Reference
Solid tumors phase I study [263]
Non-small lung cancer Animal model [262]
Eval PEGylated recombinant  Refractory locally advanced or A phase 1b trial of
yaluronan hyalurgrudase metastatic gastric PEGPH20 with [264]
Section 6 adenocarcinoma and pembrolizumab
Non-small cell lung carcinoma (NCT02563548)
Colon carcinoma Animal model [267,271]
Heparanase inhibitors
Human lymphoma In vitro cellular model [239]
Heparanase Heparanase Human follicular and diffused .
neutralizing antibody non-Hodgkin’s B-lymphomas Animal model [269]

6. GAGs as Potential Cancer Therapy Response Biomarkers

The physical barrier represented by HA in the TME restricts immune therapy efficacy
by hindering antibody and immune cell access. It was shown in 50% of HER2(3+) primary
breast tumors and almost 50% of EGFR(+) head and neck squamous cell carcinomas that
the tumor tissue characterized by high HA expression is associated with immune therapy
resistance. The matrix containing high HA deposition hinders NK immune cell access
to tumor cells. The depletion of HA by PEGPH20 (pegylated recombinant human PH20
hyaluronidase) propagates NK cells” access to these tumors. In vitro, the same mechanisms
enhanced trastuzumab- or cetuximab-dependent antibody-dependent cellular toxicity
(ADCC), while the in vivo experiments also demonstrated treatment efficacy. Considering
that the tumor HA deposition can be used as a marker for immune therapy resistance,
other clinical management protocols can be developed [271].

In colorectal cancer, it was established that glycosylation alters over 80% of human
proteins and that aberrant glycosylation is involved in cancer development and progression.
Glycan changes (e.g.,carbohydrate antigen CA 19-9 or carcinoembryonic antigen) are
already established biomarkers in this cancer. Recent reports have shown that altered
glycosylations can be involved in drug resistance mechanisms and indicate new predictive
biomarkers [272].

GAGs are utilized as biomarkers in other disease types, including mucopolysacchari-
doses (MPSs) [273]. The MPSs present approximately 30% of lysosomal storage diseases
and are induced by inefficient GAG breakdown due to active enzyme deficiencies [274].
Without treatment options, patients exhibiting severe MPS forms die within the first two
decades of life [273].

7. Conclusions

GAGs are versatile molecules that play multifaceted roles in the human body. They are
involved in all biological functions and are acrucial mediator of homeostasis. Alterations
in both the expression and GAG fine chemical structure are evident during cancer develop-
ment and progression. Research efforts directed at the role of GAGs in cancerogenesis are
rapidly increasing, and some of the findings have made their way into clinical practice.

The field has been facilitated by essential developments in available technologies,
including imaging technologies, mass spectrometry, microarrays, and bioinformatics
tools [275-277]. Therefore, we can now deepen our studies of the glycome, leading to
an improved understanding of the glycobiology field. Indeed, the recent advancements
in the GAG structure/function relationship have allowed a better appreciation of the
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GAGs role in tumorigenesis and the utilization of this knowledge for cancer detection,
prognosis, and therapy implementation. GAGs are now being employed as biomarkers
for disease progression and tumor aggressiveness [278].They are involved in the tumor
immune response, can be used by themselves or in the form of hybrid PGs therapeutic
targets, and offer targeted drug delivery [1,279]. As drug carriers, GAGs are characterized
by high specificity, multi-functionality, and good biocompatibility, the key to the success
of new therapies in oncology [279]. Considering that GAGs are critical molecules of the
complex cellular and molecular TME network, their multi-factorial utilization could enable
personalized therapy implementation. However, some obstacles still need to be overcome
as the heterogeneity of native GAG preparations has introduced the need for producing
synthetic or semi-synthetic GAG mimetics with improved pharmacokinetic properties,
higher selectivity, and attenuated or even abolished adverse side-effects. Future research
efforts will enhance GAG implementations in the clinic and hopefully improve therapeutic
strategies for some cancer types.
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Abstract: In an era when cancer glycobiology research is exponentially growing, we are witnessing a
progressive translation of the major scientific findings to the clinical practice with the overarching aim
of improving cancer patients’ management. Many mechanistic cell biology studies have demonstrated
that heparan sulfate (HS) glycosaminoglycans are key molecules responsible for several molecular
and biochemical processes, impacting extracellular matrix properties and cellular functions. HS can
interact with a myriad of different ligands, and therefore, hold a pleiotropic role in regulating
the activity of important cellular receptors and downstream signalling pathways. The aberrant
expression of HS glycan chains in tumours determines main malignant features, such as cancer cell
proliferation, angiogenesis, invasion and metastasis. In this review, we devote particular attention to
HS biological activities, its expression profile and modulation in cancer. Moreover, we highlight HS
clinical potential to improve both diagnosis and prognosis of cancer, either as HS-based biomarkers
or as therapeutic targets.

Keywords: biomarker; cancer; cancer therapy; extracellular vesicles; glycosaminoglycans; heparan
sulfate; proteoglycans

1. Introduction

After decades of knowledge about the cellular signalling pathways mediated by gly-
coconjugates and the impact of the glycan structural characteristics in defining specific
cellular responses, researchers are taking advantage of the multiple features of glycosamino-
glycans (GAGs) to develop new tools for improving the clinical management of cancer.
GAG:s are long linear chains of heterogeneous saccharides, comprising one of the major
biomolecules class found in all mammalian cells [1]. GAGs have been extensively studied,
and their interactions with growth factors, morphogens, chemokines, extracellular ma-
trix (ECM) proteins and their bioactive fragments, receptors, lipoproteins and pathogens
are well described [1-5]. This dynamic network orchestrates several essential functions,
from critical steps in embryogenesis and early development to ECM (re)modelling and cell
signalling regulation in various physiological and pathological contexts, such as metabolic
and neurodegenerative diseases, infections and cancer [6,7]. This review focuses on one
particular class of GAGs: Heparan sulfate (HS). HS are anionic polysaccharide chains that
assemble as disaccharide building blocks of glucuronic acid (GlcA) linked to N-acetyl-
glucosamine (GIcNAc) and undergo extensive modification through the action of at least
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four families of sulfotransferases and one epimerase. HS chains are covalently linked to a
core protein to form heparan sulfate proteoglycans (HSPGs), which can be expressed at the
cell membrane, released into the ECM [8] or secreted in extracellular vesicles (EVs) [9,10].
The HSPGs are the main mediators of cellular interaction with an enormous number of
ligands. Over the last decade, new insights have emerged regarding the mechanisms
and the biological significance of those interactions [7,11-13], and in this last couple of
years, their biomedical potential has been at the forefront in glycobiology translational
research [14-16]. HS interfere in many steps of tumour progression, such as cancer cell pro-
liferation, immune response escaping, invasion of neighbour tissues and metastasis [7,9,17].
Moreover, the aberrant expression of different HSPGs and of the key enzymes involved
in HS biosynthesis and post-synthesis modifications impact cancer cell behaviour [17,18].
The interplay between researchers and clinicians has been key to identify the major needs
in the clinical practice, and therefore, propel a better understanding on the potential of HS
with the ultimate goal of improving cancer patients’ management. This ladder could not be
scaled without the parallel development of powerful analytical equipment and approaches
for glycan characterisation [19,20]. These biotechnological advances have contributed to
unravel important features regarding the chemical diversity of HS structures, along with
the intricate regulation of its biosynthetic pathways.

This review presents the main HS and HSPGs biological functions, from physiological
to disease contexts, and summarises the most recent findings on HS as biomarkers and /or
as therapeutic targets.

2. Glycosaminoglycans as Main Extracellular Matrix and Glycocalyx Building Blocks
2.1. Glycosaminoglycans and Proteoglycans Diversity

ECM is a well-organised and dynamic macromolecular complex that provides a
three-dimensional scaffold for cells and contributes to tissue homeostasis. Generally,
the ECM is composed by varied fibrous proteins, polysaccharides and water. However,
its major components, and subsequent structural features, are tissue-specific. Its most
common constituents include collagens, glycoproteins, such as laminins and fibronectin,
proteoglycans (PGs) and GAGs [21,22]. Besides acting as important ECM building blocks,
PGs are also major components of the cellular glycocalyx. This cell’s surface layer includes a
vast group of membrane-attached PGs, secreted GAG chains, glycoproteins and glycolipids
being associated with cellular functions in homeostasis, as well as to cell responses to injury
and disease [1].

PGs are composed by a core protein with GAG chains covalently attached. GAGs
are long and linear polysaccharides composed by repeating disaccharide units and rep-
resent an important distinctive structural feature amongst different PGs. According to
the disaccharide units that build these chains, GAGs can be classified as HS, chondroitin
sulfate (CS), dermatan sulfate (DS) or keratan sulfate (KS) [8]. Hyaluronan (HA) is the
exception because it is the only non-sulfated GAG and lacks a covalent bond to a protein
core. The different classes of GAGs are schematically represented in Figure 1A.

According to their cellular and subcellular localisation, overall homology and func-
tion, PGs can be further classified into five different groups: (i) Intracellular proteogly-
cans (Serglycin); (ii) Cell surface proteoglycans (syndecans (SDCs), chondroitin sulfate
Proteoglycan 4/neuron glia antigen-2 (CSPG4/NG2), betaglycan/TGFf type III recep-
tor; phosphacan/receptor-type protein tyrosine phosphatase f3; glypicans (GPCs)/GPI-
anchored proteoglycans); (iii) pericellular and basement membrane proteoglycans (Per-
lecan; Agrin; Collagens XV and XVIII); (iv) extracellular proteoglycans (Aggrecan; Versican;
Neurocan and Brevican); and (v) small leucine-rich proteoglycans (SLRPs) (class I-V),
which are abundant ECM glycoconjugates (decorin, biglycan, fibromodulin, luminican,
kerotocan, osteoglycan) [24].

The different carriers of HS GAGs at the cellular glycocalyx are shown in Figure 1B.
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Figure 1. (A) Structural composition and classification of glycosaminoglycan chains. Non-reducing termini are to the right
of the saccharide’s sequences. (B) Illustrative representation of major heparan sulfate (HS)-proteoglycans composing the
cells” glycocalyx and extracellular matrix (ECM). Below each family of heparan sulfate proteoglycans (HSPGs) is indicated
the number and type of glycosaminoglycan (GAG) chains that commonly modify the core protein [8,23].

2.2. Heparan Sulfate Biochemical and Structural Features

HSPGs are composed by a core protein with covalently linked HS chains, whose length
ranges between 50-400 disaccharide units [25]. The glycan portion directly attached to the
protein is termed tetrasaccharide linker and is composed by a residue of xylose (Xyl) directly
attached to the core protein, two galactose (Gal) residues and one GIcA residue. This region
is followed by repeating disaccharide units of glucosamine and uronic acid residues. It is
the sulfation pattern of these repeating units that generate large structural and functional
diversity. The glucosamine residues can either be N-sulfated (GIcNS) or N-acetylated
(GIcNACc), both of which can suffer 6-O-sulfation (GlcNS(6S) and GlcNAc(6S)). GlcNS and
GIcNS (6S) can also be further 3-O-sulfated (GlcNS(3S) and GIcNS(3,6S)). The uronic acid
residues that can either be GIcA or its epimer Iduronic Acid (IdoA), can also be 2-O-

153



Biomolecules 2021, 11, 136

sulfated (IdoA(2S) and GIcA(2S)) [6,25,26]. These sulfation and epimerisation reactions
give rise to, at least, 23 different HS disaccharide structures that constitute the sulfated
(S)-domains subsequently repeated through the chains. The S-domains are intercalated by
N-acetylated (NA)-domains, which are enriched in less modified disaccharides, providing
great variability within HS polysaccharides [25].

HS biosynthesis occurs in Golgi apparatus or at the endoplasmic reticulum (ER)-Golgi
interface, and is organised in three major events: (i) GAG-protein tetrasaccharide linker
assembly, through which HS are covalently attached to particular serine residues in the
PG core protein; (ii) HS chains polymerisation; and (iii) structural modifications of the
elongated chains [25]. The first two stages include a series of sequential steps catalysed
by different glycosyltransferases. It starts with the transfer of a Xyl residue, catalysed by
two O-xylosyltransferases (XYLT1 and XYLT?2), followed by the addition of a Gal residue,
by Galactosyltransferase-1/34-Galactosyltransferase 7 (34Gal-T7) and subsequent tran-
sient phosphorylation of the Xyl residue mediated by the kinase FAM20B. This last step
is essential for the following reactions of assembly, as it enhances the activity of subse-
quent glycosyltransferases, namely, the Galactosyltransferase-II/ 33-Galactosyltransferase
6 ($3Gal-T6), which will then add the second residue of Gal to the nascent polysaccharide
chain [27,28]. The biosynthesis of the tetrasaccharide linker (GlcAp1-3Gal-31-3Gal-31-
4Xyl-B1-O-Ser) is completed once the Glucuronyltransferase I (GIcAT-I) adds a GlcA
residue to the extremity of the chain, in a reaction step that occurs simultaneously with the
dephosphorylation of the Xyl residue by the 2-Phosphoxylose phosphatase (XYLP) [29].

Knock-out (KO) cellular glycoengineering showed that abrogation of XYLT2 in CHO
cells that do not express XYLT1, abolished HS biosynthesis. Additionally, elimination
of B4galt7 and B3gat3 (GlcAT-I) gene expression also fully impaired GAGs biosynthesis,
while the KO of the genes coding for the enzymes 33Gal-T6 and FAM20B only reduced its
synthesis [30]. Koike et al. conducted silencing experiments in HeLa cells and observed
great reduction of the levels of HS chains in lower XYLP expressing cells, suggesting
that the dephosphorylation of xylose residues is necessary for correct tetrasaccharide
linker assembly [29]. However, more recently, it was determined that the KO of Pxylp1,
performed on CHO cells, did not alter the levels of GAGs [30]. These results indicate that
the role of XYLP in the maturation of the tetrasaccharide linker might be dependent of the
cellular context.

The above-mentioned enzymatic steps are common to the biosynthesis of heparin/HS
and CS/DS GAG chains, while the following events dictate the biosynthesis of a particular
type of GAG chains. Focusing on HS, the addition of a GlcNAc residue to the linkage
tetrasaccharide initiates the polymerisation of these chains (in detriment of the polymeri-
sation of CS chains). This reaction involves the catalytic activity of two members of the
Exostosin (EXT) family, EXT-like proteins 2 and 3 (EXTL2 and EXTL3), and is followed by
further elongation promoted by a hetero-oligomeric complex formed by EXT1 and EXT2
that mediates the intercalated transfer of GIcNAc and GIcA residues [31-34].

EXTL3 acts as a highly efficient «1,4-GlcNAc transferase towards mature tetrasac-
charide linkers by adding the first GIcNAc to the HS chains [32]. Different in vitro and
in vivo models have revealed that KO of EXTL3 results in the abolition of HS biosynthesis,
uncovering the crucial role of this enzyme in initiating the elongation of HS chains [30,35,36].
The regulatory activity of EXTL2 in this step stills raises significant doubt. EXTL2 is charac-
terised as an «1,4-N-acetylhexosaminyltransferase, displaying dual in vitro catalytic activ-
ity by adding both GlcNAc and GalNAc residues to linker mimetics. It has been demon-
strated that this glycosyltransferase cannot add GlcNAc residues to mature tetrasaccharide
linker substrates [33], however it exhibits significant N-acetylglucosamine-transferase ac-
tivity towards phosphorylated forms of the tetrasaccharide linker. By adding a GlcNAc
residue to immature linker structures (GlcA31-3Gal31-3Gal31-4Xyl(2-O-phosphate)-{31-
O-Ser), EXTL2 promotes the synthesis of phosphorylated pentasaccharides (GlcNAco1-
4GlcUA B1-3Gal1-3Gal31-4Xyl(2-O-phosphate)-31-O-Ser) that neither EXT1 nor EXT2
can further polymerise, ultimately resulting in premature HS chains termination [37].
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This is in accordance with the increased HS content reported in EXTL2 KO cell models [30]
and EXTL2 deficient mice [37,38].

Once polymerised, HS chains are matured by HS modifying enzymes, including N-
Deacetylase/N-Sulfotransferases (NDST1-4), C5-epimerase and different Sulfotransferases
(20ST, 60STs, 30STs) and sulfatases (Sulf-1 and Sulf-2) [6,39]. HS chain features are not
directly encoded by the genome, showing a high level of heterogeneity and large structural
diversity in terms of monomer sequence, chain length and sulfation profile, all due to
post-translational modifications regulated in the Golgi [25]. Therefore, the resulting HS
chains are involved in multiple biological processes, varying over different organs [40,41],
stages of development [42—44] and pathologies [45,46]. HS chains sulfation and length
are crucial to the roles displayed by HSPGs, as these determine the binding affinity to the
respective targets. The HS sulfation degree, in particular, confers high negative charge
to GAGs, prompting HSPGs to interact, in a non-covalent ionic manner, with several
proteins [12].

3. Heparan Sulfate Biological Activities
3.1. In Physiology

HS are loaded with biological roles, as illustrated in Figure 2A. Acting as mediators
in a multitude of regulatory mechanisms, ranging from embryonic development to ECM
assembly and regulation of cell signalling [6,47,48]. HS interact with a plethora of molec-
ular partners, including soluble proteins (growth factors, morphogens and chemokines),
ECM proteins, bioactive fragments and membrane receptors, such as integrins and recep-
tor tyrosine kinase (RTKs). HS chains also promote pathogen attachment and invasion
of specific tissues by binding to numerous microorganisms, including viruses, bacteria,
parasites and fungi [2,5,49-51]. Moreover, HSPGs are expressed in all main organ systems
having essential roles in several biological activities like metabolism regulation, transcel-
lular transport, cellular communication, ECM support and modulation. The classical
role attributed to cell surface HSPGs was to assist as signalling co-receptor for growth
factors activity, allowing a correct presentation to their cognate receptors and helping to
stabilise gradients, to control the range of signalling and to protect the proteins against
degradation [1]. However, it has been increasingly accepted that besides these co-receptor
functions, HSPGs stand alone as key regulators of cell behaviour [52].

During embryonic development, HSPGs modulate the morphogen gradients distribu-
tion and other extracellular ligands signalling involved in the formation of the different
tissue architectures [53]. In this light, the particular interaction of HS with the Hedgehog
signalling pathway is very important to a proper embryonic development [54]. Similarly,
HSPGs, being the most abundant PGs in basal lamina and cell surface of skeletal muscle,
have been shown to regulate fibroblast growth factor (FGF), Wnt and bone morphogenetic
protein pathways, fundamental for the development of skeletal structures [55].

More recently, it was revealed that SDCs can regulate calcium channels of the TRPC
(transient receptor potential canonical) family, with functional consequences on the actin cy-
toskeleton, cell adhesion, junctions and migration. Moreover, this interaction was suggested
to be evolutionary conserved and relevant for the progression of some diseases [48,56].

HSPGs are also important modulators of metabolism, as illustrated by their role in the
liver mediated clearance of triglyceride-rich lipoproteins [57]. Additionally, several SDCs
and GPCs have been implicated in the uptake of different forms of lipoproteins [58-60].

Given the many essential cellular and developmental processes in which HS and
HSPGs are involved, it is expected that modifications in HSPG expression and structure
contribute to a dysregulation in function and lead to pathological scenarios, such as
cancer [12,17]. In Section 4, we address several cancer cellular features that are regulated
by changes in expression, glycosylation and sulfation profiles of HSPGs, which in turn
translate into cancer progression.
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Figure 2. Overview of heparan sulfate proteoglycans functions. (A) HSPGs roles in cellular activities, (B) HSPGs aberrant
expression and functional implications in cancer and (C) HSPGs biomedical potential as a biomarker and as a therapeutic
target regarding cancer improved diagnosis and prognosis.

3.2. In Inflammation

Inflammation represents a first line protection mechanism for any harmful stimuli.
Some of the major events during inflammation are regulated by HS, ranging from immune
cells recruitment, adhesion and rolling, to transmigration phenomena [61]. Changes in the
expression of HPSGs and HS differ depending on the type of inflammatory stimuli [62].
One of the main roles of HS and HSPGs is to drive the extravasation and migration of
inflammatory cells from the vasculature into tissues, where they establish and provide
cytokine gradients [63]. Moreover, HSPGs are involved in developing the basement mem-
brane barrier, providing a structure for epithelial support and regulating the transport
of solutes [61,64,65]. Perlecan, agrin and collagen XVIII in ECM and basement mem-
brane interact with matrix proteins, such as fibronectin and laminin, and provide support,
resistance to mechanical stress and filtration barrier properties [66]. Ultimately, HS chains
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of HSPGs bind to growth factors that are involved in tissue growth and repair, making
them available at sites of tissue remodelling [67].

3.3. In Host-Pathogen Interaction

HS chains provide the gateway for many microorganisms, ranging from normal
microbiota to various pathogenic bacteria, viruses and parasites, by mediating adherence
to the host cells. This is a crucial step for infection to occur and pathogens exploit the
host HSPGs to accomplish it and invade host cells. The previously described structural
diversity of the HSPGs offers multiple binding sites and the degree of variability within
tissues results in the tissue-specific tropism of some infectious agents [5,51,68,69].

Among the pathogens that bind to host HS chains are parasites like Plasmodium
falciparum [70]; bacteria, such as Escherichia coli [71], Pseudomonas aeruginosa [72], Borrelia
burgdorferi [73] or Mycobacterium tuberculosis [74]; and many viruses, amongst which are
found Human Papilloma virus, Herpes viruses and Human Immunodeficiency Virus-
1 [75,76]. In addition, recently it was reported that severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) entry in human cells is mediated through the binding to HS
chains in a length and sequence-dependent manner [49,77-80]. The interference with the
HS-mediated adhesion steps can represent an effective therapeutic approach for these
pathogens and can be achieved by the competition with HS mimetics and other highly
sulfated polysaccharides [81]. In addition, some pathogens can release GAGs from host
cell surfaces and ECM, and use these solubilised GAGs to coat their surface, deceiving and
eventually escaping immune detection [82].

4. Heparan Sulfate and Heparan Sulfate Proteoglycans Aberrant Expression in Cancer
4.1. Heparan Sulfate Changes in Cancer

Several hallmarks of cancer, such as continuous growth signalling, abrogation of apop-
tosis, deregulated metabolism, immune evasion and angiogenesis are boosted through
pathological alterations of normal physiological processes [83-85]. There is cumulative evi-
dence that changes in cellular glycosylation are concomitant with the acquisition of cellular
features involved in tumour growth and progression and ECM remodelling. The glycosyla-
tion alterations described in cancer include the expression of truncated O-glycan structures,
increased expression of branched N-glycans, de novo expression of sialylated glycans,
altered fucosylation and aberrant PGs expression and modification [86,87].

HS chains are key modulators of cancer cell proliferation events, intervening in
altered signalling by interacting with growth factor receptors, promoting their dimeri-
sation and consequent activation, leading to overstimulation of downstream signalling
cascades [88]. As an example, in multiple myeloma cells, SDC1 was shown to interact with
HGF via HS chains, promoting enhanced activation of Met and consequent activation of the
PI3K/protein kinase B and RAS-Raf MAPK pathways, which are related to cell prolifera-
tion and survival [89]. In addition, the activation of the Wnt/ 3-catenin cascade in multiple
myeloma is also promoted by HS chains of SDC1, leading to cancer cells proliferation [90].

Besides the altered expression of HSPGs, the abnormal activity of HS biosynthetic and
post-synthetic enzymatic machinery, which determines HS chains’ length, epimerisation,
acetylation and sulfation patterns, is also known as a major event behind HS deregulation
in cancer [91]. Comparative studies demonstrated that the expression of genes coding for
HS biosynthetic machinery is deregulated in several types of cancer, weighing on its role
in carcinogenic events [92]. In colorectal cancer, it was shown the aberrant expression of
enzymes that catalyse uronic acid structural changes (epimerisation and 2-O sulfation),
and enzymes that impact glucosamine residues sulfation pattern (NDST1 and 2, 60ST iso-
forms 3B, 5 and 6), depending on the anatomical location and the metastatic nature of
the tumours [93,94]. HS modifying enzymes were also shown to present deregulated
expression on breast cancer tissue samples [46]. As for glycoenzymes that intervene in HS
polymerisation, the analysis performed using estrogen receptor positive and triple negative
breast cancer cell lines revealed altered expression of EXT1, EXT2, EXTL2 and EXTL3 [95].
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HS 6-O-sulfation levels, determined by the expression of 60STs, have been reported as
critical for the activation of epidermal growth factor receptor (EGFR) by heparin biding-
EGF (HBEGF), and the consequent increase in the expression of angiogenic cytokines
on ovarian tumour cells [96]. In lung cancer, 30ST2 hypermethylation and consequent
deregulation, was associated with lung tumourigenesis and poor overall patient survival,
possibly resulting from the altered HSPGs ability to interact with proteins participating in
cell growth and adhesion [97]. Likewise, the hypermethylation in HS 6-O-endosulfatase
Sulf-1 promoter region downregulates its expression in gastric cancer cell lines and tissue
samples [98], and the decreased levels of HS 6-O-endosulfatase associate with gastric
cancer progression [99]. Conversely, the sulfatase Sulf-2 is described to be overexpressed in
hepatocellular carcinomas and associated with worse prognosis [100].

Heparanase (HPSE), a $-D-endoglucuronidase, is the only mammalian enzyme
known to cleave HS and is one of the most studied glycosylation-related enzymes in
cancer [101,102]. This enzyme is known to be a tumour inducer acting in several sig-
nalling pathways modulating angiogenesis, cell proliferation, migration and metasta-
sis [103-105]. HER2- and EGFR-positive breast cancer cells resistant to lapatinib, a tyrosine
kinase inhibitor that blocks the activation of the EGFR and HER2 pathways, revealed
increased activity of HPSE. This feature was associated with enhanced activation of
EGFR, FAK and ERK1/2 signalling pathways and subsequent cell growth. HPSE in-
hibition, was shown to sensitise these cells to lapatinib and inhibit formation of brain
metastases [106]. More recently, vascular endothelial growth factor receptor 3 (VEGFR3)-
expressing macrophages and cathepsin release, both playing a significant role in metastasis
formation in chemotherapy-treated tumours, were found to promote lymph angiogen-
esis as a result of VEGF-C upregulation by HPSE [107]. Autophagy is another cellular
attribute modulated by HPSE. This catabolic pathway maintains homeostasis in normal
cells, while it is completely hijacked in several tumours, promoting cancer cell survival.
Autophagy induced by lysosomal HPSE has been shown to enhance tumour develop-
ment and chemoresistance [108-110]. Although HPSE activity has been mainly described
extracellularly or within the cytoplasm, nuclear HPSE has also been reported [111-113].
In melanoma, nuclear HPSE was shown to suppress tumour progression by competing
for DNA binding and inhibiting the transcription of genes, such as those coding for ECM-
degrading enzymes that promote metastasis formation [112]. In multiple myeloma disease
context, HSPE was recently associated with chromatin opening and transcriptional activity
concomitant with downregulation of PTEN tumour suppressor activity [111]. Also sup-
porting the role of HPSE in tumour progression and metastasis formation, HPSE has
been shown to promote EV secretion by tumour cells, affecting its protein cargo [114,115],
and modulating HS structure on recipient cells to facilitate EVs internalisation [9,115,116].

4.2. Role of Heparan Sulfate and Heparan Sulfate Proteoglycans in Cancer Cellular Features and
Extracellular Matrix Remodelling

Cancer cells undergo relevant morphological changes, such as the epithelial to mes-
enchymal transition (EMT), to increase motility capacity. HS chains play a key role in this
transition, due to their binding affinity to key growth factors secreted into the tumour
microenvironment [117,118]. Particularly, upregulation of SDC4, in lung adenocarcinoma,
was shown to stimulate cell’s migration and invasion via TGF-f1, accompanied by induc-
tion of EMT [119]. Cell proliferation is also a crucial characteristic of malignant transfor-
mation. The HSPGs GPC1 and SDC1, overexpressed in a high percentage of breast cancer
pathologies, enhance the mitogen effects associated with heparin-binding growth factors
like Basic Fibroblast Growth Factor (FGF2), HBEGF and Hepatocyte growth factor (HGF),
promoting cell proliferation [120]. Some studies have shown that HS and HSPGs can
translocate to the nucleus and contribute to gene expression regulation [121,122]. Although
the role of nuclear HSPGs is still not fully uncovered, another important role of nuclear
HSPGs is the translocation of specific cargo to the nucleus. Nuclear translocation of SDC1
was shown to regulate tumour signalling by shuttling growth factors to the nucleus and by
altering histone acetylation [123].
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Tumour progression is accompanied by the development of new blood vessels [124].
HS chains, by binding to angiogenic growth factors, namely, FGFs, platelet-derived growth
factors and VEGFs, dictate HSPGs relevant roles in angiogenesis [91,125,126]. It has been
shown that HS presence on endothelial-cells’ surface can serve as a binding site for the
potent antiangiogenic factor endostatin. Several studies have indicated that the HS binding
site for endostatin is distinct from that of pro-angiogenic factors, such as FGF. This raises
the possibility that endothelial cells modulate their HS cell-surface profile to become either
more or less sensitive to angiogenic signals from a growing tumour [127]. As referred
earlier, SDC1 overexpression in multiple myeloma was also shown to promote angiogenesis
by its ability to physically interact with VEGFR2 and prevent the receptor recycling [128].
Perlecan is also an important player in angiogenesis, since its expression is abnormally
high in the basement membranes of highly metastatic human melanoma tumour cells [129],
promoting the binding of pro-angiogenic FGF2 to its receptors, and consequently increasing
angiogenesis [130]. In addition, SDC3 expression is positively associated with angiogenesis
in neuronal and brain tissues [131,132].

Beyond the structural modifications of HS and pattern of sulfation, mentioned in
Section 4.1, alterations in the HS levels can compromise the stiffness of the ECM, thus mod-
ulating cell adhesion and migration. A steady ECM does not offer the best conditions
for cell migration, preventing or delaying cell motility. In this light, the ability of cancer
cells to invade the surrounding tissues is modulated by changes in the expression of HS
and HSPGs, which mediate several events of cell-matrix interaction, and the secretion of
HPSE and metalloproteinases that allow cells to penetrate the basement membrane and
ECM to invade surrounding tissues [118,133,134]. In hepatocellular carcinoma, SDC1 and
SDC4 are key for migration, invasion and increased motility mediated by chemokine-SDC
interactions [135]. SDC1 abnormal expression, for example, is determinant in tumour
cell growth, invasion and migration in different types of cancer, such as colorectal, gall-
bladder and oesophageal carcinomas [136-139]. SDC2 overexpression in breast [133,140],
colon [141] and pancreatic [142] tumour cells, is associated with altered cell morphology;,
focal adhesion formation, spreading, enhanced migration and invasion capabilities, and
overall to a more aggressive tumour cell behaviour and disease progression [143]. GPCs are
also frequently reported to play a part in cancer progression. GPC1, for instance, when up-
regulated, increases tumour angiogenesis and metastasis in pancreatic cancer [144,145].
In addition, GPC1 modulates heparin-binding growth factors and plays a role in tumour
progression in breast cancer [46,120]. In esophageal squamous cell carcinoma and glioblas-
tomas, GPCl1 is also upregulated and associated with tumour angiogenesis and patients’
poor prognosis [146-148]. GPC3 is overexpressed in hepatocellular carcinomas tissues [149],
and associates with higher invasion and migration [150]. Similar to GPC1, an increased
expression of GPC6 has been reported in breast cancer. GPC6 overexpression stimulates
cancer invasion through NFAT (nuclear factor of activated T-cells) signalling pathway-
previously reported as an inducer of pro-invasion and migration gene expression [151].

Cancer cells ability to penetrate blood vessels is preponderant for metastatic spread
and is followed by circulation through the intravascular stream and establishment in other
sites [152]. During the process of metastasis formation, the reorganisation of HSPGs in
the ECM, creates an opportunity for new partners to bind to tumour stroma. This process
also involves interactions between cancer cells and platelets, endothelial cells and host
organ cells, being HS implicated in the formation of tumour metastasis in sites, such as
the liver, lungs or spleen [91,153]. Moreover, SDC1 expression was shown to decrease in
hepatocellular [154] and colorectal [155] carcinomas, resulting in more invasive phenotypes,
with higher metastatic potential.

HS can also contribute for the immune system deceiving to either disregard or promote
the tumour growth [156]. In breast cancer for example, SDC1 has been suggested to act
both as a regulator of cancer stem cell (CSC) phenotype and as a modulator of lymphocytes,
in particular of T helper cells, depending on the subtype of the disease [157].
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A schematic representation of HSPG functional implications in cancer progression
and their clinical potential is illustrated in Figure 2B,C.

4.3. Heparan Sulfate Roles in Cancer Intercellular Communication

Cancer cells communication within the tumour microenvironment is key to defeat
stromal challenges, settle and colonise distant sites, leading to metastasis. Despite being
the main cause of cancer therapy failure and responsible for the greatest number of cancer-
related deaths, metastasis remains poorly understood [158]. It is widely recognised that
the process of cancer cell systemic circulation and the development of metastasis requires
the participation of several glycoconjugates [86,159].

For years, EVs were thought to be a reservoir of cells undesired material. However,
in the last two decades, they have emerged as main players in cellular communica-
tion [160,161]. EVs are delimited by a lipid-bilayer and can be classified into different
classes, including exosomes, microvesicles and apoptotic bodies. Briefly, EVs are secreted
to the environment by all cells and carry bioactive cargo that deliver signals and induce
several pathophysiological events in the ECM and recipient cells [162,163]. Regarding
cancer, EVs have been demonstrated as important signalling nanoparticles in pre-metastatic
niche definition and metastasis [164,165].

The EV cargo includes nucleic acids, proteins, lipids and metabolites [166]. Although
several seminal studies have addressed in detail the lipid, protein and nucleic acid con-
tents of EVs, the glycans, and particularly GAGs, remain poorly characterised. However,
their biological importance is emerging [160,167,168].

Importantly, HSPGs have been described as key regulators of EVs biogenesis
(Figure 3) [162,169]. The biogenesis of EVs depends on the small intracellular adaptor
syntenin [170], its interaction with SDC [169] and the endosomal-sorting complex required
for transport accessory component ALIX [171-173]. Moreover, HPSE can stimulate in-
traluminal budding of SDC-syntenin-ALIX complex promoting EVs secretion [174-176].
Recently, it was described that tetraspanin-6 (TSPN6) may act as a negative regulator of
exosomes release through the promotion of SDC4 and syntenin degradation. This interac-
tion highlights the importance of the interplay between these membrane glycoproteins to
produce exosomes [10].

Furthermore, it has been demonstrated that HSPGs, namely, SDCs and GPCs, are criti-
cal internalising receptors of cancer cell-derived EVs and determine their functional activity
(Figure 3) [116,160]. Very recently, it was shown that under hypoxia stress, the uptake of
EVs is upregulated, through a mechanism dependent on HSPG receptors and lipid raft
mediated endocytosis [177].

EVs exhibit several distinctive features, from a longer half-life provided by increased
resistance to degradation, therefore offering their cargo a higher stability, to the ability
of travelling long distances. Furthermore, EVs can carry multiple cargo possibilities
and also exhibit a unique interactive surface area [178], which may establish contact
with both cells and components in the ECM microenvironment [179]. HSPGs are herein
important mediators with several functions from EV secretion and trafficking to their
uptake [60,116,180].

Taking together glycan and EVs functional relevance in cancer development, it is
not surprising that glycans in EVs have been implicated in cancer cells proliferation,
angiogenesis, therapeutic resistance [181], control of metabolic activity, and immune system
evasion mechanisms [160].
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Figure 3. Heparan sulfate proteoglycans regulate EV biogenesis and uptake. (1) Cell surface HSPGs can bind multiple
ligands through their GAG chains [9]. GAGs can be modified by heparanase activity [174]. (2) Syndecan is internalised
through endocytosis process, leaving the cytosolic domain clear for syntenin and Alix proteins binding [160,171]. The early
endosomes generate the MVBs by inward budding of theirmembrane. (3) EVs, particularly those enriched in tetraspanin-6
(TSPNG), can end on lysosome [10] (4) with consequently degradation of their content. (5) Alternatively, EVs generated
inside of the MVBs can be expelled from the secreting cell, through exocytosis. (6) After fusion with cellular membrane EVs
are released to the extracellular milieu. (7) HSPGs, and specifically GAGs, are important receptors of the cell membrane-EV
surface cluster and are directly involved in EV uptake by recipient cell [116]. (8) After, the complex is internalised by the
recipient cell. (9) EV-endosome membrane fusion occurs, and EV content is released to cytoplasmic compartment of the
recipient cell, and new biological information is transferred [162].
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4.4. Impact of Heparan Sulfate in Cancer Cell Resistance to Therapy

Cancer treatment relies upon four main approaches: surgery, radiation therapy,
chemotherapy and immunotherapy. Some individuals will only require one treatment,
but most often, a combination of treatments is used to tackle the resistant nature of cancer.
Surgery can be used for solid tumours that are located in reachable areas of the body.
Nevertheless, many cancers are metastatic or have a high risk for metastasis formation,
implying the use of more aggressive treatments, such as radiotherapy and chemother-
apy [182].

A great body of evidence ind