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Review

Introduction

Heparan sulfate (HS) proteoglycans (HSPGs) are inte-
gral components of the glycocalyx, a carbohydrate-rich 
layer surrounding virtually every cell in vertebrates and 
invertebrates. HS is a linear polysaccharide assem-
bled from N-acetyl-d-glucosamine (GlcNAc) and 
d-glucuronic acid (GlcA). The chains undergo a series 
of modifications during their assembly, including the 
N-deacetylation and N-sulfation of clusters of GlcNAc 
residues, epimerization of GlcA to l-iduronic acid 
(IdoA), and installation of sulfate moieties at C6 and 
occasionally C3 of glucosamine residues and at C2  
in IdoA and more rarely in GlcA units. The sulfated 
IdoA-containing domains vary in length, position, and 
spacing within a chain and in the extent of modifica-
tion, giving rise to enormous structural heterogeneity. 
These modified segments of the chains orient nega-
tive charges in different spatial patterns, which can 
be complementary to the arrangement of positively 
charged residues in the binding sites in proteins that 

recognize HS and the related polysaccharide, heparin. 
Electrostatic interactions coupled with hydrogen bon
ding and van der Waals contacts impart additional 
specificity. Binding of HS to proteins results in protein 
sequestration and protection, presentation at the cell 
surface, oligomerization, allosteric activation and 
internalization, as HSPGs can also act as endocytic 
receptors.

Given their location in the glycocalyx, it is not sur-
prising that HSPGs orchestrate a myriad of biological 
processes (Fig. 1). Spatiotemporal regulation of the 
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Summary
Heparan sulfate proteoglycans consist of a small family of proteins decorated with one or more covalently attached 
heparan sulfate glycosaminoglycan chains. These chains have intricate structural patterns based on the position of sulfate 
groups and uronic acid epimers, which dictate their ability to engage a large repertoire of heparan sulfate–binding proteins, 
including extracellular matrix proteins, growth factors and morphogens, cytokines and chemokines, apolipoproteins and 
lipases, adhesion and growth factor receptors, and components of the complement and coagulation system. This review 
highlights recent progress in the characterization of the so-called “heparan sulfate interactome,” with a major focus on 
systems-wide strategies as a tool for discovery and characterization of this subproteome. In addition, we compiled all 
heparan sulfate–binding proteins reported in the literature to date and grouped them into a few major functional classes 
by applying a networking approach. (J Histochem Cytochem 69: 105–119, 2021)
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chemical structure of the HS chains modulates their 
ability to engage a broad spectrum of HS-binding pro-
teins (HSBPs). The complete network of HS–HSBP 
interactions, or the “HS interactome,” constitutes a 
dynamic system that is regulated in a tissue-specific 
and developmentally restricted manner.1 HSBPs are 
diverse and include structural proteins, membrane 
receptors, growth factors, enzymes, and enzyme 
inhibitors. In contrast to lectins, which can be sorted 
into evolutionarily related protein families by their folds 
and carbohydrate-binding domains, most HSBPs are 
structurally unrelated, and their capacity to bind HS is 
believed to have arisen through convergent evolution. 
Some HSBPs are highly specific for HS, whereas 
others are promiscuous and can engage related gly-
cosaminoglycan (GAG) classes, such as chondroitin/
dermatan sulfate and keratan sulfates. As a conse-
quence, HSBPs are functionally diverse, but neverthe-
less play key roles in orchestrating coagulation, lipid 

metabolism, extracellular matrix (ECM) assembly, 
growth factor signaling, cell adhesion, and many other 
biological processes.

Growing evidence indicates that a large number of 
HSBPs can physically (or functionally) interact with 
each other, suggesting that the regulation of the 
HS interactome, at the systems level, may have far-
reaching implications for global orchestration of cel-
lular events. This review deals with the HS interactome 
from a systems biology perspective and focuses on 
insights from recent studies where systems-wide 
methods have been used to determine the scope of 
this subproteome and to define its global structural 
and functional features. We also performed compre-
hensive literature and database searches to summa-
rize all the HSBPs reported to date and took a 
systematic approach to their analysis by applying a 
network biology computational approach. Our results 
reveal that most HSBPs can be grouped into a limited 

Figure 1.  Overview of the major glycosaminoglycan types and their interaction with proteins at the cell membrane and in the extra-
cellular matrix.
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number of protein–protein interaction networks, with 
remarkable functional commonalities. From an evolu-
tionary point of view, we speculate that the acquisition 
of the HS-binding capacity in such a diverse group of 
proteins might be linked to the emergence of multicel-
lularity, as a way of dealing with increased biological 
complexity.

Systems-wide Strategies to Map the 
HS Interactome

Since the advent of the “Omics-revolution,” systems-
wide approaches have been deployed to determine 
the scope of the HS interactome. One important insight 
that emerged from these studies is that several hun-
dred soluble and membrane proteins can interact with 
HS chains, sometimes with remarkable selectivity. 
One common approach to large-scale analysis of 
HSBPs relies on glycan affinity chromatography and 
mass spectrometry (MS). Large quantities of HS 
have only recently become available, and instead, 
heparin has been used as a proxy to fractionate and 
identify HSBPs from different fluids and tissues. 
Heparin is a highly sulfated subtype of HS that is 
mainly produced by connective tissue mast cells, 
where it plays a key role in the storage of proteases 
and biogenic monoamines.2,3 Heparin is typically 
purified from porcine and bovine sources and is rou-
tinely used in the clinics as an anticoagulant because 
it binds to antithrombin and accelerates the inactiva-
tion of the procoagulation enzymes thrombin and fac-
tor Xa.4 Heparin-affinity matrices are inexpensive and 
therefore an economical material for HSBP screening. 
However, its fine structure differs significantly from cel-
lular HS by having a higher degree of sulfation and 
charge density, and thus exhibits promiscuous binding 
characteristics similar to cation exchange resins. With 
the assumption that proteins that bind to heparin also 
bind HS, heparin-affinity chromatography in conjunc-
tion with proteomics strategies is a simple approach to 
address the identity and scope of the HS interactome 
in various cells and tissues, with the caveat that some 
proteins may bind to heparin but have weak affinity for 
HS (or vice versa).

A large array of classical growth factors, including 
members of the fibroblast growth factor (FGF), bone 
morphogenic protein (BMP), vascular endothelial cell 
growth factor (VEGF), and the wingless (WNT) fam-
ily of growth factors and morphogens, were initially 
isolated and identified through heparin-affinity chro-
matography.5–10 Later, their interaction with cellular 
HS was also established, giving support to a model in 
which ternary signaling complexes involving HSPGs, 
growth factor ligands, and high-affinity cellular receptors 
make up the functional signaling complex.11,12 The HS 

interactome in human body fluids has also been inter-
rogated in a similar fashion.13–17 Plasma, in particular, 
is easy to collect and is a valuable source of clinical 
information. In addition to classical plasma HSBPs 
such as antithrombin and platelet factor 4 (PF-4), multi-
ple components of the coagulation and the complement 
system can interact with HS. In fact, the enrichment of 
HSBPs within these cascades of interconnected pro-
tein–protein interaction networks is highly suggestive of 
a role for HS as a potential global regulator of these 
complex processes.

Similar strategies have been applied for large-scale 
analysis of HSBPs from microbes and parasites. Most 
pathogens do not synthetize HS or heparin but have 
nonetheless evolved HS-binding or degrading capacity 
to exploit the glycocalyx and to facilitate key host–
pathogen interactions. For example, proteomics screen-
ing of merozoite proteins from Plasmodium falciparum 
has revealed that multiple members of the PfRhopH 
complex display high affinity for heparin.18 These pro-
teins are secreted by rhoptries, specialized apical 
organelles that are critical for parasite invasion and 
nutrient acquisition.19 Similar attempts to define the HS 
interactome of Toxoplasma gondii identified novel 
HSBPs involved in parasite development, suggesting 
that host HS not only regulates invasion but also modu-
lates certain aspects of parasite maturation.20 Studies 
of bacteria have applied similar strategies to identify 
novel HS-binding virulence factors.21 Toxins from viperid 
snake venoms and antimicrobial compounds from egg 
white have been identified as well.22,23

Although many HSBPs have been reported over 
the years, membrane-bound and membrane-associ-
ated HSBPs are often difficult to characterize due to 
low abundance, solubility issues, protease resistance, 
and contamination by intracellular proteins (e.g., his-
tones) that strongly bind to heparin-affinity matrices 
and outcompete less abundant membrane proteins. To 
circumvent these problems, cell-surface biotinylation,24 
membrane fractionation,25 and limited proteolysis26 
strategies have been applied before heparin-affinity 
chromatography. These approaches have revealed a 
large number of cell-surface HSBPs, including novel 
cellular receptors and adhesion molecules. However, 
these refined strategies have so far only been applied 
to a few cell lines and tissues, so the true scope of the 
membrane HS interactome is still largely unknown.

Novel strategies are needed to identify HSBPs that 
specifically bind to discrete HS oligosaccharide motifs. 
Many HSBPs depend on interactions with specific 
HS structural motifs defined by sulfation patterns and 
GlcA/IdoA content to exert their biological functions. 
One classical example of clinical relevance is the 
highly specific interaction of antithrombin with hepa-
rin, which is largely mediated by binding a discrete 
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pentasaccharide sequence in heparin to a domain in 
antithrombin containing key positively charged resi-
due brought into proximity in the folded protein.27,28 
Low-molecular weight heparins such as enoxaparin 
(Lovenox), contain this pentasaccharide-binding site 
and are widely used clinically to treat different medical 
conditions, including venous thromboembolism, stroke, 
and myocardial infarction.29 The identification of simi-
larly specific binary interactions has been hampered by 
difficulties in isolation and preparation of reference 
material that can be used for rational structure-and-
function studies. Accelerated progress in chemical and 
chemoenzymatic GAG synthesis is therefore desper-
ately needed.30–33 Challenges and opportunities in this 
field have been reviewed elsewhere.34 Finally, HS–
protein interactions are also dependent on specific 
molecular features of the HS-binding sites in HSBPs. 
Unfortunately, the identification of protein determi-
nants that facilitate HS recognition turned out to be 
less straightforward than initially predicted.

HS-binding Sites: One Story, Many 
Tales

In 1989, Cardin and Weintraub35 published a key paper 
recognizing the importance of the primary amino acid 
sequence of HSBPs for HS recognition. By applying 
sequence analysis and molecular modeling to a series 
of well-characterized HSBPs, semiconserved linear 
sequences of basic amino acids (lysine, arginine and 
histidine) interspersed by other, often hydrophobic, 
residues were identified. On this basis, two consensus 
binding sequences were initially proposed: [-X-B-B-X-
B-X-] and [-X-B-B-B-X-X-B-X-], where B denotes a 
basic amino acid and X a hydrophobic amino acid resi-
due. Modeling of these motifs predicted their presence 
in alpha-helixes, with the basic residues aligned on the 
same side of the helix toward the solvent and the 
hydrophobic residues pointing toward other structural 
features in the protein. Given that alpha-helices have 
3.4 residues per turn, several of the basic residues 
were expected to align along one face of the helix, cre-
ating patches of positively charged amino acids that 
could interact with the negatively charged sulfate and 
carboxylic acid groups of the HS chains. Following a 
similar approach, Margalit et al.36 proposed that a 20-Å 
distance between the basic amino acids (most fre-
quently arginine) is crucial for the interaction of several 
HSBPs with heparin.

Following these initial findings, the patterns (and 
spacing) of basic amino acids within HS-binding sites 
have been further refined.37 Although the presence of 
these motifs suggests that a protein might bind to HS, 
at least half of the known HSBPs do not contain 
Cardin–Weintraub sequences. In fact, HS-binding sites 

can also be located on beta strands and sheets, in 
which case the positive residues would need to alter-
nate along the strand to generate a positively charged 
surface for docking. In other cases, binding sites are 
generated by folding of different protein domains, gen-
erating a common positively charged surface that is 
favorable for interaction, for example, in antithrombin. 
Although a certain number of binding principles have 
been established, the idea of well-conserved motifs 
within HS-binding sites is still difficult to reconciliate 
with the low degree of sequence conservation across 
the large number of HSBPs currently known.

As the structures of new HSBPs are determined, 
new insights have also emerged. Recent studies by 
Torrens et  al. demonstrated that minimal structural 
motifs denoted as “CPC clip motifs” (C: cationic and P: 
polar residues) are conserved among most heparin-
binding domains deposited in the Protein Data Bank 
(PDB) database.38,39 These motifs are not necessarily 
part of continuous linear structural elements and  
are thought to act as “staples” to pin the GAG chains 
onto the protein-binding sites. Similarly, an exhaustive 
collection of experimentally determined HSBPs was 
recently reported.25 This data set was subjected to 
sophisticated network analysis, to elucidate so far 
unnoticed structural commonalities. In total, 437 non-
redundant HSBPs were analyzed using novel sequence 
similarity metrics and graph analysis. Again, the linear 
amino acid sequences across all HSBPs were found to 
be highly variable, ruling out a universal HS-binding 
sequence. However, several shorter (mostly tripep-
tides) and widely spaced motifs were found to be con-
served. Based on these findings, the authors proposed 
a model in which the three-dimensional arrangement 
of these motifs on the protein surface, and not the  
primary sequence per se, is what determines the struc-
tural basis for HS/heparin–protein interactions. In addi-
tion, it is also possible that the oligomerization state of 
a given HSBP might influence the properties of a par-
ticular HS-binding site, for example, by including struc-
tural determinants originating from separate protein 
subunits. In summary, the data so far are consistent 
with the idea that HSBPs use different structural ele-
ments (and binding modes) to engage the HS motifs, 
which probably translates into different affinities, speci-
ficities, and biological responses.

Systems-wide Approaches to 
Characterize HS/Heparin-binding Sites

Chemical Methods

As the number of reported HSBPs grows with time, 
there is also need for general methods to accurately 
identify key residues involved in HS recognition. 
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Sequence analysis in conjunction with site-specific 
mutagenesis and biophysical methods has been suc-
cessful in establishing structure–function relationships 
for specific HS–HSBP interactions.40 However, faster 
approaches are needed to replace these labor-inten-
sive methods. In that line, Vivès et al.41 reported a pro-
cedure based on chemical crosslinking of individual 
HSBPs to 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC)/N-hydroxysuccinimide (NHS)-activated 
heparin beads. Protein–carbohydrate conjugates were 
subjected to proteolytic digestion using thermolysin, 
an endopeptidase with broad specificity, after which 
the remaining crosslinked peptide fragments, covering 
the heparin-binding site, were identified by Edman 
degradation. The workflow was applied to three known 
HSBPs: the pseudorabies virus (PRV) envelope  
glycoprotein gC, the CC chemokine RANTES, and the 
C-terminal fragment of the laminin-5 α3 chain, result-
ing in successful mapping of their HS-binding sites. 
Application of this method to mixtures of proteins has 
not yet been reported.

An alternative MS-based method was also reported 
by Ori et  al.42 Their “Protect-and-Label” strategy is 
based on the treatment of HSBPs with sulfo-NHS-ace-
tate to chemically modify the exposed primary amines. 
As the labeling is performed while the protein is bound 
to heparin beads, lysine residues involved in binding are 
generally protected from derivatization. Labeled pro-
teins are then displaced from the beads by salt elution 
and subjected to NHS-biotin treatment to specifically 
tag the protected lysines in the binding site. Proteins are 
then trypsinized, and biotinylated peptides are isolated 
and characterized through MS. Three known HSBPs—
FGF-2, PF-4, and pleiotrophin—were analyzed through 
this protocol, rendering detailed information on their 
HS/heparin-binding sites. Although very promising, both 
of these approaches heavily rely on NHS chemistry, 
which mainly targets exposed lysine residues. Therefore, 
very little information can be obtained for other amino 
acids such as asparagine, serine, or tyrosine that are 
also commonly found in HS/heparin-binding sites. 
Notwithstanding, these protocols have the potential  
to be easily adapted to medium/high-throughput for-
mats to complement the information derived from 
HSBP global discovery screenings.

Computational Methods

New insights into the nature of HS–HSBP interactions 
have been uncovered through the power of computa-
tional algorithms modeled on available structural data. 
Biomolecular docking techniques followed by molecu-
lar dynamics (MD) simulations are useful strategies 
to interrogate protein–glycan interactions at atomic 

resolution. The computational treatment of HS–protein 
interactions is, however, very challenging. Some of the 
difficulties relate to the high conformational flexibility of 
HS oligosaccharides, the indispensability of solvent 
and electrolytes to understand the interaction under 
physiologic conditions, and the poor complementarity 
between HSBPs and the ligand in their interfaces. 
Moreover, only a handful HSBPs in complex with HS/
heparin oligosaccharides have been solved and 
deposited in public repositories (~100). Nonetheless, 
computational strategies can facilitate the identifica-
tion of putative HS-binding sites and might also give 
clues as to the specificity and selectivity toward differ-
ent HS sequences or motifs.

As basic residues such as lysines and arginines 
play pivotal roles in HS recognition, one popular way of 
predicting HS/heparin-binding sites is through calcula-
tion of the protein surface electrostatic potential.  
The localization of electropositive patches on a protein 
surface by computational tools, such as APBS and 
DeepView, is often a good indicator of the presence of 
a putative binding site. Such popular approaches are 
built on the assumption that HS–protein interactions 
are mainly driven by electrostatic forces, which might 
not be entirely correct in all cases. In fact, the cumu-
lative data suggest a substantial contribution of non-
Coulombic forces as well.40 More sophisticated 
approaches rely on sulfated probes to identify areas of 
solvent displacement and to initially locate regions that 
are energetically favorable for HS binding.43,44 New 
online servers for prediction of binding sites have also 
been developed during the last few years, making 
computational approaches easier to access by the 
biological community.45

Once a binding site has been located, HS oligosac-
charide libraries can be probed by molecular docking 
techniques.46,47 These approaches aim to achieve a 
close fit of a ligand into a targeted site, giving insights 
into the affinity of binding and preferable binding poses. 
As discussed above, chemical and enzymatic synthe-
sis of HS oligosaccharides is very challenging. One 
advantage of virtual library screenings is that thou-
sands of different structures and conformations can be 
quickly tested “in silico.” Promising candidate ligands 
can be identified in this way and experimentally veri-
fied later through other biochemical or biophysical 
methods. Recently, sophisticated protocols have been 
reported, where combinatorial virtual library screening 
algorithms were applied to a large set of HS oligosac-
charides, ranging from disaccharide to hexasaccha-
rides.48 All potential hits were subsequently parsed 
through rigorous logical filters capable of segregating 
the structures into “high-affinity” and “high-specificity” 
sequences. Compared with other biomolecules such 
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as polypeptides or nucleic acids, HS oligosaccharides 
contain a high number of rotatable bonds, which 
essentially limits computational docking to disaccha-
ride, tetrasaccharide, and hexasaccharide, which can 
then be stitched together to generate longer potential 
ligands. One caveat is that it is sometimes difficult to 
distinguish between 180° pairs of GAG oligosaccha-
ride orientations, which might look very similar in either 
direction.49

Docking information alone cannot render accurate 
information on the free energy of binding. Typically, 
when ligands have been fit into putative binding sites, 
the complexes are subjected to MD simulation work-
flows and energy minimization routines. MD simulations 
facilitate the analysis of the trajectories of structural 
coordinates as a function of time under the influence of 
a force field. These force fields entail a collection of 
equations designed to reproduce molecular geometry 
and selected properties of the analyzed structures. 
Several glycan-specific force fields have been devel-
oped during the last years, including GLYCAM and 
CHARMM.50,51 The total free energy of binding and the 
contribution of individual residues can be deduced by 
averaging the mechanical contributions of the interact-
ing atoms. Application of these approaches to annexin 
A2 and PECAM-1 has revealed high- and low-affinity 
binding sites, as well as a dependency on the length of 
the GAG chains for proper interaction.52

A final detail to keep in mind is that HS–protein 
interactions are affected by solvent interactions, but 
taking this into consideration is computationally expen-
sive. A few studies have shown that docking and MD 
simulations with or without solvent give different results 
from an energetics perspective.50,52,53 In fact, the anal-
ysis of GAG–protein interfaces in structures deposited 
in the PDB database reveals that they are generally 
more hydrated than protein–protein interfaces. Indeed, 
half of the interactions at GAG–protein interfaces 
appear to involve water. Although many challenges still 
remain, the development of computational tools has 
the potential to accelerate the rational design of oligo-
saccharide mimetics capable of fine tuning GAG–
protein interactions in different biological systems. 
Progress in this area is of critical importance.

Systems-wide Functional Analysis of 
the HS Interactome

From a functional perspective, very few studies have 
considered the HS interactome as a coherent subpro-
teome. In a previous study, 435 non-redundant HSBPs 
were compiled from the literature and subjected to 
network analysis to identify functional and structural 

patterns associated with HS binding.25 Interestingly, it 
was noted that HSBPs form interactome networks with 
high average clustering coefficients and densely inter-
connected functional modules. As more recent studies 
have expanded this subproteome, we decided to revisit 
the mammalian HS interactome by taking a slightly dif-
ferent approach that emphasizes the characteristic 
modularity of HSBP interaction networks. We used 
the 435 proteins previously reported by Ori et al. and 
supplemented them with new HSBPs identified in 
other high-throughput studies.14–17,25 A final list of 530 
non-redundant proteins was compiled (Supplemental 
Table 1). This final HSBP list was used to generate a 
protein network based on physical and functional 
protein–protein associations (PPAs). High-confidence 
PPAs (association score >0.7) were extracted from 
the Search Tool for the Retrieval of Interacting 
Genes/Proteins (STRING) database. STRING is an 
integrated collection of protein–protein interactions 
based on direct binding data and/or inferred asso-
ciations from the literature, public databases, and 
other repositories.54 At the time of this study, the 
whole STRING-DB high-confidence PPA network 
contained a total of 15,131 proteins and 359,776 
associations, with an average of 47.6 associations per 
protein. Of the 530 HSBPs in our compiled list, 488 
mapped to the high-confidence PPA network. This new 
STRING subnetwork was then selected for further 
analysis, reflecting 3136 associations with an average 
of 12.8 associations per protein. Functional enrichment 
analysis of the network was performed through the 
Database for Annotation, Visualization and Integrated 
Discovery (DAVID) (Supplemental Table 2).55 DAVID 
was run using default settings with thresholds: count ≥2 
and EASE ≤0.1. The EASE score is a modified Fisher 
exact p value which was further adjusted using a 
Benjamini correction. Notably, only ~25% of the input 
HSBPs were automatically ascribed with HS/hepa-
rin-binding functions, indicating that the current level 
of annotation in public repositories is less than 
satisfactory.

Given the previously reported modularity of HSBP 
networks, we applied the Louvain method for commu-
nity detection to better identify and group HSBP clus-
ters displaying higher density of interconnected nodes 
than expected by random chance.56 This method is 
based on a heuristic algorithm that aims to detect 
communities (or cluster of nodes) by optimizing modu-
larity. Modularity is a measure of the tendency of 
nodes in a large network to display higher local inter-
connectivity (or edge density) compared with their 
connections with the rest of the network. This commu-
nity clustering is an iterative process that is repeated 
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until maximum modularity is achieved, and a hierarchy 
of communities is generated. By applying this method, 
we managed to isolate 15 communities (Supplemental 
Table 3). The identified clusters were further segre-
gated via force-directed visualization algorithms and 
subjected to functional enrichment analysis. What fol-
lows is a description of several of these clusters.

Complement and Chemokines

Interestingly, nearly 75% of all input proteins grouped 
into five major Louvain clusters (Fig. 2A–E). As shown 
in Fig. 2A, one of this clusters was largely composed 
of two major classes of HSBPs, including comple-
ment factors and chemokines. These proteins were 
heavily interconnected through two main nodes, cor-
responding to complement factor C3 and factor C5. 
C3 is a key component of the complement system 
and a point of convergence for the classic, alternative, 
and lectin activation pathways. Assembly of the C3 
convertase through any of these pathways results in 
proteolytic cleavage of C3 into C3a and C3b, two 
important factors that promote leukocyte recruitment, 
pathogen opsonization, and phagocytosis. Similarly, 
C5 is cleaved into C5a and C5b by the C5 convertase, 
promoting phagocyte chemotaxis and assembly of 
the membrane attack complex, respectively. Notably, 
both C3a and C5a can directly regulate chemokine 
expression through engagement of G-protein-coupled 
seven transmembrane domain receptors (C3aR and 
C5aR).57,58

The role of HS in the regulation of chemokine activ-
ity (e.g., the establishment of chemokine gradients 
and modulation of signal transduction) has been 
extensively reviewed.59 Less is known about the impact 
of HS on complement-mediated activities. One nota-
ble exception is the complement factor H (CFH), a key 
fluid-phase regulator of the alternative complement 
pathway.60–62 During infections, CFH protects host 
cells from complement-mediated cytotoxicity by inter-
acting with cell-surface HS chains (and sialic acids). 
Specifically, CFH modulates the inactivation of C3b by 
acting as a cofactor of complement factor I (CFI) and 
by accelerating the decay of C3 convertase. As HS is 
normally not expressed by microbes, this is an effec-
tive strategy to distinguish between self and non-self 
entities during the activation of the complement cas-
cade. Familial mutations in the HS-binding domain of 
CFH are associated with impaired HS binding, result-
ing in a severe form of thrombotic microangiopathy 
known as atypical hemolytic uremic syndrome.63,64 
Similarly, allotypic variants of the CFH gene are 
strongly associated with the development of 

age-related macular degeneration (AMD), one of the 
leading causes of adult blindness in the Western 
world.65 Progression of AMD has been found to corre-
late with changes in the HS composition of the human 
Bruch’s membrane/choroid, leading to focal deposits 
of lipids and proteins.66

As shown in Fig. 2A, most complement factors are 
de facto HSBPs, raising the possibility of HS serving 
as a global regulator of the complement system. In 
fact, kinetic studies of many complement proteins 
reveal a relevant range of affinities (from 2 to 320 nM) 
toward heparin, which could be pharmacologically 
exploited to fine tune the degree of activation of the 
complement system in clinical settings.67 This obser-
vation, together with the aforementioned functional 
interconnections between complement factors and 
chemokines, indicate that the impact of heparin and 
heparin-like compounds on complement activation is 
an area that warrants further investigation.

Growth Factor and Growth Factor Receptors

A second cluster was characterized by a large variety 
of growth factors and growth factor receptors (Fig. 2B), 
including members of the hepatocyte growth factor, 
platelet-derived growth factor, Ephrin, and the FGF 
protein family of receptor tyrosine kinases (RTKs). 
RTKs modulate mitogenic, angiogenic, and metastatic 
mechanisms and constitute major pharmacologic tar-
gets for the treatment of cancer.68 Upon ligand bind-
ing, RTKs undergo conformational changes, homo/
hetero-oligomerization, autophosphorylation of the 
intracellular tyrosine kinase domain, and transcrip-
tional activation of important factors that regulate cell 
behavior. In many cases, as it has been extensively 
reviewed for the FGF/FGF receptor axis, HS serves as 
a coreceptor of RTK signaling by assisting in ternary 
complex formation and by fine tuning the activation 
threshold of the signaling complexes.69 The develop-
ment and use of HS mimetic compounds to regulate 
the activity of HS-responsive RTKs is an area of 
intense research.70 Other growth factors captured in 
the cluster included members of the BMP signaling 
pathway such as BMP2 and BMP4, as well as known 
BMP antagonists such as Fstl1. Genetic alteration of 
the fine structure of HS affects downstream BMP sig-
naling, leading to a wide range of morphogenetic 
defects in bone and lung development.71

A few proteins involved in sodium and calcium sens-
ing and transport were also clustered together with the 
growth factors and growth factor receptors. There is 
some data pointing to a role for the syndecan family  
of HSPGs in the regulation of stretch-activated ion 
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Figure 2. (continued)

channels. Indeed, recent studies have provided evi-
dence for the presence of ion channels within focal 
adhesions that surprisingly operate in concert with 
transmembrane proteoglycans, such as syndecan 4.72 
These ion gates and transporters seem to impact cell 

migration and adhesion by regulating the cytosolic ion 
environment, which in turn modulates both cytoskele-
ton rearrangement and the formation of cell adhesion 
molecule complexes. Accordingly, the extracellular and 
pericellular pH is known to impact the stability of focal 
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adhesions. A recent review on this topic can be found 
elsewhere.73 The scope of this phenomenon and the 
exact mechanisms that operate through this novel syn-
decan-ion channel axis still need to be fully elucidated, 
including the role of the GAG chains (if any) vs the 
HSPG core protein. Interestingly, our association of ion 
sensing and transport with growth factor signaling 
raises the question whether regulation of some ion 
channels by specific growth factor signaling pathways 
could perhaps be modulated by HSPGs, in a glycan-
dependent fashion. This intriguing possibility could be 

relevant for diseases such as fibrosis and certain types 
of cancer, where a perturbation of the cell’s ionic bal-
ance and changes in HSPG expression are known to 
be contributing factors.

Protease Activity and Coagulation

Regulation of the coagulation system is another strik-
ing example of how HSPGs coordinate complex pro-
tein–protein interaction networks. As shown in Fig. 2C, 
many HSPGs involved in the regulation of the 
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coagulation cascade were captured by the Louvain 
clustering. As expected, functional enrichment 
reflected the impact of HS chains on protease activity 
and included both serine proteases and serine prote-
ase inhibitors (serpins). All serpins exert their function 
through a common mechanism, which entails dramatic 
conformational changes and covalent inactivation of 
the targeted proteases. Interestingly, some of the best 
studied HS-binding serpins such as antithrombin (ser-
pin C1) and heparin cofactor II (serpin D1) can inhibit 
procoagulant factors (e.g., thrombin and factor Xa), 
whereas others such as serpin A5 target anticoagulant 
factors (e.g., protein C). In general, the rate of these 
interactions is largely accelerated by binding to GAGs. 
As a side note, it has been shown that in jawless fish 
such as lampreys, the peptide hormone precursor 
angiotensinogen can moonlight as a potent heparin-
dependent thrombin inhibitor in addition to regulating 
vascular tone.74,75 These two ancestral functions were 
uncoupled in gnathostomes during evolution, but per-
haps some of the mammalian coagulation serpins 
might still display undiscovered vasomodulatory prop-
erties. The evolutionary history of the HS interactome 
and its coevolution with the HS biosynthetic machinery 
are areas that have not been explored and that war-
rant further investigation. Finally, a few growth factors 
and cytokines such as VEGF and PF4 were also found 
within this cluster. The tight modularity of this interac-
tome and its molecular diversity highlight the multiple 
levels of regulation that complex biological processes 
such as the coagulation cascade can exhibit and 
raises the question of the potential role of cellular HS 
as a global modulator.

Lipoprotein Metabolism

Another Louvain cluster was highly enriched in pro-
teins involved in lipoprotein metabolism and choles-
terol transport (Fig. 2D). There is abundant evidence of 
the critical role of HSPGs in hepatic clearance of tri-
glyceride-rich lipoproteins (TRLs) in both mice and 
humans.76–78 Genetic studies have highlighted the role 
of HSPG syndecan 1 as an important endocytic recep-
tor of TRL remnants, together with other classical 
receptors, such as the low-density lipoprotein recep-
tor (LDLR) and the LDLR-related protein 1 (LRP1). 
Sulfation of the HS chains of syndecan 1 is crucial for 
mediating interactions with multiple apolipoproteins, 
such as apolipoprotein B (ApoB), apolipoprotein E, 
and apolipoprotein A-V located on TRL-remnant popu-
lations of defined sizes.79

Accumulation of LDL particles in the subendothelial 
matrix is an early event during the development of 

atherosclerosis that triggers subsequent pathologic 
events such as LDL oxidation, vascular inflammation, 
monocyte recruitment, smooth muscle cell prolifera-
tion, and atherosclerotic plaque formation. Interestingly, 
HSPGs such as perlecan can contribute to vascular 
inflammation and atherosclerosis through its binding 
to ApoB-rich lipoproteins.80,81 On the contrary, there is 
some evidence of its anti-inflammatory role through 
regulation of migration and proliferation of vascular 
smooth muscle cells, revealing the complex and some-
times paradoxical roles played by HSPGs, depending 
on the tissue context and the fine structure of the HS 
chains.82

One of the proteins within this cluster of HSBPs, 
lipoprotein lipase (LPL), is an important factor normally 
anchored to the luminal side of the endothelium, where 
it degrades very-low-density lipoproteins and chylomi-
crons, and releases free fatty acids. LPL displays high 
affinity toward heparin because its polypeptide 
sequence contains multiple heparin-binding sites. 
Moreover, intravenous injection of heparin rapidly 
increases the LPL levels in blood, suggesting a dis-
placement mechanism.83 Although endothelial HS was 
largely assumed to be the physiologic ligand of LPL in 
the vasculature, more detailed studies have demon-
strated that another protein called glycosylphosphati-
dylinositol-anchored high-density lipoprotein binding 
protein 1 (GPIHBP1) is the actual receptor for LPL.84 
GPIHBP1 binds to LPL via negatively charged protein 
surfaces, and this interaction can be outcompeted by 
exogenous addition of heparin. This is a remarkable 
example of the critical difference between heparin and 
HS in biological systems, and a lesson to not draw 
quick conclusions about physiologic HS–HSBP inter-
actions, when only heparin is used as a surrogate. 
Nevertheless, other studies have suggested that vas-
cular HSPGs can modulate the LPL transport.85,86

ECM Assembly

Finally, the largest cluster of HSBPs was enriched in 
proteins involved in ECM assembly (Fig. 2E). HSPGs 
are major components of the ECM, where they act as 
flexible molecular scaffolds for structural proteins 
involved in tissue organization, as well as key modula-
tors of cell-surface signaling complexes that regulate 
cell adhesion, migration, and cytoskeleton reorganiza-
tion. Specifically, the majority of HSBPs in this cluster 
are integral components of the basement membrane 
such as laminins, and cell surface integrins. The ECM 
is also a key element of the tumor microenvironment, 
and HS–HSBP interactions therein have a profound 
impact on oncogenic processes affecting tumor 
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progression, including the regulation of growth factor 
availability and the degree of immune infiltration and 
tumor angiogenesis.87,88

Evolutionary Perspective

Despite the large structural and molecular diversity of 
the HSBPs, if the collection is treated as a coherent 
subproteome, they tend to group into protein–protein 
interaction networks with common functional themes. 
One appealing explanation for this phenomenon may 
find its basis within an evolutionary framework. We 
suggest there is a potential link between the evolu-
tionary pressure driving the acquisition of HS-binding 
capacity, and the concomitant emergence of multicel-
lularity and the increased biological complexity asso-
ciated with it. The fact that most unicellular organisms 
lack the biosynthetic tools to assemble complex GAG 
polysaccharides is a strong indication that this might 
be the case. During the evolution of unicellular life 
forms toward multicellularity, the flux of chemical 
information is dramatically increased because cells 
are not only responsive to cell-autonomous and envi-
ronmental changes, but they are also expected to 
integrate and respond to communication flows origi-
nating from adjacent cells. These relationships 
become more imperative as we move from cells, to 
tissues, to organs, and to organ systems. As dis-
cussed before, most HSBPs are either present at the 
cell membrane or embedded in the ECM, which con-
stitute the point of first contact in intercellular com-
munication. Many of the biological processes in 
which HSBPs are involved, such as cellular signal-
ing, directly adhere to the notion of chemical com-
munication flows that need to be carefully integrated 
to facilitate coordinated responses. Perhaps, the 
evolutionary acquisition of HS-binding ability consti-
tuted an additional global checkpoint that was advan-
tageous to multicellular biological systems, to quickly 
adapt and more effectively respond to changing envi-
ronmental cues. If that is the case, the large chemi-
cal space that can be coded into HS structures would 
constitute a flexible arsenal that can be rapidly 
deployed to fine tune the effect and timing of these 
responses.

Future Perspectives

As suggested throughout this review, by coordi-
nated molecular events such as cellular signaling, 
complement activation, or the coagulation cascade, 
HSPGs may engage multiple components within 
the same pathway and across clusters. How these 

protein–carbohydrate interactions will affect the 
spatiotemporal dynamics of these processes at a 
systems level is difficult to predict. As our clustering 
approach suggests, the functional interconnections 
between multiple classes of HSBPs indicate that 
one should take a broader view of how altering a 
given component in a cluster either pharmacologi-
cally or genetically could affect other pathways. As 
discussed above, dissection of the structural details 
that facilitate these interactions requires access to 
well-defined oligosaccharide libraries, as well as 
novel screening methodologies to measure simulta-
neous binding of receptors and protein ligands. 
Given the large number of HSBPs reported so far 
and the fact that many of them occur in shared 
pathways, the data clearly indicate that the role of 
HS in regulating biological processes might be 
more comprehensive than previously expected.

To the best of our knowledge, it appears that most 
studies addressing the scope of the HS interactome 
have mainly focused on qualitative aspects, that is, the 
complement of HSBPs present in a sample at a given 
time and set of conditions. However, it is reasonable to 
assume that quantitative changes might be important 
as well, especially during pathologic processes. Thus, 
alterations in the expression of HSPGs or the compo-
sition of HS could provide coordinated control over 
multiple pathways and systems. This possibility may 
be best exemplified during embryonic development 
and regeneration, which correlate with large-scale 
changes in HSPG and HS composition in a temporal 
and spatially regulated manner.

Realization of the potential of the HS interactome 
as a molecular window to explore basal cellular physi-
ology and to understand complex diseases might 
therefore require novel analytical strategies to assess 
both qualitative and quantitative changes in this sub-
proteome. There is now sufficient evidence showing 
that HS-mediated functions affect a broad range of 
physiologic and pathophysiologic processes, making 
them of general interest to the scientific community 
and no longer exclusively confined to the realm of gly-
cobiology experts and carbohydrate chemists.
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