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General Introduction

Glycosylation is a cellular multistep process consisting of sequential enzymatic transfer of
various monosaccharides to proteins, lipids, and as recently discovered, to small noncoding
RNA molecules (1,2). For proteins, glycosylation is a post-translational modification
corresponding to the branching of polysaccharidic chains known as “glycans” on specific amino
acids (aa). These glycosidic structures contribute to maturation, folding, functionalization and
addressing of proteins. Schematically, there are two major types of protein glycosylation that
can be distinguished according to the nature of the glycan-protein binding (Figure 1). In Nlinked glycosylation, an initial N-acetyl-glucosamine (GlcNAc) monosaccharide binds an
asparagine (Asn) of the protein while O-glycosylation includes various initiating
monosaccharides including N-acetyl-galactosamine (GalNAc), xylose (Xyl), mannose (Man)
and fucose linked to the hydroxyl group of a serine (Ser) or a threonine (Thr). In this Ph.D.
thesis work, we mostly focused on Xyl-type O-glycosylation which primes the elongation of
glycosaminoglycan (GAG) chains on certain proteins thereby forming the so-called
proteoglycans (PG) (Figure 1). In humans, PG are present in extracellular matrices (ECM) of
virtually all organs and tissues where they play important physiological roles. They confer
lubricant properties of synovial fluid in joints, they provide elasticity to skin and they regulate
immunity and cell proliferation (3).
Glycosylation takes place in the endoplasmic reticulum (ER) and/or the Golgi apparatus. In
these cellular organelles formed by a dynamic set of membranes and vesicles, a complex
network of glycosyltransferases, nucleotide-phosphate monosaccharide transporters, as well as
key proteins regulating the ionic environment and the vesicular trafficking (i.e., ER/Golgi
homeostasis) orchestrate glycosylation reactions. In humans, inherited gene deficiencies
affecting this process result in impaired protein glycosylation and are known as congenital
disorders of glycosylation or CDG. These rare and mainly autosomal recessive diseases can
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manifest by a plethora of clinical phenotypes including asymptomatic forms, mild, severe, or
even lethal diseases (4).

Figure 1: Protein glycosylation types
N-glycans consists of biantennary structures GlcNAc-N-linked to Asn and terminated by sialic acids.
Four O-glycosylation subtypes exist with variable initiating linkage and sugar combination. Xyl-Olinked GAG are highlighted since they constitute the main thread of our work.

The genesis of the work presented herein arises from our collaboration with clinicians of
Necker hospital (Paris - France) who manage patients with inborn diseases due to defective PG
biosynthesis. The so-called PG inherited metabolic diseases (PG-IMD) are due to mutations in
genes coding proteins directly involved in GAG elongation such as glycosyltransferases and
nucleotide-phosphate monosaccharide transporters, or proteins regulating the Golgi
homeostasis such as ionic transporters and vesicular tethering factors. PG-IMD are incurable
diseases and life-threatening for affected individuals and their families. Clinical manifestations
include severe osteoarticular abnormalities associated to multiorgan deficiencies such as
neurological disorders, cardiac defects, and cutaneous abnormalities. Clinicians and biologists
often struggle to easily identify the pathogenic gene deficiency because of unspecific
symptomatology, hardly accessible biological tests, and lack of convenient biomarkers. In this
context, we focused on developing the analysis of a PG present in the blood at high
concentration, that could serve as a new biomarker for the screening and diagnosis of PG-IMD.
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This PG is called bikunin (Bkn) and the analyses we developed were mainly based on its
immunodetection [i.e., Western blot and two-dimensional electrophoresis (2-DE)] from blood
samples (serum/plasma/dried blood spot) of affected individuals. We mostly showed that Bkn
profiles can efficiently orient towards some PG-IMD-causative gene deficiencies thereby
significantly facilitating the diagnosis of these diseases.
Additionally, we found that Bkn isoforms biosynthesis was impaired in some patients with
CDG due to genetic deficiencies affecting the Golgi homeostasis and characterized by N- and
mucin-type O-glycosylation defects. As the diagnosis of these diseases already benefits from
established screening techniques, we showed that Bkn isoforms profile could be an interesting
additional biomarker highlighting further insights into their pathophysiology.
Lastly, we used a model of HepG2 cell lines with chemically-induced Golgi homeostasis
impairments (i.e., ionic and vesicular trafficking disturbances) and we showed alterations of
Bkn biosynthesis. This indicated interesting potentials of Bkn as an in vitro marker of Golgi
homeostasis defects.
My work resulted in the publication of one letter (4th author), two articles (first author) and
one review (first author) which are presented in this manuscript. Moreover, other stillunpublished results including Bkn analyses in samples from various affected individuals and in
HepG2 cells are described. Altogether, our data show that Bkn is a promising biomarker that
can facilitate the screening and diagnosis of genetic deficiencies leading to PG-IMD and of
glycosylation disorders due to impaired Golgi homeostasis.
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Chapter 1:
Proteoglycans

I.1. Introduction
Proteoglycans (PGs) are macromolecules composed of a core protein linked to one or more
highly sulfated glycosaminoglycan (GAG) chains such as chondroitin sulfate (CS), dermatan
sulfate (DS), heparan sulfate (HS), heparin or keratan sulfate (KS) (Figure 2). The PG
biosynthesis occurs in many cell types into the ER and the Golgi apparatus and involves the
interplay between numerous molecular actors along the secretory pathway. Except for KS PGs,
the GAG chain elongation is initiated by the formation of a tetrasaccharide linkage region
consisting in glucuronic acid-galactose-galactose-xylose (GlcA-Gal-Gal-Xyl) linked to a serine
(Ser) residue of the core protein. The following GAG synthesis is carried out by the enzymatic
addition of n-repeated disaccharide motifs consisting of (GlcA-GalNAc) for CS, (GlcAGlcNAc) for HS and (GlcNAc-Gal) for KS. Furthermore, many modifications occur on the
tetrasaccharide linker and the GAG chain such as sulfation, phosphorylation, or epimerization,
the latter giving rise to DS (IdoA-GalNAc)n and heparin (IdoA-GlcN)n (Figure 2) (5).

Figure 2: Glycosaminoglycan chain types and corresponding disaccharides
Once synthesized, PGs are addressed to intracellular granules, plasma membrane,
extracellular matrices or blood circulation and are involved in many biological processes (6).
Their negative charges conferred by sulfate groups provide hydrophilic and viscoelastic
properties to the extracellular matrices (ECMs). Moreover, via numerous interactions with other
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ECM components (e.g., hyaluronan and collagen), PGs play important roles in the ECM
assembly and participate to the architecture of bones, joints, skin, and cartilage. PGs can also
act as signaling molecules interacting with chemokines, cytokines, and growth factors for the
regulation of immune response, skeletal development or cell proliferation/adhesion in wound
healing and cancer (6,7).
PG-inherited metabolic diseases (PG-IMD) result from mutations in genes involved in the
biosynthesis, modifications, transport, and degradation of PGs or involved in the regulation of
Golgi homeostasis. Given the major physiological roles of PGs, their alteration can result in
multiple and severe damages. Thus, PG-IMD are characterized by multiorgan alterations
including marked osteoarticular malformations, neurological troubles, cardiac defects,
cutaneous diseases, tooth abnormalities and deafness (8–10).

I.2. Biosynthesis of proteoglycans
I.2.1. Formation of the tetrasaccharide linkage region
The aa sequence of the core protein has a critical influence on the initiation of the PG
biosynthesis. Indeed, the GAG elongation takes place on a Ser preceded by acidic aa and
followed by glycine (Gly) or alanine (Ala) residues (11–14). The GAG chain is initiated by a
Ser-O-xylosylation catalyzed by a xylosyltransferase (XylT-1 or XylT-2) (15). This reaction
starts in the exit sites of the ER or in ER/Golgi intermediate compartments (ERGIC) and is
achieved in the cis-Golgi (16,17). The two following reactions, also occurring in the cis-Golgi,
correspond to the sequential addition of two Gal residues by the galactosyltransferases β4GalT7
and β3GalT6, respectively (18,19). Afterwards, a GlcA is added by the glucuronyltransferase
GlcAT-1 in the medial-Golgi (20). The resulting (GlcA-Gal-Gal-Xyl-O-Ser) tetrasaccharide
linker is common to CS, DS and HS GAG chains (Figure 3). In KS PGs, three kinds of linkage
regions exist leading to three KS types. The core protein is linked to a GlcNAc in KS-I, a Gal
26

in KS-II and a mannose in KS-III (21).

Figure 3: Biosynthesis and modifications of the tetrasaccharide linkage region
The successive steps of the initiating tetrasaccharide biosynthesis and modifications are represented with
the corresponding enzymes and their encoding genes. The transient phosphorylation of the xylose occurs
after the first Gal addition and is removed before the first aminosugar transfer. Enzyme abbreviations:
XylT: Xylosyltransferase; β4GAL-T7: β‐4‐galactosyltransferase7; XylK: Xylose kinase; FAM20B:
Family with sequence similarity 20B; β3GAL-T6: β‐3‐galactosyltransferase6; GlcAT-I:
Glucuronosyltransferase I; XYLP: xylose phosphatase.

During the linker formation (Figure 3), the Xyl residue is 2-O phosphorylated by the
“Family sequence similarity 20B” kinase (FAM20B also named XylK) probably after the
addition of the first Gal (22). This Xyl phosphorylation allows the substrate recognition by
β3Gal-T6 and GlcAT-I for the addition of the second Gal and the following GlcA, respectively
(23,24). However, this phosphorylation is transient since the addition of the first amino sugar
(i.e., GalNAc for CS or GlcNAc for HS) of the GAG chain is accompanied by the removal of
the phosphate by XYLP phosphatase (25,26). Additionally, a sulfation catalyzed by
chondroitin-6-O sulfotransferase (C6ST1) could occur on both Gal residues of the linkage
region in CSPGs and DSPGs but not in HSPGs and has regulatory roles (27–29). It has been
shown that sulfation of the first Gal significantly enhances GlcAT-I activity (24).
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I.2.2. Elongation and modifications of the GAG chains
The orientation of the GAG elongation towards HS or CS chain is determined by the aa
sequence of the core protein. Neighboring the Ser/Thr which links the initiating xylose, the
presence of repetitive Ser-Gly motifs together with acidic aa and Trp residues promote HS
elongation. For CS elongation, the presence of Ser-Gly motifs preceded by acidic aa is also
required (5,14,30,31). Sulfation of the linkage region may also orient the GAG elongation.
Indeed, the observed systematic absence of sulfate in HS linkage region could suggest that this
modification may be a signal for CS/DS GAG biosynthesis (27). Otherwise, the activity of the
N-acetylgalactosaminyltransferase-1 (GalNAcT-1), which adds the first GalNAc of the CS/DS
chain, is significantly increased when the first or second Gal is sulfated in comparison to
unsulfated counterparts (32).
After the formation of the tetrasaccharide linker, the GAG elongation begins with the
addition of the first amino sugar (i.e., GalNAc for CS/DS or GlcNAc for HS/heparin) (Figure
3 and Figure 4). Thereafter, the elongation involves successive enzymatic additions of nrepeated

disaccharides

motifs.

For

CSPGs,

the

N-acetygalactosaminyl-transferase

CSGalNAcT-1 or CSGalNAcT-2 transfers a GalNAc to the terminal GlcA of the linkage region
(33). The following polymerization of the [GlcA-GalNAc]n backbone is ensured by a CS
synthase complex (ChSy) composed of six enzymes namely ChSy-1, ChSy-2, ChSy-3,
Chondroitin polymerizing factor (ChPF), CSGalNAcT-1 and CSGalNAcT-2 (34–37) (Figure
4) (For review see (38)). It is unclear whether the biosynthesis of CS chains requires all these
enzymes or the combination of some of them, but it has been demonstrated that in vitro CS
polymerization is achieved when any two of ChSy1, 2, 3 or ChPF were incubated with the
acceptor substrate α-thrombomodulin (37).
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The HS elongation begins with a GlcNAc transfer to the linkage region, a reaction being
catalyzed either by EXTL2 or EXTL3, two members of the exostosin family. The following
[GlcA-GlcNAc]n polymerization is ensured by EXTL1, having a GlcNAcT activity, and a
heterodimeric complex formed by EXT1 and EXT2, having both GlcAT and GlcNAcT
activities (39–41) (Figure 4) [For review see (42)].
Regarding the 3 KS GAG-type chains, they consist of a sulfated [GlcNAc–Gal]n
(polylactosamine) backbone synthesized by various enzymes (43–45).
Numerous modifications including sulfation and epimerization occur on the disaccharide
motifs of the GAG chains (Figure 4). For CS chains, chondroitin-4 sulfotransferases (C4ST)1,2 and 3 as well as C6ST-1 and 2 mediate the sulfation of various GalNAc residues (46–49).
GlcA residues could also be sulfated by uronic acid-2-sulfotransferase (U2ST) (50).
Furthermore, varying proportions of GlcA residues of the CS chains could be converted to IdoA
by the DS-epimerases (DSE)-1 and -2 to form DS chains (51,52). Sulfations occur on both
GalNAc and IdoA residues via D4ST1 (CHST14) and U2ST, respectively (50,53) (Figure 4).
For HSPGs, series of modifications occur within various sections of 3-6 adjacent
disaccharides forming the so-called “S-domains”. In these domains, GlcNAc residues undergo
N-deacetylation and subsequent N-sulfations leading to the formation of sulfoglucosamine
(GlcNS) units. This reaction is catalyzed by bifunctional enzymes named GlcNAc Ndeacetylase/N-sulfotransferases (NDSTs) (54,55). Moreover, GlcA residues adjacent to GlcNS
are converted to IdoA, a reaction catalyzed by C5 epimerase (56). Various sulfation reactions
occur on HS GAG chains: (i) the single isoform 2-OST catalyzes the transfer of sulfate groups
upon IdoA and GlcA residues to form IdoA2S and GlcA2S (57), (ii) GlcNAc and GlcNS
residues are 6-O sulfated by 6-OST which is represented by three isoforms (58), and (iii) seven
isoforms of 3-OST catalyze the 3-O sulfation of GlcN units (59). Heparin GAG chains are
extensively modified and contain 50-90 % of S-domains. In contrast, HS are less modified and
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have 30-55 % of S-domains (56).
For KSPGs, sulfations can occur on both GalNAc and Gal residues and are catalyzed by
Gal6ST (CHST1) and GlcNAc6ST (CHST5 and/or CHST6) (60,61) (Figure4).

Figure 4: Biosynthesis and modifications of proteoglycans
Upon the core protein-linked tetrasaccharide linkage region (i.e., GlcA-Gal-Gal-Xyl), the GAG chain
polymerization starts with the transfer of a first amino sugar (i.e., GalNAc for CS and GlcNAc for HS)
and continues with the addition of repetitive [GlcA-GalNAc] for CS and [GlcA-GlcNAc] for HS.
Epimerization from CS to DS (i.e., [IdoA-GalNAc] backbone) could occur. The GAG chains are also
modified by sulfate groups. Each pathway involves specific glycosyltransferases, sulfotransferases, and
epimerases. For KS GAG chain elongation, there is three types of initiations leading to KS-I, KS-II and
KS-III GAG chains which are composed of a polylactosamine backbone [GlcNAc-Gal Enzyme
abbreviations: XylT: Xylosyltransferase; β4Gal-T7: β-4-galactosyltransferase7; β3Gal-T6: β-3galactosyltransferase6;
GlcAT-I:
β-3-glucuronyltransferase3;
CSGalNAcT:
Nacetylgalactosaminyltransferase; ChSy: chondroitin synthase complex; CHST: chondroitin
sulfotransferase; DS epi: dermatan sulfate epimerase; U2ST: uronic acid-2-sulfotransferase; D4ST:
dermatan-4-sulfotransferase; EXT: exostosin family protein; EXTL: exostosin-like; NDST: Ndeacetylase/N-sulfotransferase; OST: heparan O-sulfotransferase; C5 epi: GlcNAc C5 epimerase.
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I.2.3 Substrate synthesis and supply for proteoglycan biosynthesis
The donor substrates used by the glycosyltransferases during the GAG elongation
correspond to “activated” uridine-diphosphate (UDP)-sugars. Their synthesis occur in the
cytosol and involves numerous metabolic pathways leading first to the formation of sugar-1phosphate (e.g., Gal-1-P, GalNAc-1-P) and a process frequently called “activation” catalyzed
by specific UDP-sugar pyrophosphorylases (USPase) that transfer the uridine group of uridinetriphosphate (UTP) to sugar-1-phosphate thus producing UDP-sugar and inorganic
pyrophosphate (PPi) (62–64) (Figure 5). UDP-sugars are then translocated to the lumen of the
Golgi through transmembrane nucleotide-sugar transporters (NSTs). At least 31 NSTs
belonging to the solute carrier 35 family (SLC35) have been described (65,66). Glycosylation
reactions release free UDP molecules, which are further converted by nucleotidases such as
calcium activated nucleotidase-1 (CANT1) to uridine-monophosphate (UMP) (67–69), the
latter being exported to the cytosol by NSTs to the benefit of new UDP-sugar molecules (Figure
5).
For sulfation reactions, sulfotransferases use the sulfate donor 3’-phosphoadenosine 5’phosphosulfate (PAPS). The biosynthesis of PAPS occurs in the cytosol and is mediated by
PAPS synthases (PAPSS 1 and 2) that catalyze the transfer of phospho-adenosine-phosphate
(PAP) to inorganic sulfate (SO42-) (70). The activated PAPS molecules are then translocated
into the Golgi lumen. Two PAPS transporters have been identified and named SLC35B2 and
SLC35B3 (71,72). GAG sulfation reactions release free PAP that is hydrolyzed by inositolmonophosphatase-1 (IMPAD1) into adenosine-monophosphate (AMP) and inorganic
phosphate (Pi) (73) (Figure 5).
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Figure 5: Substrate supply for proteoglycan biosynthesis
UDP-sugars are synthesized by USPases from phosphosugars and UTP in the cytosol and are imported
in the Golgi apparatus through specific NSTs. Glycosylation reactions release UDP which is converted
to UMP and exchanged with new UDP-sugar by NSTs. Activated PAPS originate form PAPSScatalyzed PAP transfer to SO42- in the cytosol. PAPS Golgi intake is ensured by SLC35B2 and
SLC35B3. GAG sulfation releases free PAP that is hydrolyzed to AMP and Pi by IMPAD1.
Abbreviations: AMP: adenosine-monophosphate; CANT1: calcium activated nucleotidase-1; IMPAD1:
inositol monophosphatase domain-containing-1; NSTs: nucleotide-sugar transporters; PAP:
phosphoadenosine phosphate; PAPS: 3’-phosphoadenosine 5’-phosphosulfate; PAPSS: PAPS synthase;
Pi: inorganic phosphate; SLC35: solute carrier 35; UDP: uridine-diphosphate; USPase: UDP-sugar
pyrophosphorylase; UMP: uridine-monophosphate; UTP: uridine-triphosphate.
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I.2.4 Transport and sorting of the proteoglycans
Newly synthesized PGs are sorted and packaged into cargo vesicles at the trans face of the
Golgi apparatus and the trans-Golgi network (TGN) for being exported to their destination
through an anterograde vesicular trafficking. GAG chains play crucial role in the orientation of
the PG vesicular transport towards. In polarized cells such as MDCK and CaCo-2, the CS chain
promotes the addressing of CSPGs to the apical cell side while HS chain favors the basolateral
sorting of HSPGs (74–76). Furthermore, in non-polarized cells (HeLa), it has been shown that
the introduction of a CS chain in the amyloid-precursor protein and the asialoglycoprotein
receptor H1 induced the acceleration of their transport from the TGN to the cell surface (77,78).
The vesicular transport of PGs targeted to intracellular compartments is also GAG-dependent.
The CS chain is necessary for packaging the PG serglycin into intracellular zymogen granules
of pancreatic acinar cells (79). Although the underlying mechanisms are unclear, it is possible
that GAG-specific cargo receptors should be present in the TGN membrane, facilitating the
transport of PGs in a similar manner than the lectin-mediated sorting of some N-glycosylated
proteins (80). Moreover, it has been shown in rat hepatocytes that HSPGs were transported by
vesicles different than those transporting albumin, apolipoprotein E and fibrinogen suggesting
that HSPG-transporting cargoes are different than the constitutive secretory vesicles (81).
Additionally, the physical properties and the important size of the GAG chains may induce
steric hindrances avoiding their entry into small coated vesicles. Thus, as for pro-collagen 1,
the transport of PG into the bulky vesicles emerging from the large TGN tubular domain may
be favored (82). Consistently, a recent “organelle zone” theory which segregates a PG specific
pathway from other glycosylation-types pathways has been described (83–85).
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I.2.5 Degradation of proteoglycans
The PGs catabolism is essential to prevent their accumulation in cells and ECMs. This
process occurs mostly in the lysosomes and involves the action of specific glycosidases and
sulfatases. The hydrolysis of the GAG chains releases free monosaccharides that will be used
for new GAG elongation reactions (86). Genetic defects leading to deficiencies in the enzymes
involved in the PG degradation are called mucopolysaccharidoses (MPS). They are
characterized by GAG accumulation resulting in multiple cellular and tissue damages (87). In
this work, MPS are not extensively described since we rather focus on PG biosynthesis defects.

I.2.6 Importance of the Golgi homeostasis for proteoglycan biosynthesis
The Golgi homeostasis consists of the luminal ionic environment and the balance between
anterograde and retrograde vesicular trafficking (Figure 6) (88). Correct Golgi homeostasis is
essential for allowing each biosynthetic enzyme and substrate transporter to function within
adequate milieu and at the right localization among the successive Golgi subcompartments.
Several studies, briefly summarized here, have reported important alterations of the PG
biosynthesis upon Golgi homeostasis defects in mammalian cultured cells (89).
Regarding the vesicular trafficking, coat protein complexes (COP1 and COP2), tethering
factors such as the conserved oligomeric complex (COG), and associated Rab-GTPases,
regulate vesicular movements in a coordinated manner (Figure 6) (90–92). This has an impact
on the localization of PG biosynthetic enzymes. While glycosyltransferases involved in the
initiating linker formation localize in the early cis- and medial-Golgi, those involved in GAG
elongation and sulfation reside rather in the late trans-Golgi/TGN (93). Brefeldin A (BFA) is a
fungal compound that disturbs COP assembling which reversibly blocks anterograde trafficking
and leads to ER redistribution of cis-, medial- and trans-Golgi resident proteins, without
affecting that of the TGN. In BFA-treated human melanoma cells, CS chain elongation and
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sulfation were abolished, while linker formation was not altered indicating a BFA-induced
segregation of CS elongation and sulfation enzymes from that of linker formation (94). This
emphasizes the importance of the harmonious distribution of each glycosyltransferase for
successful PG biosynthesis. Otherwise, treatment of rat chondrosarcoma cells with cyclofenil a compound that have been shown to disturb the Golgi membrane organization - resulted in
alteration of CS chain elongation (95).
Besides anterograde/retrograde trafficking balance, each organelle of the secretory pathway
presents a specific range of luminal pH that becomes progressively more acidic from the ER
(7.2-7.5) to the Golgi (6.0-6.7), the TGN (5.9), reaching 5.5 in the late secretory vesicles and
4.5 in lysosomes (96,97) (Figure 6). This pH gradient is crucial for PG metabolism since
glycosyltransferases’ activity as well as PG vesicular transport and lysosomal degradation are
pH dependents (98–100). The Golgi pH regulation is mediated by the vacuolar H+-ATPase
proton pump (V-ATPase) (101) (Figure 6) and other transmembrane channels such as the Golgi
pH regulator (GPHR) (102). Concerning the V-ATPase, it consists of a membrane protein
complex formed by eight subunits (A-H) distributed in two sectors (V0 and V1) (101).
Pathogenic variants in genes encoding the subunits ATP6V0A2, ATP6AP1 and ATP6V1F as
well as the assembling factor CCDC115 cause CDG with impaired Golgi homeostasis
(103,104,104,105). Exposition of MDCK cells to Bafilomycin A1 (Baf A1), a specific VATPase inhibitor, led to aberrant increase of HS chain length and CS sulfation compared to
controls together with impaired PG sorting (100). Treatment of human melanoma cells with
ammonium chloride, a weak base inducing neutralization of acidic compartments, resulted in
defective CSPGs biosynthesis (106).
Additionally, the Golgi intraluminal ionic equilibrium is important for PG metabolism and
is ensured by ion transporters such as TMEM165 [i.e., manganese (Mn2+) transporter] and
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SPCA1/2 [i.e., calcium (Ca2+) channel] (Figure 6). The catalytic activity of several
glycosyltransferases requires the presence, at correct concentrations, of Mn2+ as cofactor, as it
has been shown for B4GALT7 (107,108). In cartilage from Mn2+-deficient chicks, PG content
was decreased compared to controls and skeletal defects were observed (108). Ca2+ homeostasis
is also important in the PG synthesis and sorting (99). It has been shown that PG levels were
reduced in rabbit articular chondrocytes upon treatment with the calcium ionophore A23187
which increases cytosolic Ca2+ levels (109). Moreover, in rat parathyroid cells, PG sorting and
secretion were impaired under increased extracellular Ca2+ concentration (110).

Figure 6: Molecular actors involved in Golgi homeostasis
Golgi pH regulation by V-ATPase proton pump ensures a cis to trans increasing H+ concentration
resulting in a pH gradient. Ionic homeostasis also requires correct Mn2+ and Ca2+ concentrations, these
are regulated by TMEM165 and SPCA1/2 transporters respectively. Anterograde and retrograde
trafficking involve vesicular movements orchestrated by COP-coated vesicles, COG vesicular tethering
complex and Rab-GTPases. Abbreviations: COG: conserved oligomeric Golgi; COP: coat protein
complex; SPCA1/2: secretory pathway Ca2+-ATPase pump type-1/2; TMEM165: transmembrane
protein type-165.
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I-2-7 Classification, distribution, and roles of proteoglycans
PGs can be classified into four classes (Table 1) according to their cellular localization. The
unique known intracellular PG is serglycin, which carries a heparin chain or a CS chain
according to the cell type. It is involved in the storage of histamine and proteases into secretory
granules in mast cells and macrophages for their delivery during inflammatory response (111).
The second class of PGs includes those embedded into the cell plasma membrane such as
syndecans and glypicans. In numerous cell types including leucocytes and epithelial cells, their
extracellular domain binds several ligands such as the vascular endothelial growth factor
(VEGF) and inflammatory cytokines. This leads to various signal transduction pathways
regulating leukocyte recruitment, angiogenesis, cell proliferation, and differentiation (112–
115). They also interact with ECM components such as collagens, hyaluronan, and fibronectin
to form the ECM network (116). Otherwise, the cytoplasmic domain of cell surface PGs
interacts with the cytoskeleton, thereby participating in cell motility (117).
Pericellular PGs (the third class) are linked to the cell surface through adhesion molecules such
as integrins and constitute a supportive matrix allowing interactions with the cellular
microenvironment. For example, perlecan is a ubiquitous HSPG located in the basement
membranes, which is involved in healing and angiogenesis during wound repair by interacting
with collagen IV and VEGF, respectively (118).
The fourth class of PGs comprises the extracellular PGs that are composed of hyaluronan- and
lectin-binding PGs (hyalectans) and the small leucin-rich proteoglycans (SLRPs). Aggrecan is
a hyalectan that carries several CS, DS, and KS GAG chains and is the main PG of cartilage. It
forms bulky aggregates with hyaluronan, collagen fibrils, and with other PGs to generate a
hydrated gel underlying the viscoelastic consistence and the resistance of cartilage (119).
Biglycan is a CS/DS PG of the SLRPs family that is ubiquitously found in ECMs. Among the
wide range of its physiological functions, biglycan is involved in bone formation by regulating
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osteoblast differentiation through interaction with the bone morphogenic protein (BMP) (120).
Decorin, an SLRP carrying a DS chain, promotes assembly of collagen fibers in skin, tendons,
bone and cornea during wound healing (121,122). Decorin also forms complexes with growth
factors such as TGF-β and TNF-α to modulate their interaction with the corresponding receptors
which regulates intracellular signaling pathways involved in bone morphogenesis and skeletal
muscle differentiation (123,124). In blood and urine, the inter-α-trypsin inhibitor proteins
(IAIPs) are liver-expressed SLRPs carrying a unique short CS chain branched on the core
protein Bkn. Their roles are described below in a dedicated section. Another circulating PG
called endocan is a DSPG secreted by endothelial cells that inhibits leucocyte migration and
adhesion to inflamed tissues as well as angiogenesis and cell proliferation during wound healing
and tumor progression (125) (Table 1).

Table 1. Overview of some proteoglycans and their pathophysiological
involvements.

Location

Designation

Type of GAG

Roles

chain
Intracellular

Serglycin (SG)

Heparin/CS

Formation of intracellular storage
granules in mast cells (111).

Cell surface

Syndecans

HS/CS

Regulation of vascular development
and wound healing (112).
Regulation of chondrocyte
proliferation during skeletogenesis
(126)

38

Glypicans

HS

Regulation of Wnt, FGF and
Hedgehog signaling pathways
during growth, development and
cancer (114,115).

Extracellular

Aggrecan

CS/DS/KS

matrices

Resistance

to

compression

of

cartilage in joints (119). Structure of
brain ECM and involvement in
neuronal plasticity (127).
Fibromodulin

KS

Regulation of collagen
fibrillogenesis, muscle cell growth,
cellular reprogramming, and
angiogenesis (128).

Decorin

DS

Promotes collagen fibrillogenesis
(129) and inhibits tyrosine kinase
receptors (130).

Biglycan

CS/DS

Promotes collagen fibrillogenesis
(131) and promotes osteoblast
differentiation and bone maturation
(120).

Collagen XVIII

HS

Structural component of the
basement membranes of vascular
and epithelial cells. Inhibits
angiogenesis and Wnt signalling
(132).
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Collagen XII

CS

Regulation of bone morphogenesis
and regeneration (133,134).
Regulation of tendon formation and
mechanical properties (135).

Perlecan

HS/CS/KS

Tissue organisation and ECM
stabilization. Participation to
mechanical properties of cartilage,
protection of vascular endothelium,
regulation of lipid clearance (136).

Blood

Endocan

DS

Regulation of cell adhesion,
migration, proliferation, and
angiogenesis in cancer and wound
healing (125).

Inter-α-trypsin inhibitor

CS

family

Stabilization of extracellular
matrices, anti-plasmin activity,
inhibition of complement activation
and protection against kidney stone
formation (137).

PG-100

CS

Macrophage-derived PG involved
in inhibition of atherosclerosis
formation by trapping of lowdensity lipoprotein (138). Growth
factor activity triggering
differentiation of bone marrow cells
(139).
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Apolipoprotein-O

CS

Hepatic PG regulating fatty acid
metabolism and oxidative stress
during inflammation (140,141).

I-3 Proteoglycan inherited metabolic diseases (PG-IMD)
The inborn pathologies resulting from abnormal PG biosynthesis, transport or degradation
lead mostly to skeletal and connective tissue disorders. Overall, the clinical phenotypes show
various overlapping skeletal and articular features including skeletal dysplasia, joint
dislocations, recurrent fractures and dysmorphisms. Additional troubles such as neurological
disorders, growth retardations, cutaneous pathologies, tooth abnormalities, deafness, ocular
disorders could expand the clinical presentation and make the clinical diagnosis difficult (8–
10). PG-IMD can be classified according to the defective step of PG biosynthesis (Table 2).
Therefore, one can distinguish those caused by impaired tetrasaccharide linker formation
(linkeropathies), GAG elongation, GAG sulfation, substrate supply, and by defects in Golgi
homeostasis (including Golgi vesicular trafficking and ionic environment) (Table 2).
Importantly, it appears that no clinical characteristic could differentiate a PG-IMD subgroup
from another one. Here we recapitulate some biochemical analyzes performed in patients’
samples and/or cellular and animal models which allowed identification of PG metabolism
defects and helped to determine genotype/phenotype correlations.
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Table 2. Proteoglycan inherited metabolic diseases: Classification and
clinical aspects.
PG defect

Mutated gene

Associated disorder and clinical

subgroup

features

Defects of the

XYLT1

tetrasaccharide

Initiating xylose transfer to the core

linkage region

protein (Xylβ1-O-Ser).

(Linkeropathies)

Desbuquois dysplasia type 2 (MIM 615777):
Short long bones, joint laxity and
dislocations, advanced carpal/tarsal
ossification, chondrodysplasia, growth
retardation (142).

XYLT2
Initiating xylose transfer to the core
protein (Xylβ1-O-Ser).
B4GALT7
Transfer of the first galactose of the
linkage (Galβ1–3Galβ1–4Xylβ1-O-Ser).

Spondyloocular syndrome (MIM - 605822):
Osteopenia/osteoporosis, cataract, deafness,
heart defects (143).
Ehlers-Danlos syndrome (EDS)
spondylodysplastic type 1 (MIM - 130070):
Joint laxity, hyperelastic skin, short stature,
hypotonia, poor wound healing (18).

B3GALT6
Transfer of the second galactose of the
linkage region (Galβ1–3Galβ1–4Xylβ1O-Ser).

EDS spondylosysplastic 2 (MIM – 615349)
and Spondyloepymetaphyseal dysplasia
with joint laxity (MIM – 271640):
Recurrent bone fractures, epimetaphyseal
dysplasia, joint laxity and dislocations,
cutaneous hyperlaxity, scoliosis, intellectual
disabilities, poor wound healing, hypotonia
(144).

B3GAT3
Transfer of the terminating glucuronic
acid of the linkage region (GlcAβ1–

Larsen-like syndrome (MIM – 245600):
Short stature, joint laxity and dislocations,
scoliosis, cutis laxa, heart defects (145).

3Galβ1–3Galβ1–4Xylβ1-O-Ser).
FAM20B
Phosphorylation of the xylose after the

Desbuquois dysplasia (MIM - 615777) with
lethal neonatal short limb dysplasia (146).

first galactose addition (Gal-Xyl(2-Ophosphate)-O-Ser ).

42

GAG elongation

CSGALNACT1

defects

First GalNAc transfer to the linkage
region: initiation of CS elongation.

Mild skeletal dysplasia with advanced bone
age (unreferenced):
Skeletal dysplasia, short stature, advanced
bone age, facial dysmorphism, joint laxity,
monkey wrench appearance of the femur,
Bell’s plasy, neuropathies (147).

CHSY1
[GlcA-GalNAc] polymerization: CS
GAG elongation

Temtamy preaxial brachydactyly
syndrome (MIM - 605282):
Characteristic digits shortening, facial
dysmorphism, deafness, growth and mental
retardation (148).

EXTL3
First GlcNAc transfer to the linkage
region: Initiation of HS elongation.

Neuro-immuno-skeletal dysplasia
syndrome (MIM - 617425):
Severe immunodeficiency associated to
skeletal dysplasia, developmental delay and
intellectual disability (149).

EXT1/EXT2
[GlcA-GlcNAc] polymerization: HS
GAG elongation

Hereditary multiple exostosis syndrome
(MIM - 133700/133701):
Benign osteoarticular tumors called exostosis
or osteochondromas leading to skeletal
dysmorphisms (150,151).

DSE-1
GlcA epimerization to IdoA: CS
conversion to DS

EDS musculocontractural type 2 (MIM 615539):
Characteristic craniofacial deformities (large
fontanel, hypertelorism, blue sclerae…), skin
hyperextensibility, muscle hypoplasia,
contractures and hypotonia (152).

GAG sulfation

SLC26A2

defects

Cell-surface inorganic sulfate transporter

Achondrogenesis type 1B (MIM - 600972):
Micromelia, flat face, short trunk,
fetal/perinatal lethality (153)
Atelosteogenesis type 2 (MIM - 256050):
Limb shortening, cleft palate, characteristic
facial dysmorphisms, ‘hitchhiker’ thumbs,
possible fetal/perinatal lethality (154).
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Diastrophic dysplasia (MIM - 222600):
Short and thick long bones, joint dysplasia,
scoliosis, ‘hitchhiker’ thumbs, club feet, cleft
palate, cysts on the external ear (155).
Recessive multiple epiphyseal dysplasia
type 4 (MIM - 226900):
Flat epiphyses, hips arthritis, double layeredpatella, clubfoot, brachydactyly, joint pain.
CHST3
Sulfation of GalNAc residues in the CS
chains

Spondyloepiphyseal dysplasia with joint
laxity (SEDJL) CHST3 type (MIM 143095):
Kyphosis/scoliosis, Club feet, knees and hips
dislocations, short stature (156).

CHST6
Sulfation of GlcNAc residues in KS
chains

Macular corneal dystrophy (MIM 217800):
Corneal opacity and thinning, photophobia,
tearing, progressive vision loss (157).

CHST12*, CHST13*
Sulfation of GalNAc residues on the CS
chain

Kashin-Beck disease*
Joint pain, deformities and limited joint
mobility in fingers, shoulders, ankles, knees,
wrists, toes. Bone damage and short stature

UST*
Sulfation of GlcA/IdoA residue in CS/DS

(158).
*Unestablished causality

chains
CHST14 (D4ST1)
Sulfation of GalNAc residues on the DS
chains

EDS musculocontractural type 1 (MIM 601776):
Muscle hypotonia, facial dysmorphisms, joint
dislocation, skin hyperlaxity, club feet,
bruising (159,160).

44

PAPSS2
Synthesis of sulfate donors (PAPS)

Spondyloepimetaphyseal dysplasia
Pakistani type (MIM - 612847):
Short stature, scoliosis, osteoarthritis, mild
brachydactyly (161).
Brachyolmia (MIM - 271530):

Short

stature, short trunk, platyspondyly, vertebral
deformities, calcification of costal cartilage,
and hormonal disturbances (162,163).
IMPAD1
Hydrolysis of PAP released from
sulfation reactions

Chondrodysplasia with joint dislocations,
gPAPP type (MIM - 614078):
Short stature, chondrodysplasia with
brachydactyly, joint dislocations,
micrognathia, cleft palate and facial
dysmorphism (73).
Catel-Manzke syndrome (MIM – 616145):
Growth retardation, cleft palate with
micrognathia, isolated knee hyperlaxity,
abnormally shaped phalanges and carpal
synostosis (164).

Defects in UDP-

SLC35D1

sugar synthesis

Transport of UDP-GlcA, UDP-GalNAc,

and transport

UDP-GlcNAc, UDP-Gal, and UDP-Xyl
in the ER.

Schneckenbecken dysplasia (MIM 269250):
Lethal chondrodysplasia, snail-like pelvis,
flattened hypoplastic vertebral bodies, short
ribs, short and wide fibulae, short and broad
long bones with a dumbbell-like appearance,
and precocious ossification of the tarsus
(165,166).

SLC35A3
UDP-GlcNAc transport in the Golgi
appararus

SLC35A3-CDG - Autism spectrum
disorder-epilepsy-arthrogryposis
syndrome (MIM - 615553):
Arthrogryposis, retromicrognathia, hypotonia,
delayed psychomotor development, autism,
seizures, microcephaly, and intellectual
disability (167).
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SLC35A2
UDP-Gal transport in the Golgi apparatus

SLC35A2-CDG (MIM - 3000896):
Epilepsy, delayed psychomotor development,
hypotonia, skeletal abnormalities, facial
dysmorphism, inverted nipples, vision and
hearing abnormalities, cardiac diseases
(168,169).

CANT1
(Calcium activated nucleotidase)

Desbuquois dysplasia type 1 (MIM 613165):
Severe growth retardation, joint laxity, short

ER/Golgi protein involved in the

extremities, scoliosis, short-long bones with

hydrolysis of the UDP released after the

metaphyseal splay, 'Swedish key' appearance

glycosylation reactions

of the proximal femur and advanced carpal
and tarsal ossification (170–174).

Defects linked to

TMEM165

impaired Golgi

Golgi localized Ca2+ - Mn2+ / H+

homeostasis

antiporter

TMEM165-CDG (MIM:614727):
Psychomotor and growth retardation, facial
dysmorphism, skeletal dysplasia with
osteoporosis, scoliosis (175).

COG4
(Conserved oligomeric Golgi - subunit 4)

Saul Wilson syndrome (MIM:606976):
Short stature, characteristic craniofacial
dysmorphisms, prominent forehead, cataract,

Tethering complex involved in the

microencephaly, clubfoot, brachydactyly,

retrograde trafficking from the Golgi

irregularities of the vertebral bodies (176).

apparatus to the ER
SLC10A7
Ca2+ influx regulation across intracellular
membranes

Skeletal dysplasia and amelogenesis
imperfecta (unreferenced):
Short stature, microretrognathia, dislocations,
monkey wrench appearance of the femora,
short-long bones, advanced carpal and tarsal
ossification, tooth abnormalities (177,178).

GORAB
Trans-Golgi protein involved in
retrograde trafficking

Gerodermia osteodysplastica
(MIM:231070):
Lax and wrinkled skin, osteoporosis with
spontaneous fractures, short stature, joint
dislocations, and intellectual disabilities
(179).
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I.3.1 Linkeropathies
Patients with XYLT1 gene pathogenic variants mainly display severe short stature, altered
carpal and tarsal ossification and joint hyperlaxity (142,180). In patient’s fibroblasts, the
observed XylT decreased activity and/or mislocalization were associated to important decreases
of the CS and DS amounts compared to controls. Analysis of decorin in fibroblasts’ supernatant
showed presence of abnormal DS-free core protein in patients (142,181). Otherwise, XYLT2
gene mutations have been found in affected individuals presenting skeletal dysplasia,
osteoporosis, cataract, deafness, and heart defects with patient’s fibroblasts showing decreased
XylT activity and CS/HS levels (182–186). The distinct clinical phenotypes between XYLT1
and XYLT2-linkeropathies could be partially explained by differences in the tissue expression
of these two homologous enzymes (185).
B4GALT7 and B3GALT6 gene deficiencies result in subtypes of “Ehlers-Danlos syndrome”
(EDS), a group of connective tissue disorders associated to many organ defects. In B4GALT7
and B3GALT6 linkeropathies, patients present joint hypermobility, cutaneous abnormalities,
poor wound healing, and visceral dysfunctions (18,144,187–190). Accordingly, fibroblasts
from B4GALT7 mutated patients showed decreased β4GalT7 activity leading to the presence
of core proteins linked solely to a Xyl residue. Consistently, strong reduction of CS and DSPGs
levels were observed together with HS sulfation defects associated to defective ECM
organization and cell proliferation (191–193). In fibroblasts from β3GalT6-deficient patients,
CS, DS and HS production was significantly decreased compared to controls (144). In b3galt6deficient zebrafish extracts, the presence of biglycan with a non-canonical linkage region GlcAGal-Xyl together with overall decrease of CS, DS and HS were highlighted. Furthermore,
b3galt6-deficient zebrafish displayed a skeletal phenotype that mimics that observed in patients
with EDS linked to B3GALT6 deficiency (194). B3GALT6 linkeropathy could also manifest
by a syndrome different from EDS and known as Spondyloepimetaphyseal dysplasia with joint
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laxity type 1 (SEMDJL1). Interestingly, PG analyses in patients’ fibroblasts and
lymphoblastoid cells showed different results than in patients’ fibroblasts with EDS. Indeed,
CS and DS amounts were higher than controls while HS levels were decreased (195,196).
B3GAT3-related linkeropathy manifests by the so-called Larsen-like syndrome which
displays short stature, joint laxity, and scoliosis (145,197,198). Dramatic decreases of B3GAT3
mRNA level and enzymatic activity were shown in patients’ fibroblasts together with a loss of
GlcAT-I Golgi localization (145). Additionally, decreased CS, DS and HS levels were shown
in patients’ fibroblasts and lymphoblastoid cells indicating an overall PG biosynthesis defect
(145,198,199).
Recently, heterozygous variants in FAM20B (i.e., kinase that phosphorylates Xyl residue of
the linker) were identified in two newborns with a lethal neonatal dysplasia (146). Mutant
fam20b mice displayed reduced cartilage HS and DS amounts compared to wild types.
Moreover, abnormal chondrocyte differentiation and impaired bone maturation was described
demonstrating the crucial role of FAM20B for the connective tissue and skeletal development
(200).

I.3.2 GAG elongation defects
CSGalNAcT-1 catalyzes the transfer of a GalNAc residue to the linker region and is then
fundamental for the synthesis of CS and DS chains of PGs. Mutations in CSGALNACT1 gene
have been identified in patients presenting skeletal dysplasia, joint dislocations, and
neuropathies (147,201). In fibroblasts from patients, the observed decreased GalNAc
transferase activity results in the lack of CS/DS chains elongation on core proteins (201).
Moreover, significant reductions of CS levels in cartilage and brain were found in csgalnact-1
KO mice together with ECM alterations. While such material was not available in patients,
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these observations in murine models could partially explain the articular and neurological
disorders related to CSGalNAcT-1 mutations (202).
ChSy-1 enzyme has both GlcA and GalNAc transferase activity and is then a major actor
of the CS polymerization (34). Several pathogenic variants in CHSY-1 gene have been reported
in patients presenting facial dysmorphism, hand deformities, tooth abnormalities, hearing loss
and growth and mental retardations (148,203,204). Immunohistochemistry on patients’ skin
fibroblasts showed lower CS levels when compared to controls (203). Moreover, chsy-1 KO
zebrafish displayed neural, skeletal and vestibular malformations (148).
Exostosin (EXT) family members are responsible for the HS elongation. Pathogenic mutations
in EXTL3 coding for EXTL3 (GlcNAcT-1) involved in the first step of HS elongation, have
been reported in various patients displaying the “neuro-immuno-skeletal dysplasia syndrome”
(NISDS) (149,205). Besides several skeletal and intellectual disabilities, the patients present
severe immunodeficiency. Induced pluripotent stem cells from EXTL3-mutated individuals
showed alterations of the hematopoietic progenitor cells differentiation corroborating the
frequently observed lymphopenia (149). A total absence of EXTL3 was shown in patient’s T
cells and fibroblasts showed a loss of EXTL3 Golgi localization together with alterations of
HS chain elongation and sulfation (149,206). The second major pathology resulting from EXT
defects is the “Hereditary multiple exostosis syndrome”(HMES) due to mutations in EXT1 or
EXT2 genes coding for the enzymes catalyzing the HS chain elongation (150,151,207). HMES
is the most frequent skeletal genetic disorder with a prevalence estimated at 1:50,000. The
symptoms are restricted to skeletal malformations characterized by benign osteoarticular
tumors localized at the end of long bones and called “exostosis” or “osteochondromas”.
Quantification of HS-related disaccharides levels in plasma showed half reduction compared to
controls (208). Biopsies of osteochondromas from HMES patients with EXT1 variants showed
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decreased biosynthesis and increased degradation of HS compared to controls. The
pathogenesis of HMES could be linked to an imbalance of the HSPGs-regulated anti- and prochondrogenic signaling pathways leading to the formation of osteochondromas (209,210).
HMES associated osteochondroma can worsen and lead to malignant secondary peripheral
chondrosarcoma (211).

The CS to DS chain conversion results from GlcA to IdoA epimerization catalyzed by the
Golgi-resident enzymes DS-epi1 and DS-epi2. Mutations in DSE-1 have been described in
patients presenting an EDS subtype characterized by muscular abnormalities (212,213). In
patients’ fibroblasts, defective DS-epi1 activity was associated to decreased DS and increased
CS chains’ levels (212). Interestingly, DS-epi2 isoform was not able to rescue the defective
epimerization, at least in fibroblasts. Moreover, increased CS biosynthesis did not prevent the
observed muscular abnormalities. Accordingly, DSPG are crucial components for muscle
regeneration since they stimulate growth factor-mediated myoblast proliferation (214).

I.3.3 GAG sulfation defects
The physicochemical properties of PGs and their interaction with ECMs components are
mostly related to the negative charges provided by the sulfate groups on the GAG chains (215).
Pathogenic variants in genes involved in GAG sulfation could lead to major alterations of the
connective tissues resulting in mild to severe osteoarticular syndromes. Various mutations in
the CHST3 gene coding for C6ST1 have been found in a wide spectrum of osteoarticular
diseases sharing severe joint dislocations. Biochemical studies on CHST3 mutated patient’s
fibroblasts showed total absence of C6ST activity and major hyposulfation of the [GlcAGalNAc] disaccharide motifs (157,216,217).
Mutations in D4ST1 (also named CHST14) lead to alterations of DS sulfation (218). As for
DSE-1 mutated patients, the resulting syndrome is the musculo-contractural-EDS
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(160,219,220). Analysis of GAGs from patients’ fibroblasts showed decreased DS levels while
CS levels were increased compared to controls (219). Indeed, the absence of IdoA sulfation
allows its reverse epimerization to GlcA and then the DS to CS chain reconversion (160).
Mutations in the SLC26A2 gene, a cell-surface inorganic sulfate transporter mostly present
in cartilage, have been identified in various pathological conditions with severe
chondrodysplasias (e.g., achondrogenesis type 1B) (153–155,221). GAG sulfation in cartilage
samples from patients showed important hyposulfation. Accordingly, uptake assays in cultured
patient’s fibroblasts showed decreased sulfate incorporation (222).
Defective SLC35B2, a Golgi localized PAPS transporter was found in two affected
individuals with a phenotype sharing chondrodysplasia, bone dislocations and psychomotor
delay. The analysis of patient’s cultured fibroblasts showed hyposulfated secreted CS chains
(article under submission).
Mutations in the PAPSS2 gene lead to osteoarticular phenotypes mostly affecting the spine
(161,162). Some clinical phenotypes with mild skeletal abnormalities are characterized by
severe hormonal disturbances linked to unsulfation of dehydroepiandrosterone (DHEA).
Indeed, unsulfated DHEA is a precursor of androgen synthesis while its sulfated counterpart is
inactive. Thereby, PAPSS2 patients showed increased androgen levels responsible for
hormonal disturbance (163,223). CS quantification in cartilage extracts from papss2-deficient
mice showed significantly reduced levels compared to controls (224).
The sulfate transfer reaction from PAPS to the sugar moieties produces a
phosphoadenosine-phosphate (PAP) molecule that is hydrolyzed to adenosine monophosphate
(AMP) by a Golgi-resident PAP phosphatase named IMPAD1 (inositol monophosphatase
domain-containing 1). A defective PAP hydrolysis caused by mutations in IMPAD1 leads to
PAP accumulation in the Golgi apparatus which results in sulfotransferases’ inhibition by
negative feedback. IMPAD1 mutated patients present a chondrodysplasia with joint dislocations
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(73,164). In mice, Impad1 inactivation resulted in CS and HS chain sulfation defects associated
to chondrodysplasia (225,226).

I.3.4 Defects in sugar transporters
SLC35D1 gene encodes for a UDP-sugars transporter expressed in the ER. It has been
shown in vitro that SLC35D1 could transport UDP-GlcA, UDP-GalNAc, UDP-GlcNAc, UDPGal, and UDP-Xyl (166,227). Despite its ER expression, SLC35D1 seems to play important
roles in the GAG elongation, a process occurring in the GA. Several pathogenic variants have
been identified resulting in a lethal skeletal dysplasia characterized by malformations of the
pelvis (166,228,229). Dramatic decreases of UDP-sugar transport activity were described in
vitro using microsomes preparations (227) and defective CS chain biosynthesis was shown in
cartilage from Slc35d1-/- mice (166). Given the ability of SLC35D1 to transport UDP-Xyl, the
observed PG biosynthesis alterations in SLC35D1 defects could be due to a lack of UDP-Xyl
supply for the initiation of the GAG elongation in the ER, despite the presence of the main
UDP-Xyl transporter i.e., SLC35B4.
SLC35A3 is a Golgi-resident UDP-GlcNAc transporter. Pathogenic variants in SLC35A3
have been described in patients presenting skeletal malformations, autism, and epilepsy
(167,230,231). In patients’ fibroblasts, UDP-GlcNAc transport across the Golgi membrane is
significantly reduced compared to controls. The observed defective N-glycosylation in patients’
serum and fibroblasts led to classify SLC35A3 inherited deficiency among the group of
congenital disorders of glycosylation (CDG). slc35a3-/- MDCK cells presented significant
reductions of both UDP-GlcNAc and UDP-Gal transport together with dramatic decreases of
KS biosynthesis compared to wild-types. In contrast, CS and HS levels were normal suggesting
residual SLC35A3 activity with a preferential substrate supply towards CS and HS biosynthesis
(232).
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SLC35A2 deficiencies are also classified among CDG given the observed N-glycosylation
defects in patients (233). The clinical spectrum is wide and unspecific, including neurological,
skeletal and multivisceral abnormalities (168,234). In mutant MDCK cells defective for UDPGal transport, KS levels were strongly decreased while CS and HS amounts were normal
compared to wild-types (235,236). As for SLC35A3 defects, the residual SLC35A2 activity
could allow UDP-Gal supply with a preferential use for CS and HS biosynthesis.

I.3.5 Proteoglycan defects linked to impaired Golgi homeostasis
The Conserved oligomeric Golgi (COG) complex is an octameric tethering complex
involved in the retrograde trafficking within the Golgi apparatus (91,237) . Although COG
mutations are mostly encountered in CDG, Ferreira and al described 14 patients with Saul
Wilson syndrome (a rare skeletal dysplasia) harboring recurrent heterozygous de-novo COG4
mutation with normal N- and mucin-type O-glycosylation (176). However, the analysis of
patients’ fibroblasts showed significant PG alterations while mutant zebrafishes had defective
PG secretion. In fibroblasts, COG4 levels were normal, however, qualitative defect within the
protein structure was highlighted. This was associated with an alteration of the Golgi
morphology together with acceleration of the retrograde trafficking and delayed anterograde
transport. It is likely that these Golgi trafficking alterations were responsible for the
mislocalization of the enzymes involved in the PG biosynthesis but not that of N- and mucintype O-glycosylation. A possible explanation would be that the lobe of the COG complex that
has been shown to be involved in N- and O-glycosylation is unaltered in the heterozygous
condition with de-novo COG4 mutation (238).
Golgin-Rab-6 (GORAB) is a trans-Golgi protein involved in the retrograde trafficking via
its interaction with small GTPases and the vesicular COP-1 coat protein (239). Pathogenic
variants in GORAB encoding gene have been described in patients presenting a Cutis laxa-like
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syndrome characterized by a loss of skin elasticity and osteoporosis (179,240,241). In gorabKO mice, a defective decorin-DS biosynthesis was observed in the skin and bone tissues,
together with ECM alterations (242). Given the major role of DSPGs in the elastic properties
of the skin as well as their involvement in bone remodeling, it is likely that the observed DS
defects are in line with the clinical phenotype of GORAB mutated patients.
Transmembrane protein 165 (TMEM165) is a Golgi localized Ca2+ - Mn2+ / H+ antiporter
(243). It plays crucial roles in the maintenance of Golgi pH, Ca2+ and Mn2+ homeostasis. Marked
glycosylation defects, consistent with a CDG, were shown in TMEM165 mutated individuals
presenting severe bone and cartilage dysplasia with osteoporosis (244). Recently, it has been
shown that the glycosylation defects due to TMEM165 deficiency mostly result from decreased
Mn2+ levels in the Golgi (245). In a tmem165-deficient zebrafish model, a significant loss of
CSPGs was demonstrated in cartilage from embryos, together with decreased total protein
glycosylation. Interestingly, the observed alterations of the craniofacial cartilage development,
the reduced chondrocyte and osteoblast differentiation and the glycosylation abnormalities
mirrored the human TMEM165-CDG phenotype (246).
Calcium activated nucleotidase 1 (CANT1) is an ER/Golgi protein involved in the
hydrolysis of the UDP released after the glycosylation reactions. The produced UMP is
exchanged, via an antiport channel, for a cytosolic UDP-sugar that will be used for a new
glycosylation reaction (174). Numerous CANT1 gene variants have been described in
individuals sharing chondrodysplasias with multiple joint dislocations and uncontrolled
ossification (“Desbuquois type 1” syndrome DBQD (170,172–174,247–249). Patients’
fibroblasts showed enlarged ER cisternae and decreased PG levels compared to controls.
CANT1R302H/R302H (a mutation described in human) and CANT1 KO mice displayed similar
skeletal features than those observed in DBQD1 patients. Chondrocytes from these mice
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showed enlarged ER cisternae, defective GAG elongation, increased sulfation, and reduced PG
secretion. CANT1 deficiency may lead to blockade in the secretory route resulting in delayed
PG processing and secretion with overexposure of the nascent GAG chains to sulfotransferases.
SLC10A7 is a transmembrane protein expressed at the plasma membrane and the ER. It is
involved in intracellular Ca2+ homeostasis as a negative regulator of Ca2+ entry in the cytosol
and ER lumen. Indeed, SLC10A7 KO HAP1 cells showed increased ER and cytosolic Ca2+ entry
while SLC10A7 overexpression in HEK293 cells reduced these Ca2+ influx (250). Moreover,
increased Ca2+ influx was observed in fibroblasts from SLC10A7 mutated patients compared to
controls (178). Clinically, SLC10A7 mutations have been associated with skeletal dysplasia
with multiple joint dislocations and tooth abnormalities (177). In patients’ fibroblasts, although
normal total GAG levels, the HS proportion was significantly reduced indicating a defective
HS biosynthesis, possibly counterbalanced by an increased CS biosynthesis. Moreover, the
observed Golgi morphology impairments together with the alterations of the Ca2+-dependent
vesicular trafficking could be responsible of impaired PG transport and secretion (251).

I-3-6 Mucopolysaccharidoses
PG catabolism occurs in lysosomes and involves sequential action of several glycosidases and
sulfatases which progressively depolymerize the GAG chains into free monosaccharides.
Degradation of core proteins also occurs and is ensured by lysosomal proteases such as
metalloproteinases and cathepsins (86). Genetic defects leading to malfunction of these
enzymes lead to incomplete degradation and deleterious GAG accumulation in organs. The
resulting MPS syndromes manifest by skeletal dysplasia, articular damages, facial
dysmorphism, short stature and corneal opacities. Patient can also present neuropathies,
developmental delay, cardiac diseases, ocular defects and skin lesions (For review, see ref (87).
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I-4 Screening of proteoglycan inherited metabolic diseases
I-4-1 Current laboratory tools and examples of applications
The low incidence of PG-IMD and their unspecific clinical signs make a diagnosis only
based on a clinical approach difficult. As shown in Figure 7, the screening strategy benefits
from the development of next-generation sequencing techniques (gene panels, whole
exome/genome sequencing) classically applied to DNA from blood-derived lymphocytes for
the early identification of potentially causative gene variants. However, to ascertain their
pathogenicity and perform an accurate diagnosis, the implementation of tedious biochemical
assays is often required. In most cases, invasive skin biopsies are performed and addressed to
specialized laboratories where the overall PG content of fibroblasts is evaluated and compared
to controls. The most common strategy involves fibroblasts cell culture in the presence of
radiolabeled substrates (35S and 3H-radiolabelled sugars) that enter the cells and are
incorporated into the GAG chains of PGs. After elimination of unlabeled radioactive substrate,
liquid scintillation counting is employed to quantify labeled GAGs in cell culture media or
lysates (Figure 7). For example, this technique allowed the detection of decreased PG
biosynthesis in XylT-1 and CANT1-deficient patient fibroblasts (142,174).
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The quantification of fibroblasts’ PG content by immune-based techniques is also possible
using antibodies and/or lectins recognizing the GAG chains. Enzyme-linked immunosorbent
assay using anti-CS/DS antibodies showed reduced absorbance in CSGalNAcT-l-deficient
patient fibroblasts (252). Flow cytometry using anti-CS and -HS antibodies showed a
significant decrease in cell surface CS and HSPG in patients with B3GAT3 linkeropathy (145).
More accurate analyses allowing the determination of GAG disaccharide composition and
sulfation degree could be performed using high-performance liquid chromatography (HPLC)
and mass spectrometry (MS) following specific enzymatic treatments (Figure 7). Indeed, the
disaccharide units of CS/DS, HS/heparin, and KS GAG chains are obtained by treating the cell
lysates with chondroitinase, heparitinase, and keratanase (i.e., GAG lyases), respectively.
HPLC analysis of chondroitinase-treated fibroblast lysates from DSE-deficient patients showed
decreased amounts of [IdoA–GalNAc] disaccharide (i.e., the DS backbone) compared to
controls (152). HPLC–MS coupling highlighted reduced [IdoA-GalNAc4-O-sulfate] levels in
chondroitinase-treated cell fractions from D4ST1-deficient patients compared to controls (159).
Otherwise, specific PGs from skin fibroblasts such as decorin and biglycan can be used as
markers, using antibody-based Western blot techniques, to highlight defective GAG chain
synthesis, as it has been performed for a patient with B4GALT7 and B3GALT6 linkeropathies
(144,192).
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Figure 7: Schematic of current PG-IMD diagnosis strategy
Once PG defect is suspected clinically, genetic screening and GAG assessment are performed using
patients’ samples. Whole genome/exome sequencing allows the identification of possibly pathogenic
variants in PG metabolism-associated genes. Fibroblasts from skin biopsies are cultured with
radiolabeled substrates and the measured radioactivity in cell extracts reflects PG biosynthesis
capacities. Fibroblasts are also used for functional analyses measuring the activity of the suspected
defective enzyme or transporter, while microscopy could detect protein mislocalization and/or abnormal
Golgi morphology. Antibody-based techniques such as Western blot and flow cytometry are useful for
highlighting impaired PG biosynthesis by targeting GAG chains and PG core proteins such as decorin
and biglycan. As from blood and urine, GAGs could be assessed by analyzing purified and
enzymatically released disaccharides using HPLC/MS. Altogether, these laboratory analyses either
orient towards a genetic deficiency or confirm the causality of the suspected gene variant.
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Fibroblasts are also convenient cells for functional biochemical analyses to highlight loss
of function resulting from the suspected gene variant. Indeed, decreased enzymatic activities
were shown for XylT-2 (143), β4GalT7 (192), and GlcAT-I (145) in patients’ fibroblasts. In
the case of defective UDP-sugar transporters, substrate uptake assays can be performed as
shown in SLC35A3 mutated patient fibroblasts with reduced UDP-GlcNAc transport (167).
Additionally, observations of the Golgi apparatus using electron and/or fluorescence
microscopy can highlight morphological alterations, impaired anterograde/retrograde
trafficking balance, and the mislocalization of enzymes and transporters involved in PG
biosynthesis such as in COG4 deficiency (176) (Figure 7). Less commonly, blood and urine
can be used to quantify total GAG levels. Purification steps involving anion exchange
chromatography and desalting allow the isolation of GAGs, which are further digested using
GAG lyases (Figure 7). GAG disaccharide composition and sulfation degree can then be
analyzed using HPLC or MS as it has been performed for patients with EXT1 and EXT2
deficiency where HS-related disaccharide plasma levels were decreased compared to controls
(208). Blood and urine samples can also be already treated with GAG lyases and applied to a
centrifugal filter before analyzing GAG disaccharide containing filtrate by HPLC/MS. This
technique showed decreased HS serum levels in EXTL3-deficient cases (206), while major
hyposulfation of CS chains was detected in urine from one CHST3-mutated patient (156).
Regarding PG degradation defects (i.e., MPS), their biochemical diagnosis is mostly based on
a colorimetric method using dimethyl-methylene blue, which switches to purple when mixed
with urine samples containing increased GAG concentrations. Qualitative GAG analyses from
blood and urine are also performed using HPLC/MS to determine the defective GAG catabolic
step (253).
The above biochemical techniques are time-consuming and often require complex
technical handling and expensive material. Skin biopsies are invasive, especially for young
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children. Moreover, in vitro primary culture of skin fibroblasts can trigger phenotype changes
and bias or affect the reproducibility of the results. Additionally, cell cultures are vulnerable to
microbial and mycoplasma contaminations and thus need skilled personnel able to ensure
cautious handling for long-term cell viability. Blood and urine constitute more affordable
biological material with easy sampling and storage. However, the complexity of blood
composition and the presence of high amounts of salts in urine can hinder the following HPLC
and/or MS analyses of the PG and/or GAG content. Therefore, some preliminary purification
and desalting steps are frequently required (208).

I-4-2 Potential diagnostic value of serum bikunin
Regarding the current lack of rapid and simple routine analyses for the screening/diagnosis
of PG biosynthesis defects, the discovery and development of new blood and/or urine
biomarkers are mandatory. In this context we focused on the development of a biochemical test
based on the analysis of a blood biomarker. We searched for a circulating PG that could be
affected during PG-IMD and our attention was drawn to a family of CS-type PG having a
common core protein called bikunin (Bkn) and present in the blood at high levels. We therefore
purchased an antibody directed toward the core protein Bkn to analyze its electrophoretic
profiles using classical Western blot and two-dimensional electrophoresis (2-DE) in patients by
comparison to representative healthy individuals.
In the following sections, we describe the biosynthesis, the structure, and roles of Bkn.
Afterwards we present the work undertaken to evaluate the reliability of serum Bkn as a
convenient blood biomarker of PG-IMD. The main results are presented as published articles.
Additionally, we provide still unpublished supplementary data.

60

Chapter 2:
Bikunin proteoglycan isoforms

II.1 Introduction
Bikunin (Bkn) is a protein mainly synthesized by the liver (254,255). Besides its presence
in the free state in serum, Bkn constitutes the core protein of a group of original CS PGs known
as the inter-α-trypsin inhibitor proteins (IAIP) (256,257). This group contains three isoforms
i.e., one light form called Urinary-trypsin inhibitor (UTI) corresponding to Bkn linked to a CS
chain (Bkn-CS), and two heavy forms named Pro-α-trypsin inhibitor (PαI) and Inter-α-trypsin
inhibitor (ITI) where the CS chain is esterified by respectively one or two glycoproteins named
“heavy chains” proteins (HCs). The biosynthesis of PαI and ITI then involves separate
biosynthetic pathways for the core protein and the HCs before their linkage via the CS chain
(258).
Bikunin isoforms are secreted by hepatocytes into the blood in high amounts. ITI and PαI,
consisting of 98% of blood Bkn isoforms, have concentrations ranging from 25 to 700 mg/L
while UTI and free Bkn do not exceed 4 mg/L in healthy individuals (259,260). In urine, UTI,
is present at levels ranging from 2 to 10 mg/L (261). However, these serum and urine levels
could be markedly changed in various pathological situations such as in sepsis and cancer
(262,263).

II.2. Bikunin proteoglycans: Genes, expression, and regulation
II.2.1. AMBP gene
The Bkn core protein is encoded by the α1-microglobulin-bikunin-precursor (AMBP) gene
located in the chromosome 9 q32-33 (Figure 8) (264). This gene also codes for α1microglobulin (A1MG), a serum protein belonging to the lipocalin family (265). A1MG and
Bkn gene-coding regions are separated by a large intronic sequence (7kb) suggesting that
AMBP results from the fusion of two ancestral genes (266). This fusion led to a very conserved
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sequence between human, fishes, pig and rodents (267). The AMBP gene is composed of 10
exons and 9 introns (268). A1MG is encoded by exons 1 to 6 and Bkn by exons 7 to 10. The
initiation of the transcription is modulated by cis-regulatory elements (269). In addition, many
transcription factors are recruited to bind enhancing sequences modulating the tissue-gene
expression. In this respect, the 5’ flanking region contains a strong liver-specific enhancer with
binding sites for hepatocyte nuclear factors (HNF 1-4) (Figure 8). Thus, AMBP is mostly
expressed by the liver (270). However, a local production of Bkn isoforms has also been
observed in chondrocytes, lung, pancreas, kidney, brain, stomach, epidermis and testis (271–
274). In pathology, abnormal expression could be found in other tissues such as kidney in the
context of calcium-oxalate stone formation (urolithiasis) (275). In vitro experiments showed an
increase of HNF-4 mediated AMBP expression in pig kidney epithelial (LLC-PK1) cells under
oxalate exposure (276). Moreover, the presence of a binding sites for inflammatory cytokines
interleukine-6 (IL-6) and tumor necrosis factor (TNF) in the promoter region suggests
modulation of AMBP expression during inflammation (268).

Figure 8: Schematic of AMBP gene and its 5’ promoter region containing HNF, IL-6
and TNF binding sites
II.2.2. ITIH1, ITIH2 and ITIH3 genes
There are three HC proteins i.e., HC1, HC2 and HC3 encoded by ITIH1, ITIH2 and ITIH3
respectively. While ITIH1 and ITIH3 genes are located in close proximity on chromosome
3p21.1-21.2, ITIH2 is located on chromosome 10p14-15 (277,278). The three ITIHs genes share
high sequence homologies indicating the occurrence of ancient duplications from a common
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ancestor gene (279,280). The promoter region contains binding sites for HNFs triggering liver
expression (281,282) (Figure 9).

Figure 9: Schematic of an ITIH gene and its 5’ promoter regions containing HNF and
IL-6 binding sites
A synchronous increase of the liver expression of ITIHs and AMBP genes during the first
week of life has been shown in mouse (283). The ITIHs genes are also expressed in other tissues
such as lung, skin and cartilage (273). Furthermore, their promoter regions contain IL-6 binding
sites, which could act as both activators and inhibitors of the gene expression during
inflammatory episodes. Indeed, while ITIH2 is down-regulated during inflammation, ITIH3 is
up-regulated and ITIH1 is not affected (284). Considering that the three genes originate from a
same ancestor, this differential behavior is quite surprising and deserves to be better understood.
Otherwise, it has been shown that the ITIHs genes expression was down-regulated in various
cancers suggesting that they could be putative tumor suppressor genes (263).
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II.3. Synthesis, structure, and post-translational modifications of bikunin
core protein
II.3.1. From AMBP precursor to inter-α-trypsin inhibitor
In liver cells, the transcription and translation of the AMBP gene generate the AMBP
precursor protein containing a signal peptide of 19 aa followed by A1MG and Bkn protein
sequences separated by a tetrapeptide (Arg-Ala-Arg-Arg) (Figure 10) (285). The Bkn sequence
of the uncleaved AMBP precursor protein then subsequently undergoes different posttranslational modifications including N-glycosylation on Asn45, CS elongation on Ser10
followed by CS-HC esterification (Figure 10 and Figure 11) (255). Toledo and al (286) also
suggested a mucin type O-glycosylation site on Thr17.
These reactions sequentially occur in the ER and Golgi compartments along the secretory
pathway (Figure 10). When the modified AMBP precursor reaches the TGN and the secretory
vesicles, A1MG and Bkn proteins are separated through a furin-like cleavage reaction at the Cterminal end of the connecting tetrapeptide (287) (Figure 10). From that step, A1MG and Bkn
proteins will continue their maturation and will be separately secreted (288). To date, no
functional or structural relationship between A1MG and Bkn was clearly established. Recently,
it has been suggested that the A1MG part of the AMBP precursor participates in the maturation
of Bkn with A1MG possibly acting as a chaperone involved in the formation of correct disulfide
bridges and folding of Bkn (289).
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Figure 10: Biosynthesis of inter-α-trypsin inhibitor (ITI) from the AMBP gene to the
mature proteoglycan
The DNA to mRNA transcription of the AMBP gene is regulated by transcription factors including
HNFs, TNF and IL-6. The translation in the ER gives rise to the AMBP precursor protein that is
transported to the Golgi and undergoes the CS elongation and N-glycosylation. In the TGN, Bkn-CS is
esterified by one or two HC glycoproteins, followed by the A1MG release by furin-like mediated
cleavage reaction. The mature ITI is then transported through secretory vesicles to the plasma membrane
for secretion.

II.3.2. Polypeptide structure and modifications of bikunin core protein
The Bkn part of the translated AMBP precursor polypeptide chain consists in 143 aa (290).
The aa content of the polypeptide chain is a determinant signal for the following posttranslational modifications and for the functions of the Bkn core protein. The Ser10 is preceded
by acidic aa and followed by Gly residues (Figure 11). This promotes the initiating Oxylosylation and CS chain elongation. Another consensus aa sequence in the Bkn polypeptide
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is the Asn-X-Thr involved in N-glycosylation. Thus, the amide group of the Asn45 is linked to
the first GlcNAc of a typical biantennary N-glycan chain with contradictory findings
concerning its terminal sialylation level. Indeed, whereas various sialylation degrees (i.e., 2, 1
and 0 terminal sialic acid) has been first highlighted (291), a 100% bi-sialylated N-glycan chain
has been suggested otherwise (292). The Bkn polypeptide is also subjected to folding with the
formation of three disulfide bridges during the biosynthetic pathway (Figure 11).
The inhibitory activity of Bkn PGs towards proteases such as trypsin or leucocyte elastase
is assigned to the two “Kunitz” domains (KD) of the core protein. The interactions of the KD
with trypsin have been studied using crystallography which exhibited Met36 and Arg92 as
protease recognition sites (293). The Bkn core protein also exerts an inhibitory activity toward
calcium oxalate (CaOx) stone formation in urinary tracts (294). It has been suggested that the
positively charged Arg88, Arg92, Lys104 and Lys106 could bind the oxalate anions therefore
preventing the formation of CaOx crystals.
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Figure 11: Bikunin core protein structure and modifications
N-glycosylation on Asn45, and CS-type GAG linkage on Ser10 are represented. Protein foldings through
disulfide bridges confer the tertiary structure of Bkn core protein. Two functional protease-inhibitory
domains i.e., Kunitz domains 1 and 2 are distinguished.

II.4. Bikunin CS chain elongation and modifications
II.4.1. Synthesis of the linkage region and CS elongation
As Bkn isoforms are mainly produced by hepatocytes, the CS chain initiation, elongation,
and sulfation upon Bkn core protein are ensured by liver-expressed enzymes. The XylT isoform
which catalyzes the initiating xylosylation is XylT-2 (XylT-1 is not expressed by the liver)
(295,296). β4Gal-T7, β3Gal-T6 and GlcAT-I are also expressed in hepatocytes and thus ensure
the formation of the linker (18,19,297). Concerning the [GlcA-GalNAc]n polymerization, the
exact combination of the enzymes among ChSy-1,2,3, ChPF, CSGalNAcT-1 and 2 is not
known. GAG elongation results in a chondroitin sulfate chain composed of 15 ± 3 [GlcAGalNAc] disaccharide motifs (7–8 kDa) (292,298–300). However, in patients with
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inflammatory diseases, the CS chain size could increase proportionally to the inflammation
severity and reach up to 27 disaccharide motifs (301).

II.4.2. Modifications of the bikunin-linked CS chain
As mentioned above (I-2-1), the first Xyl carried by Bkn should undergo transient 2-Ophosphorylation (after the addition of the first Gal) with the phosphate removal before the
[GlcA-GalNAc] polymerization. Therefore, this modification is expected to be absent in the
secreted isoforms of Bkn PGs. However, a Xyl phosphorylation has been reported at weak
intensity in Bkn-CS from human urine together with the presence of fucosylated Xyl (302).
This modified Xyl could potentially have a biological relevance in urine since neither Xyl
phosphorylation nor fucosylation have been detected in serum Bkn. Always according to these
authors, in both serum and urine, the first Gal of the linkage region could bear a sialic acid, but
its biological relevance has not been clarified. Concerning the second Gal, a sulfate is present
on C-4 position and is uniformly detectable in serum and urinary Bkn (303,304). However, it
has not been established whether this sulfation occurs during or after the biosynthesis of the
linkage region. Sugumaran and al. (305) showed, using microsomal preparations from mouse
mastocytoma cells, that the CS chain is sulfated while it is still actively growing and stated that
sulfotransferases are in proximity with the polymerizing glycosyltransferases in the Golgi
membrane. Besides Gal sulfation, sulfate groups are C-4-branched on various GalNAc residues
of the Bkn CS chain with sulfation pattern being organized in a cluster of 4 to 7 sulfated GalNAc
nearby the linkage region (i.e., the proximal end) (298,306,307). In contrast, the remaining
GalNAc and GlcA residues composing the distal end of the Bkn CS chain do not carry any
modification. This unsulfated end constitutes the domain for the following HC ester linkages.

II.5. The Heavy Chains proteins (HCs)
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II.5.1. Biosynthesis and post-translational modifications of the HCs
The transcription and translation of the ITIH genes result in the formation of precursor
polypeptides called proHCs (Figure 12). They consist of a N-terminal pro-peptide followed by
the future mature polypeptide and a large C-terminal extension (CTX). The size of these
segments is variable according to the HC (308). A cleavage between a Pro and Arg residue
occurs in the ER, via the action of a furin transiting from the Golgi, to release the N-term propeptide (Figure 12) (309).

Figure 12: Schematic structure of heavy chain precursor Pro HC and N-terminal
cleavage

During their transit from the ER to the medial/trans-Golgi, the proHCs undergo
glycosylation reactions with different patterns according to the HC (Figure 13). HC1 is
modified by a bi-antennary N-glycan and a mucin core 1 O-glycan while HC2 displays one Nglycan and a cluster of four mucin core 1 O-glycans at the C-term region. HC3 is modified by
two N-glycans (310,311). Additionally, the proHCs are folded through the formation of
disulfide bridges (312) (Figure 13). Glycosylated proHCs are then transported with their CTX
until the trans-Golgi/TGN compartments. The CTX removal is then mediated through the more
acidic pH of these compartments which triggers an autocatalytic cleavage via an intramolecular
reaction between an Asp and a Pro (313).
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Figure 13: Heavy chain proteins glycosylation pattern
II.5.2. Linkage of the HCs to the AMBP precursor via the CS chain
The coupling between HCs and the AMBP precursor through the CS chain takes place into
the trans-Golgi/TGN and corresponds to an unusual post-translational modification called
“protein-GAG-protein (PGP)” cross-link (314). It consists of an esterification reaction
occurring between the Asp exposed after the CTX cleavage and the C-6 of a GalNAc residue
of the CS chain at the unsulfated region (Figure 14 and Figure 15) (315).

Figure 14: Structure of the Asp-GalNAc link between heavy chains and the
chondroitin sulfate chain of bikunin. From Fries et al. 2003 (316)
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After the C-terminal cleavage of the proHCs, the CTX remains associated to the mature
HCs through an unclear interaction that is required for the following esterification reaction(s)
with the CS chain (Figure 15). In COS-1 cells, Kaczmarczyk and al (258) showed that mutation
of the His649 close to the CTX cleavage site of proHC3 compromised the HC-CS coupling
reaction. Given that this His is comprised into a conserved sequence in the three proHCs, it
could be required for the PGP cross linkage. The authors suggested that the opposite charges of
the His and the CS chain at the trans-Golgi pH may promote an initial HC-CS interaction before
the esterification reaction itself and the complete release of the CTX. The HC-CS esterification
takes place while AMBP precursor is not yet cleaved. However, it has been shown that the HC
linkage is efficient even upon a free CS chain suggesting that neither A1MG, nor Bkn
polypeptide are necessary for the HC-CS esterification (258). Therefore, the determining
factors of the HC-CS esterification may be strictly afforded to the HCs, the CS chain, and the
environment of the trans-Golgi (i.e., unsulfated GalNAc of the CS chain, conserved sequence
at the cleavage site of the proHCs and acidic pH of the trans-Golgi/TGN).
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Figure 15: HC biosynthesis and coupling with the CS chain of bikunin
ITIHs genes transcription is under the control of HNFs and IL-6 transcription factors. The mRNA
translation gives rise to precursor proteins (i.e., proHCs) carrying N-term pro-peptide and C-term
extension. HC maturation includes N-term cleavage in the ER, glycosylation and folding in the Golgi
and CTX cleavage together with ester linkage to Bkn-CS in the TGN.

The formation of ITI occurs when both HC1 and HC2 are linked to the CS chain
(Figure 16). It has been shown that in all ITI molecules, HC2 is positioned towards the reducing
(proximal) end of the CS chain while HC1 is positioned towards the non-reducing (distal) end
(292). Additionally, HC1 and HC2 are positioned very close to each other, even at adjacent
GalNAc residues (286). The linkage of HC3 to the CS chain gives rise to PαI, and no form
containing HC1 and HC3, or HC2 and HC3 has been detected. The mechanisms of these CSHC cross linkages remain unclear although the heterogeneity in the CS chain size and sulfation
pattern, as well as in the HCs polypeptide sequences, could play a role.
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Figure 16: Schematic structure of bikunin isoforms
The heavy forms ITI and PαI result from the esterification of the glycoproteins HC1, HC2 and HC3 with
the CS chain of the bikunin (Bkn) core protein. The light forms correspond to UTI (Bkn-CS) and the
core protein Bkn. The CS chain consists of 15 +/-3 [GlcA-GalNAc] and is sulfated at several GalNAc
residues and at the second Gal residue of the linker region. The HCs are linked to the Bkn-CS chain via
Asp-GalNAc bond. Glycosylation patterns of HCs and protein foldings are also shown.
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II-6- Roles of bikunin isoforms
During pathophysiological processes inducing increases of the vascular permeability such
as inflammation and ovulation, ITI and PαI are extravasated to the ECMs and their HCs are
transferred to hyaluronan (HA) (Figure 17) (317–319). This reaction is mediated by the
inflammation-associated protein TSG6 and involves two successive reactions (320). A first
esterification occurs between the C-term Asp of the HC and TSG6 leading to a TSG6-HC
intermediate. Afterwards, HC is attached to HA through an ester bond between its C-term Asp
and a GlcNAc residue of HA (Figure 17).
The resulting HC-HA complexes, also called SHAP-HA (serum-derived hyaluronanassociated proteins-HA complex) associate with each other to form a SHAP-HA rich matrix
(321–323). The latter results in a range of protective such as inhibition of ECM degradation of
joints during osteoarthritis (324), sequestration and inactivation of leucocytes during sepsis
(325), and protection of oocytes and amniotic membrane during ovulation and fetal
development, respectively (318). Additionally, HC transfer to HA releases Bkn-CS which
mediates anti-protease activity through Bkn core protein kunitz domains, thereby contributing
to the tissue protection through the inhibition of inflammation-associated proteases (326)
(Figure 17). Otherwise, the HCs have been shown to promote wound healing after injury by
promoting binding of HA to vitronectin, an ECM glycoprotein promoting cell adhesion and
migration (327). Moreover, HCs were found to have inhibitory activity towards the complement
activation, thereby attenuating inflammation (328). Finally, as already mentioned (I-3-2) the
Bkn core protein is known for its protective effects against kidney stones through inhibition of
calcium oxalate crystallization.
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Figure 17: Schematic overview of bikunin isoforms roles during inflammation
Following inflammatory stimuli, the circulating heavy Bkn isoforms are extravasated to the ECM where
they transfer their HC to HA which forms the SHAP-HA complexes. This leads to protective effects
against ECM degradation. The SHAP-HA rich matrix has a high affinity for leukocytes which results in
their sequestration and inactivation. Binding of the HCs to vitronectin promotes cell adhesion and
migration for tissue repair. The transfer of the HCs to HA and vitronectin releases the UTI that inhibits
leukocytes proteases through the Bkn core protein. Bkn isoforms in the intravascular compartment also
inhibit the complement cascade triggered during inflammation. In the kidney, Bkn core protein has an
inhibitory activity towards crystal calcium oxalate (CaOx) formation which protects against urolithiasis.
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Chapter 3:
Bikunin analyses in PG-IMD and CDG
with impaired Golgi homeostasis

III-1 Introduction
In this chapter, we present serum Bkn analyses we performed in the blood samples from
various affected individuals presenting with PG-IMD and CDG with impaired Golgi
homeostasis. The first results have been published through a letter to the editor entitled “Serum
bikunin is a biomarker of linkeropathies” in Clinica Chimica Acta (2018). We showed that
simple Western blot analysis of Bkn-CS allows the rapid screening of linkeropathies by
highlighting defective linker formation through the presence of abnormal Bkn light forms.
Secondly, we used two-dimensional electrophoresis (2-DE) to better characterize the
encountered abnormal Bkn light forms in linkeropathies and highlighted potential signature
patterns. The results have been published through an original article entitled “Serum bikunin
isoforms in congenital disorders of glycosylation and linkeropathies” in Journal of inherited
metabolic diseases (2020). In this article, we also present Bkn isoforms analysis in patients
presenting with CDG due to impaired Golgi V-ATPase (i.e., ATP6V0A2-CDG, CCDC115CDG and ATP6AP1-CDG), manganese transporter (i.e., TMEM165-CDG) and defective sugar
transporters (i.e., SLC35A2- and SLC35A3-CDG). We showed specific abnormal patterns
suggesting potential of Bkn as an additional biomarker of these inherited glycosylation-related
diseases.
The third presented original article, published in Clinica Chimica Acta (2021), includes
serum Bkn analysis in the diagnosis pathway of a recently characterized CDG resulting from
defective glucose-6-phosphate transporter (i.e., SLC37A4-CDG). Consistently with previously
demonstrated Golgi acidification defects in this CDG, we showed impaired Western blot
profiles of Bkn isoforms with potential screening interests.
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The last presented publication is a review recently published in the journal Genes (2021)
and entitled “Inherited proteoglycan biosynthesis defects – Current laboratory tools and bikunin
as a promising blood biomarker”. We herein provide an updated short review on the molecular
pathways of PG biosynthesis, the pathophysiology of PG-IMD, the current screening strategies,
and the benefits of serum Bkn as a promising biomarker.
This chapter also includes yet unpublished results. Mass spectrometry examination of serum
Bkn in linkeropathy patients allowed to better characterize observed Bkn abnormal forms.
Indeed, we developed a 2-DE-based purification of serum Bkn followed by tryptic digestion
and HPLC/MS/MS analyses. Otherwise, in PG-IMD related to GAG sulfation inherited defects
(e.g., SLC35B2 and IMPAD1 deficiencies), we showed that 2-DE analysis of chondroitinasetreated serum could present screening interests. Lastly, we developed Bkn analysis from
hemoglobin-depleted samples from dried blood spots, with encouraging results for future
applications in the screening of PG-IMD.
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III-2 Publication 1
Letter to the Editor
Serum bikunin is a biomarker of linkeropathies
Bruneel A, Dubail J, Roseau C, Prada P, Haouari W, Huber C, Dupré T, Poüs
C, Cormier-Daire V, Seta N
Clin Chim Acta. 2018, 485:178-180. doi: 10.1016/j.cca.2018.06.044.

III-2-1 Summary of the letter to the Editor
This letter represents our initiating work and has been the “springboard” of our project since
we showed, for the first time, the high potential of Bkn analysis for the screening of PG
biosynthesis defects. In this short article, we briefly introduce the biosynthesis of PGs by
focusing on the involvement of XYLT1/2, B4GALT7, B3GALT6 and B3GAT3 for the formation
of the tetrasaccharide linkage region. Then, we highlight the problematic of linkeropathies at
the clinical and diagnosis level, pointing out the severity of the skeletal manifestations and the
difficulties of their screening. In this way, we promote Bkn as a serious biomarker candidate
given its relevant structure and the possibility of a convenient Western blot analysis in patients’
serum. In support of these arguments, we provide the result of a Western blot analysis in the
serum from linkeropathy patients as well as one individual with a pathogenic variant in ChSy1 encoding gene. The analysis also included one CDG patient with defective PMM2
(phosphomannomutase 2) which is an enzyme involved in an early step of N-glycosylation
process, one SLC35A2-CDG case, and one affected individual with mutation in the sulfate
transporter encoding gene SLC35B2.
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Proteoglycans (PGs) are major components of extracellular matrices
(ECM) and cell surfaces playing pivotal roles in cell interactions, cellular proliferation, ECM organization, cancer metastasis and immune
responses. They are composed of a core protein linked to a glycosaminoglycan (GAG) chain starting by the common tetrasaccharide
Xylose-Galactose-Galactose-Glucuronic Acid (Xyl-Gal-Gal-GlcA) further
elongated by sulfated repeating disaccharide motif. Depending on this
motif, chondroitin sulfate (CS), heparan sulfate and dermatan sulfate
can be diﬀerentiated. Inherited defects in genes encoding for enzymes
successively involved in the synthesis of the common tetrasaccharide
linker, i.e., xylosyltransferases (XYLT1 or XYLT2), galactosyltransferases (B4GALT7 and B3GALT6) and glucuronyltransferase
(B3GAT3), have been grouped as “linkeropathies” diseases. The clinical
symptoms of linkeropathies are rather heterogeneous and notably share
short stature, chondrodysplasia with multiple joint dislocations, fractures, developmental retardation and hypotonia [1]. When considering
the very low prevalence of these diseases and the current absence of
convenient blood screening test, there is a need for biomarkers of linkeropathies orientating their diagnosis and avoiding diﬃcult and timeconsuming biochemical/genetic investigations.
Our purpose was to evaluate the potentials of serum bikunin as a
biomarker of linkeropathies. Bikunin is a circulating liver PG corresponding to a CS GAG chain (15 +/− 3 GlcNAc-GlcA sulfated disaccharide units) linked to a core protein, namely the free bikunin
protein (fBkn; ~20 kDa), via the tetrasaccharide linker. Furthermore, as
a unique feature of serum bikunin, the CS chain is mostly (> 98%)
esteriﬁed by 1 or 2 glycoprotein(s) called “heavy chains” (HC). The
main reported role of HC-linked bikunin isoforms would be, once extravasated from the blood, to exchange HC with hyaluronic acid notably leading to ECM stabilization [2]. Given the availability of an efﬁcient polyclonal antibody (see ﬁgure legend for technical details), we

undertook the Western-blot detection of fBkn (~20 kDa) and of Bkn-CS
(~35 kDa) in 20-fold diluted sera from patients with mutations in
XYLT1, B4GALT7, B3GALT6 and B3GAT3 as well as with mutations in
CHSY1 (encoding chondroitin sulfate synthase 1) [3], PMM2 (phosphomannomutase 2), a sulfate transporter encoding gene (unpublished
data) and SLC35A2 (Golgi galactose transporter) [4].
As shown Fig.1, Western-blot duplicate analysis of one representative control serum showed one large and marked band (35
+/− 2 kDa) corresponding to bikunin linked to heterogeneous CS
chain (Bkn-CS) as well as one minority band at 22 kDa corresponding to
light free bikunin (fBkn). The analysis of 12 control sera further showed
that Bkn-CS Mw landmarks ranged between 30 kDa and 45 kDa (Supplementary ﬁle). Proﬁle of the serum from XYLT1 mutated patient
appeared similar to controls. By contrast, those from other patients with
linkeropathies (B4GALT7, B3GALT6 and B3GAT3) showed marked %
increase of light bikunin forms with average Mw rising from ~23 kDa to
~25 kDa. Since XYLT1 is not expressed in the liver [5], normal proﬁle
was not surprising in the related mutated case. For other linkeropathies,
it should be suggested that observed abnormal accumulating light forms
of bikunin from B4GALT7, B3GALT6 and B3GAT3 mutated patients
mainly respectively correspond to Bkn-Xyl, Bkn-Xyl-Gal and Bkn-XylGal-Gal, in agreement with the stepwise action of related enzymes in
the tetrasaccharide linker biosynthesis. For the patient with mutations
in the CHSY1 gene encoding for the dual enzyme adding GalNAc-GlcA
disaccharide units, the band corresponding to Bkn-CS showed, despite
faint staining, decreased average Mw (~31 +/− 2 kDa). Thus, this
result is in accordance with a defect in the CS chain elongation. Furthermore, the accumulating bikunin light form of this sample appeared
similar to the one of B3GAT3 mutated patient, suggesting an associated
defect in the GlcA addition at the end of the tetrasaccharide linker. As
expected given to the small size of sulfate moieties, no abnormality

Abbreviations: B3GALT6, Beta-1,3-galactosyltransferase 6; B4GALT7, Beta-1,4-galactosyltransferase 7; B3GAT3, Beta-1,3-glucuronyltransferase 3; Bkn-CS, Bikunin linked to chondroitin
sulfate chain; CDG, Congenital disorder of glycosylation; CHSY1, Chondroitin sulfate synthase 1; CS, Chondroitin sulfate; ECM, Extracellular matrice; fBkn, Free bikunin; GAG,
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Fig. 1. Western-blot analysis of serum bikunin from patients with linkeropathies.
Serum bikunin from following samples (20-fold diluted in water) were analyzed: control, XYLT1, B4GALT7, B3GALT6, B3GAT3, CHSY1, PMM2, sulfate transporter
encoding gene and SLC35A2 mutated patients. PAGE (8 μL/well) was conducted using Nu-PAGE 4–12% bis-tris gels as recommended (Novex). After transfer on
nitrocellulose (1 h, 100 V) and sheet cutting (Mw < 50 kDa), ECL ﬁlm revelation was conducted after incubation with rabbit anti-bikunin primary antibodies
(Millipore; 1/5000 v/v in TTBS-5% milk) and secondary HRP-linked anti-rabbit antibodies (Cell Signaling technologies; 1/5000 v/v). An additional proﬁle of the
CHSY serum (10-fold diluted) is presented (right) for better interpretation. Horizontal dot lines delimitate Bkn-CS Mw normal range. For each pattern, suspected
majority Bkn-CS and light forms are schematized; rectangle, free bikunin (fBkn); line, CS chain; star, xylose; circles: galactose; S, sulfate.
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could be evidenced in Bkn-CS from the patient with sulfate transporter
encoding gene mutations. Serum of patient with PMM2 mutations
(PMM2-CDG), typically associated with partial absence of N-glycans on
glycoproteins [6], did not show qualitative bikunin abnormality (even
though in higher concentration) in agreement with the speciﬁc involvement of phosphomannomutase 2 in GDP-mannose biosynthesis.
Although 2 galactose residues are incorporated in the linker tetrasaccharide, bikunin analysis of the SLC35A2 mutated patient did not
show galactosylation defects by contrast with N-glycans and mucin Oglycans abnormalities described elsewhere [7]. This could suggest either insuﬃcient sensitivity of the bikunin analysis in this case or a
preferential ﬂux of residual galactose entering into the Golgi towards
the synthesis of the PGs tetrasaccharide linker region.
In summary, we showed that, with exception of XYLT1 mutations,
marked % increase of bikunin light form could be speciﬁcally associated to linkeropathies with the ability to discriminate between causative mutations. Furthermore, potentially associated Mw decrease of
Bkn-CS could further speciﬁcally orientate towards defect in CS GAG
chain elongation. Although needing a stronger validation with additional (but very rare) samples, presented results are tightly consistent
with related enzymatic defects already heavily suggesting the high
potential of bikunin as a speciﬁc, simple and useful biomarker of linkeropathies.
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Appendix A. Supplementary data
Western-blot analysis of serum bikunin from 12 control patients.
Here, serum samples were more concentrated (i.e., 10-fold diluted
sera) that in Fig. 1 in order to better determine Bkn-CS Mw normal
range (deﬁned by horizontal dot lines).Supplementary data to this article can be found online at https://doi.org/10.1016/j.cca.2018.06.
044.
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III-2-2 Concluding remarks and perspectives
In this work, we showed very promising results concerning the potential of serum Bkn
analysis to rapidly detect defective PG biosynthesis and, therefore, to screen PG-IMD. Indeed,
using a simple and convenient western-blot method in serum from affected individuals, we
showed signature profiles in B4GALT7, B3GALT6 and B3GAT3 linkeropathies (i.e.,
increasing free Bkn MW) as well as in ChSy-1 deficiency (i.e., decreased Bkn-CS MW). The
observed profiles indicated the presence of immature Bkn light forms resulting from defective
linker formation. Part of the following work aims to identify these abnormal structures to
evaluate the reliability of Bkn as a biomarker of linkeropathies. Otherwise, since we found no
abnormalities for the individual with mutated XYLT1 (a gene not expressed by the liver), this
work outlined an important limitation consisting of an application of Bkn analysis restricted to
PG-IMD arising from liver-expressed defective genes.
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III-3 Publication 2
Original article
Serum bikunin isoforms in congenital disorders of
glycosylation and linkeropathies
Haouari W, Dubail J, Lounis-Ouaras S, Prada P, Bennani R, Roseau C, Huber
C, Afenjar A, Colin E, Vuillaumier-Barrot S, Seta N, Foulquier F, Poüs C,
Cormier-Daire V, Bruneel A.
J Inherit Metab Dis. 2020, 43(6):1349-1359. doi: 10.1002/jimd.12291.

III-3-1 Article presentation
In this original article, we present results of Bkn analysis in various patients displaying PGIMD and CDG with impaired Golgi homeostasis. We present Western blot profile of all Bkn
isoforms in various CDG with impaired Golgi homeostasis including defective V-ATPase
proton pump subunits (i.e., ATP6V0A2-CDG, ATP6AP1-CDG, CCDC115-CDG), tethering
factors involved in retrograde trafficking (COG5-CDG and COG7-CDG) and manganese
transporter (TMEM165-CDG). Individuals with pathogenic variants in UDP-Gal and UDPGlcNAc transporters (SLC35A2-CDG and SLC35A3-CDG respectively) were also analyzed.
Moreover, in the previously analyzed samples from linkeropathy patients, we provide
additional data consisting of 2-DE profiles of abnormal Bkn light forms as well as Western blot
of Bkn heavy forms (ITI and PαI). We also performed 2-DE on phosphatase alkaline (ALP)treated samples that allowed characterization of the phosphorylation state of linkeropathyassociated abnormal forms.
Following this article, we present unpublished data consisting of (i) Western blot of serum
Bkn in patients with defective ATP6V1F (subunit of the Golgi V-ATPase) and 2-DE analyses
in samples from TMEM165-CDG and ChSy-1 deficiency, (ii) mass spectrometry analyses in
B4GALT7-deficient patient to precisely identify the encountered abnormal Bkn light forms (iii)
Western blot and 2-DE of serum Bkn in patients with PG-IMD due to sulfation defects
(SLC35B2 and IMPAD1 deficiencies), and (iv) the development of Bkn analysis from dried
blood spots (DBS).
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Abstract
Bikunin (Bkn) isoforms are serum chondroitin sulfate (CS) proteoglycans synthesized by the liver. They include two light forms, that is, the Bkn core protein
and the Bkn linked to the CS chain (urinary trypsin inhibitor [UTI]), and two
heavy forms, that is, pro-α-trypsin inhibitor and inter-α-trypsin inhibitor,
corresponding to UTI esterified by one or two heavy chains glycoproteins,
respectively. We previously showed that the Western-blot analysis of the light
forms could allow the fast and easy detection of patients with linkeropathy,
deficient in enzymes involved in the synthesis of the initial common
tetrasaccharide linker of glycosaminoglycans. Here, we analyzed all serum Bkn
isoforms in a context of congenital disorders of glycosylation (CDG) and
showed very specific abnormal patterns suggesting potential interests for their
screening and diagnosis. In particular, genetic deficiencies in V-ATPase

Abbreviations: Alb, albumin; ALP, alkaline phosphatase; ApoC-III, apolipoprotein C-III; B3GALT6, beta-1,3-galactosyltransferase 6; B3GAT3, beta1,3-glucuronyltransferase 3; B4GALT7, beta-1,4-galactosyltransferase 7; Bkn, bikunin; Bkn-CS, bikunin linked to chondroitin sulfate chain; CDG,
congenital disorder(s) of glycosylation; COG, conserved oligomeric Golgi complex; CS, chondroitin sulfate; ER, endoplasmic reticulum; GAG,
glycosaminoglycan; Gal, galactose; GlcA, glucuronic acid; GlcNAc, N-acetylglucosamine; HC, heavy chain protein; ITI, inter-α-trypsin inhibitor; Mn2
+
, manganese; PG, proteoglycans; PTMs, posttranslational modifications; PαI, pro-α-trypsin inhibitor; SLC35A2, solute carrier family 35 member A2;
SLC35A3, solute carrier family 35 member A3; TBS, Tris buffer saline; TMEM165, transmembrane protein 165; Trf, transferrin; TTBS, TBS with 0.1%
Tween; UTI, urinary trypsin inhibitor; Xyl, xylose.
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(ATP6V0A2-CDG, CCDC115-CDG, ATP6AP1-CDG), in Golgi manganese
homeostasis (TMEM165-CDG) and in the N-acetyl-glucosamine Golgi transport (SLC35A3-CDG) all share specific abnormal Bkn patterns. Furthermore,
for each studied linkeropathy, we show that the light abnormal Bkn could be
further in-depth characterized by two-dimensional electrophoresis. Moreover,
besides being interesting as a specific biomarker of both CDG and
linkeropathies, Bkn isoforms' analyses can provide new insights into the pathophysiology of the aforementioned diseases.
KEYWORDS
bikunin, CDG, GAG tetrasaccharide, inter-α-trypsin inhibitor, linkeropathies, SLC35A3,
TMEM165

1 | INTRODUCTION
Bikunin (Bkn) isoforms are serum proteoglycans of liver
origin bearing a chondroitin sulfate (CS) chain mainly
esterified by one or two glycoproteins named “heavy
chains” (HCs). Three major serum isoforms have been
extensively described: the inter-α-trypsin inhibitor (ITI)
and the pro-α-trypsin inhibitor (PαI), carrying respectively two and one HC, as well as the urinary trypsin
inhibitor (UTI), which corresponds to Bkn linked to the
CS chain.1 In addition, we showed that free Bkn (ie, the
core protein) could be detected at low level in serum2
(Figure 1A).
UTI (Bkn-CS) results from the linkage of one xylose
(Xyl) residue to the Ser10 of Bkn followed by the
sequential action of enzymes catalyzing the biosynthesis
of the PG common tetrasaccharide linker (GlcA-GalGal-Xyl-O-Ser) and the elongation of a short CS chain
consisting of 15 ± 3 (GlcA-GalNAc) sulfated disaccharide motifs. The tetrasaccharide linker synthesis starts
in the endoplasmic reticulum (ER) lumen while the
elongation occurs in the Golgi compartment. This
requires specific glycoenzymes, nucleotide sugars, and
an activated form of sulfate as substrates.3,4 Once the
Bkn CS chain is elongated and sulfated, it covalently
binds one or two HC(s) leading to PαI and ITI, respectively (heavy Bkn isoforms) (Figure 1B). Noticeably, the
ester linkages between the HCs and the CS chain occur
in the trans-Golgi after a pH-dependent C-terminal
autocatalytic cleavage of HC proteins precursors.5
Besides the linkage and the elongation of the CS chain,
the core protein Bkn and HCs precursors are N-glycosylated, O-glycosylated and undergo proteolytic cleavage
in the ER and the Golgi. Thus, with the reported CS
chain phosphorylation, sulfation, and sialylation, a large
range of posttranslational modifications (PTMs) can be
found on serum Bkn isoforms3,6-9 (Figure 1B).

In pathophysiology, under stimuli such as inflammation or ovulation, circulating ITI and PαI can be extravasated from the blood, playing an important role in the
stabilization of the extracellular matrices through the
exchange of HCs with hyaluronic acid.10,11 Moreover, the
Bkn core protein has been shown to inhibit
inflammation-associated proteases such as trypsin, elastase, and plasmin in pancreatitis, septic shock and rheumatoid arthritis.12,13 In some cancers, Bkn has been
shown to inhibit cell proliferation, thus attenuating
tumor invasion.14 Finally, Bkn isoforms exert inhibitory
activity toward calcium oxalate crystal formation and
therefore has protective effects against kidney stones and
urolithiasis.15
In linkeropathies, that is, rare skeletal/osteoarticular
genetic diseases affecting the biosynthesis of the common
initial tetrasaccharide (-GlcA-Gal-Gal-Xyl-O-Ser-) of
protein-linked glycosaminoglycans (GAG), we previously
showed high levels of abnormal serum Bkn light forms
suggesting a potential interest for screening purposes.2
In this work, we performed Western-blot analysis of
all serum Bkn isoforms from patients with various congenital disorders of glycosylation (CDG) including defects
in the V-ATPase Golgi protons pump (ATP6V0A2-CDG,
CCDC115-CDG, and ATP6AP1-CDG), in manganese
(Mn2+) homeostasis (TMEM165-CDG), in tethering factors (conserved oligomeric Golgi complex [COG]-CDG)
and in activated sugar transporters (SLC35A2-CDG and
SLC35A3-CDG). We focused on these CDG because we
anticipated the presence of abnormal Bkn isoforms,
linked to impaired Golgi homeostasis (V-ATPase deficiencies, TMEM165-CDG, COG-CDG), and/or associated
with GAG biosynthesis defects leading to skeletal clinical
phenotypes (TMEM165-CDG, SLC35A2-CDG, and
SLC35A3-CDG). Furthermore, we carried out the characterization of abnormal Bkn light forms in linkeropathies
by using two-dimensional electrophoresis (2-DE).
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F I G U R E 1 Schematic summary of known bikunin (Bkn) isoforms posttranslational modifications (PTMs). A, Structure details of the
circulating Bkn isoforms consisting of inter-α-trypsin inhibitor (ITI) and pro-α-trypsin inhibitor (PαI) (the major fraction), and urinary
trypsin inhibitor (UTI) (bikunin linked to chondroitin sulfate chain [Bkn-CS]) and free Bkn (the minor fraction). B, Ser10 of the core protein
is xylosylated in the endoplasmic reticulum (ER). The CS chain is initiated (GlcA-Gal-Gal-Xyl- tetrasaccharide) and elongated (GlcAGalNAc- disaccharide repeats) in the Golgi. A transient phosphorylation of the Xyl is required for the second Gal linkage. Sulfation reactions
in the Golgi require 30 -phosphoadenosine 50 -phosphosulfate (PAPS) as donor substrate. Esterification reactions between the heavy chain
(HC) C-terminal Asp and one GalNAc of the CS chain occur in the trans-Golgi in association with the pH-dependent C-terminal
autocatalytic cleavage of the HC proteins precursors. Very unusually, the N-terminal cleavage of the HC precursors occurs in the
ER. N-glycosylation is initiated in the ER and continues in the Golgi. Mucin core1 O-glycosylation occurs only in the Golgi. The
glycosyltransferases involved in the biosynthesis of N-glycans, O-glycans, and of the CS chain need nucleotide-sugars as donor substrates.
The C-terminal cleavage of the core protein precursor occurs in the trans-Golgi network just before its secretion into the blood. C4S/C6S:
sulfated C-4/C-6; TGN: trans-Golgi network

2 | MATERIALS AND METHODS
2.1 | Serum/plasma samples
All blood samples were collected in agreement with the
ethical policy of each institution. It should be underlined
that, for some samples we tested, we could not determine
whether they were anticoagulated (plasma) or not (sera).
Control samples originated from CDG-negative pediatric patients (n = 16), obese adults waiting for bariatric surgery (n = 11; cohort of Louis-Mourier Hospital; Dr S.
Ledoux) and adult individuals with various pathologies
(n = 9) including liver diseases (n = 6) such as cirrhosis,
fibrosis and hepatitis (Antoine Béclère Hospital). Samples
from patients with morbid obesity and liver diseases were
tested since these conditions were shown to be frequently

associated with secondary glycosylation abnormalities.
Serum/plasma samples from CDG patients, mainly detected
and diagnosed in our laboratory, were selected as follows:
3 ATP6V0A2-CDG (ATP6V0A2#1 to ATP6V0A2#3),
3 CCDC115-CDG (CCDC115#1 to CCDC115#3),
2 ATP6AP1-CDG (ATP6AP1#1 and ATP6AP1#2),
2 TMEM165-CDG (TMEM165#1 and TMEM165#2) (from
Dr F. Foulquier and Prof J. Jaeken), 5 COG-CDG (2 COG5-CDG: COG5#1 and COG5#2; 3 COG7-CDG: COG7#1 to
COG7#3), one SLC35A2-CDG and one SLC35A3-CDG.
Clinical data and identified gene variants of studied CDG
patients are available in Supp. File 1.
Samples from patients with linkeropathy (Prof
V. Cormier-Daire) originated from individuals deficient
in B4GALT7 (two unrelated individuals), B3GALT6 (one
individual), and B3GAT3 (one individual). Detailed gene
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variants were as follows: B4GALT7 (a) and B4GALT7 (b):
ex.5 c.808C > T p.Arg270Cys (same missense mutation);
B3GALT6:
ex.1
c.353del
p.Asp118Alafs*160-ex.1
c.653A > T p.Tyr218Phe (missense mutation); B3GAT3:
ex3. c.461C > T p.Thr139Met (missense mutation). Brief
clinical data of studied linkeropathy patients are available in Supp. File 1.

2.2 | Albumin level measurement
Albumin (Alb) levels of all the samples were determined
(VISTA 1500 from Siemens) and measured values were used
as loading controls in order to check for possible quantitative
discrepancies with presented Western-blot visual results.

2.3 | Western-blot of Bkn isoforms
For the Western-blot analysis, sera/plasma were either
diluted 1/10 (for UTI and free Bkn) or 1/250 (for ITI and
PαI) in water. These dilutions were considered as “optimal” based on our previous work2 and on the prior analysis of various sera and corresponding plasma sequentially
diluted within 1/10 to 1/4000 (Supp. Figure S1).
Total of 20 μL of the diluted sera/plasma was mixed
with Laemmli sample buffer (4X concentrate) and heated at
100 C for 10 minutes. Polyacrylamide gel electrophoresis,
with 10 μL of treated sample loaded per well for all patients,
was conducted using Nu-PAGE 4% to 12% bis-tris gels
(ThermoFisher; cat. # NP0336BOX), as recommended by
the manufacturer. After transfer to nitrocellulose
(70 minutes, 100 V), heavy (ITI and PαI) and light Bkn
isoforms (UTI and free Bkn) were detected after incubation
with rabbit anti-Bikunin (CP6) polyclonal antibody (MerckMillipore, cat. # ABT1346; 1/5000 in TTBS-5% milk for
90 minutes). Concerning this commercial primary antibody,
the manufacturer indicates that “human ITI, PαI, bikuninCS (UTI), and bikunin were specifically detected using a
representative lot of this antibody.” HRP-linked anti-rabbit
secondary antibodies (Cell Signaling Technologies; cat. #
7074) were used (1/5000 in TTBS-5% milk). Finally, ECL
revelation was conducted using Clarity Western ECL Substrate (cat. # 170-5060) and ChemiDoc XRS+ camera from
Bio-Rad. Signal measurements (after background subtraction) of Bkn isoforms and relative quantitation of ITI and
PαI were performed using ImageJ software.

2.4 | Two-dimensional electrophoresis
2-DE of proteins from 5 μL of crude serum/plasma from
patients with linkeropathy was conducted using ZOOM
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strip pH 4 to 7 (ThermoFisher; cat. # ZM0012) for the
first dimension and 4% to 12% Nu-PAGE bis-tris gel
(ThermoFisher; cat. # NP0330BOX) for the second
dimension, as recommended by the manufacturer. After
2-DE, separated proteins were transferred (90 minutes,
100 V) to nitrocellulose sheets and the abnormal serum
Bkn light forms were detected using Clarity Western ECL
Substrate (Bio-Rad) and ECL HyperFilm from GE
Healthcare (cat. # 28906843). Film-based revelation was
here preferred because of its higher sensitivity toward the
detection of abnormal Bkn light forms compared with
our camera system.
For the study of the phosphorylation state of Bkn
abnormal light forms, samples were treated with commercial alkaline phosphatase (ALP) as recommended by
the manufacturer (Roche; cat. # 10713023001). Briefly,
samples (8 μL) were treated overnight at 37 C with a mixture of ALP (1 μL) and ALP buffer (1 μL) and were then
analyzed by 2-DE as described above.

3 | RESULTS
3.1 | Western-blot of bikunin isoforms in
CDG and linkeropathies
Western-blot patterns of all Bkn isoforms from one representative control, various type 2 CDG (CDG-II), and linkeropathy samples are shown in Figure 2A (free Bkn and
UTI) and Figure 2B (PαI and ITI). As previously
described,2 the Bkn patterns from the 10-fold diluted control serum (Figure 2A) presented a small band at 25 kDa
consistent with free Bkn and a 35 kDa marked and large
band corresponding to UTI, that is, Bkn linked to the
variable-sized CS chain (Bkn-CS). Using a 250-fold diluted
serum, the heavy Bkn isoforms could be seen (Figure 2B)
as two bands at 125 and 225 kDa corresponding, respectively, to PαI (Bkn-CS-HC) and ITI (Bkn-CS-2HC). Also,
ITI levels in controls (Figure 2B; Supp. Figure S2) were
systematically higher than those of PαI.
In CDG with Golgi proton pump defects
(ATP6V0A2-CDG, CCDC115-CDG and ATP6AP1-CDG),
the free Bkn corresponding band at 25 kDa was either
absent (2/3 ATP6V0A2-CDG; 3/3 CCDC115-CDG; 1/2
ATP6AP1-CDG) or found in small amounts (other cases)
compared to control. The apparently abnormal and large
free Bkn band observed in one ATP6V0A2-CDG patient
(Figure 2A, arrowhead) was likely due to an important
level of free Bkn leading to signal saturation. The UTI
protein band was similar to that of the control in 2/3
ATP6V0A2-CDG cases and shared a mildly higher molecular weight (MW) in other proton pump-related CDG
cases (Figure 2A). However, the corresponding MW
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F I G U R E 2 Western-blot profiles
of all bikunin (Bkn) isoforms in various
congenital disorder(s) of glycosylation
type 2 (CDG-II) and linkeropathies.
Western-blot of Bkn light forms, A, and
heavy forms, B, from CDG with defects
in: protons pump deficiencies
(ATP6V0A2-CDG; CCDC115-CDG;
ATP6AP1-CDG), Mn2+ homeostasis
(TMEM165-CDG), retrograde Golgi
trafficking (conserved oligomeric Golgi
complex [COG]-CDG), sugar
transporters (SLC35A2-CDG and
SLC35A3-CDG) and in linkeropathies.
Se, serum; Pl, plasma. Arrows indicate
the major observed abnormalities

values remain included within normal values we determined previously.2 Concerning the heavy forms, the
overall signal levels of ITI and PαI were dramatically
decreased compared to control with exception of one
ATP6AP1-CDG sample showing a discrete reduced
signal. To exclude any visual discrepancies related to possible major protein level differences between wells (under
the same volume), ITI and PαI signals of each analyzed
sample were adjusted with corresponding albumin level
value (Suppl. Table S1). Thus, all observed major signal
decreases we described were fully corroborated. Moreover, these decreases were systematically associated with
an inversion of the ITI/PαI ratio in comparison with various control groups consisting of 16 non-CDG pediatric
patients, 11 obese adults, and 6 individuals with liver diseases (Figure 2B; Supp. Figures S2 and S5).
Since we did not know whether some of the samples
we tested were plasma or serum, it is important to note

that the impact of the coagulation was tested to avoid
potential discrepancies in our conclusions. Indeed, a
prior Western-blot analysis was undertaken (Suppl.
Figure S1) showing that the signal levels of ITI, PαI, UTI,
and free Bkn appeared mildly decreased in serum compared to plasma. Thus, given that the control sample in
Figure 2 is a serum, it is very likely that the marked
decreased signal levels we describe are not related to the
potential plasma nature of the related samples.
In the TMEM165-CDG patient, a genetic defect affecting
Golgi Mn2+ homeostasis, the overall serum Bkn isoforms signal levels were dramatically decreased (Figure 2) and an
abnormal 27 kDa band associated with an abnormally low
UTI MW could also be noticed (Figure 2A). Furthermore,
the ITI/PαI ratio was also altered (Figure 2B; Supp.
Figure S2). An additional TMEM165-CDG serum sample
was analyzed during the redaction of this article, showing
similar abnormal Bkn profiles (Supp. Figure S3).
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In COG-CDG, the free Bkn band appeared similar to
that of the control in 2/2 COG5-CDG cases and in 1/3
COG7-CDG, while it was barely detectable in the two
remaining COG7-CDG cases (Figure 2A). For ITI and
PαI, we observed overall decreased signal levels compared
to the control, with particularly low signal observed for
2/3 COG7-CDG cases. In addition, in all COG-CDG cases,
the ITIform was predominant with percentages ranging
from 74% to 98% (Figure 2B; Supp. Figure S4).
In the SLC35A2-CDG (UDP-Gal transporter deficiency) studied serum, Bkn light forms did not show
any abnormality (Figure 2A). Furthermore, the ITI/PαI
ratio appeared similar to that of controls in association
with a serum level decrease of these two heavy Bkn
forms (Figure 2B; Supp. Figure S4). In the serum from
the SLC35A3-CDG (UDP-GlcNAc transporter deficiency) individual, an abnormal 27 kDa band associated with an abnormally low UTI (Bkn-CS) MW could
be evidenced (Figure 2A) with an ITI/PαI pattern similar to that of SLC35A2-CDG (Figure 2B; Supp.
Figure S4). Finally, in linkeropathy samples, we corroborated the previously reported defects, consisting of
abnormal light forms of 27 kDa and undetectable UTI
in 3/4 cases (Figure 2A). Interestingly, the two samples
from the patients sharing the same B4GALT7 variant
showed a marked discrepancy in the observed UTI signal. Finally, concerning ITI/PαI levels and ratios, no
clear associated defect was noted (Figure 2B; Supp.
Figure S4).
In summary, concerning Bkn light forms, marked
abnormalities were observed for TMEM165-CDG,
SLC35A3-CDG, and all tested linkeropathy individuals.
Regarding the two heavy Bkn forms, dramatically
decreased signals coupled to inverted ratios were noted
for nearly all (except ATP6AP1#2) of the V-ATPase
defects and for the two TMEM165-CDG individuals. For
2/3 COG7-CDG individuals, a decreased ITI/PαI signal
was observed without associated inverted ratio. Finally,
no evident abnormality was found in the heavy Bkn
forms of linkeropathy patients.

3.1.1 | 2-DE of abnormal bikunin light
forms in linkeropathies
Abnormal Bkn light forms in samples from patients with
linkeropathy (Figure 3A) were analyzed by 2-DE. As
shown in Figure 3B, while the samples from the two
patients with B4GALT7 deficiency (ie, the enzyme
involved in the first Gal linkage to -Xyl-O-Bkn) showed
very similar patterns with up to three protein spots, those
from the patients with a deficiency in the two subsequent
enzymes were clearly different from the first ones and
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from each other. More precisely, the migration of the
observed abnormal major Bkn light forms increasingly
shifted toward the anode, according to the defective
enzymes, that is, B4GALT7, B3GALT6, or B3GAT3,
respectively. In addition, the 2-DE analysis of a mixture
of samples (in ratios 1:1:1) from B4GALT7-, B3GALT6-,
and B3GAT3-deficient patients corroborated the observed
differences of charge and further exhibited increasing
MW differences.
In order to evaluate the phosphorylation state of the
abnormal Bkn light forms in linkeropathy patients, samples were first treated with ALP prior 2-DE analysis
(Figure 3C). For the ALP-treated serum from
B4GALT7-deficient patient, no difference in the migration was observed. In contrast, for ALP-treated samples
from B3GALT6- and B3GAT3-deficient patients, we
observed a cathodic shift of the major Bkn spots consistent with the ALP-mediated loss of a negatively charged
phosphate group.

4 | DISCUSSION
In patients with Golgi protons pump defects that is,
ATP6V0A2-CDG, CCDC115-CDG, and ATP6AP1-CDG,
the serum/plasma levels of the Bkn core protein were
decreased or undetectable in all except one case of
ATP6V0A2-CDG. This result does not seem to be specific
of the potential pH defect as similar Bkn patterns were
also seen in other investigated controls (eg, in Suppl.
Figure S1). It is likely that Golgi pH disturbances have no
effects on the biosynthesis and/or secretion of the free
Bkn core protein. Similarly, no major quantitative or
qualitative defects were observed for UTI (Bkn-CS). Thus,
this apparent lack of major CS GAG biosynthesis defects
in Golgi protons pump-related CDG is in sharp contrast
with abnormal N- and O-glycosylation reported elsewhere.16-18 Concerning heavy Bkn isoforms, an inversion
of the ITI/PαI ratio was observed in these three CDG subtypes compared to control groups. Moreover, the circulating levels of these two heavy forms were dramatically
decreased. This has been already observed in individuals
with severe acute infection,19 which was not the case in
our investigated patients. Furthermore, these decreases
are specific for Bkn isoforms as albumin measurements
in the analyzed samples allowed to exclude associated
major protein level decreases compared to control.
ATP6V0A2-CDG, CCDC115-CDG, and ATP6AP1CDG are genetic deficiencies affecting the V-ATPase protons pump, which plays pivotal roles not only in the
luminal trans-Golgi acidification, but also in vesicular
trafficking, fusion of vesicles and protein sorting.20,21
While ATP6V0A2 is a subunit of the proton translocator
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F I G U R E 3 Serum/plasma bikunin electrophoretic profiles in linkeropathies. A, Western-blot patterns of abnormal light Bkn forms
(25-27 kDa) in samples from B4GALT7 (1 and 10 ), B3GALT6 (2), and B3GAT3 (3) deficient patients. B, Corresponding two-dimensional
electrophoresis (2-DE) patterns showing an anodic shift of the major Bkn spots (arrows). The 2-DE profile of a mixture (in ratios 1:1:1) of
B4GALT7-, B3GALT6-, and B3GAT3-deficient patients' samples (10 + 2 + 3) corroborated the charge differences and evidenced molecular
weight (MW) differences. pI: isoelectric point. C, 2-DE patterns of abnormal Bkn light forms in B4GALT7-, B3GALT6-, and B3GAT3deficient patients' samples, before (up) and after (below) alkaline phosphatase (ALP) treatment. Small horizontal arrows indicate the
cathodic shift observed for the major spot

V0 domain of the V-ATPase,16 CCDC115 and ATP6AP1
are assembly factor and accessory subunit of this complex, respectively.17,22 Thus, as expected, it would appear
that the impaired acidification of the trans-Golgi associated with these CDG does not affect the Bkn CS chain
biosynthesis that essentially takes place in early Golgi
compartments. Conversely, the observed ITI/PαI ratio
inversion and overall decreased levels suggest that this
trans-Golgi acidification defect might impair the pH-

dependent protein cleavage of HCs precursors and disturb their ester linkage to the CS chain. Since it has been
shown that an increased pH in the trans-Golgi could lead
to N- and O-glycosyltransferases mislocalization, inactivation, and interaction defects,23,24 similar consequences
on putative ester transferases responsible for the linkages
of HCs to the CS chain could also be evoked and will
need to be further addressed. In addition, the vesicular
trafficking defects related to V-ATPase deficiencies could
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also contribute to the mislocalization of the ester transferases and to a decreased protein secretion.
TMEM165 is a Ca2+-Mn2+/H+ Golgi antiporter playing
a pivotal role in the Golgi luminal pH maintenance and in
the level of Mn2+ cations that are important cofactors of
specific Golgi-resident glycosylation enzymes.25,26 In the
two presented TMEM165-CDG cases, we report marked
defects in the light Bkn forms patterns as well as in ITI/PαI
signal levels and ratios (Figure 2). For light Bkn forms, the
observed impairments suggest combined defects in the initiation and in the elongation of the CS chain. They could be
related to overall enzymatic defects linked to Golgi Mn2+
deficiency and strongly fit with the major skeletal phenotype of the investigated patients.27 In this regard,
TMEM165-CDG interestingly appears as a genetic disease
affecting N-glycosylation, O-glycosylation, glycolipids, and
the CS biosynthesis. Concerning the heavy Bkn forms (ITI
and PαI) in TMEM165-CDG, the observed abnormalities
are highly comparable to those found in V-ATPase deficiencies. As regarding the similarity of the glycosylation defects
between these CDG subtypes,25 our results are consistent
with potential Golgi pH-related PTM alterations, not only
affecting the N- and O-glycosylation, but also the CS-HC
esterification. The involvement of the Mn2+ deficiency in
the impairment of esterification and protein sorting could
also be suspected and will need further testing.
The multisubunit COG complex is a molecular tethering factor mainly involved in the retrograde trafficking
from the cis-Golgi to the ER and its impairment was
shown to affect N- and mucin type O-glycosylation mainly
through the mislocalization of the related enzymes.28 In
COG-CDG samples, the observed absence of defects in the
UTI biosynthesis (Figure 2) suggests COG is not involved
in the subcellular localization of the enzymes involved in
the CS chain synthesis. Although unexpected, this observation is supported by a recently published “organelle
zones” theory, which differentiates in the Golgi a “proteoglycan zone” from a “mucin zone” with variable responses
to different stresses.29 Concerning the observed ITI and
PαI decreased levels, they could be explained by HCs glycosylation defects that would decrease the secretion or
increase the degradation of heavy Bkn isoforms.
SLC35A2 protein mainly corresponds to UDPgalactose (UDP-Gal) Golgi transporter.30 Since Gal residue
is a key monosaccharide for N-glycosylation, SLC35A2
deficiency was expected to be associated with abnormal
transferrin (Trf) patterns. However, it has been recently
shown in two distinct cohorts that the screening of
SLC35A2-CDG could be very challenging with only 35% to
60% of samples sharing Trf N-glycosylation abnormalities.31,32 We previously showed that the SLC35A2-CDG
case used in this study harbored markedly abnormal
CDG-II Trf pattern.33 In contrast, the observed normal
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light Bkn forms pattern suggests a normal tetrasaccharide
linker synthesis despite the presence of two Gal residues
in this structure. Thus, this observation could be linked, in
this case, to the preferential use of UDP-Gal toward the
GAG biosynthesis rather than N-glycosylation. Nevertheless, it could be possible that other causal SLC35A2 gene
variants (notably those associated with a skeletal phenotype) could lead to an abnormal light Bkn forms pattern,
with potential screening/diagnosis interest. Concerning
heavy Bkn forms in the SLC35A2-CDG case, the observed
decreases of heavy Bkn isoforms in absence of an obvious
Golgi homeostasis disturbance could be related to abnormal protein elimination and/or sorting associated with
abnormal HCs glycosylation. [Correction added on 12
August 2021, after print and online publication: The two
preceding sentences were previously missing and has been
added in this version.]
SLC35A3-CDG is an inherited deficiency in UDP-Nacetylglucosamine (UDP-GlcNAc) Golgi transporter typically associated with N-glycosylation abnormalities in
agreement with the involvement of GlcNAc moieties in
the N-glycan core structure.30,33 Since GlcNAc is lacking
in the CS chains, the abnormal Bkn light form and the
abnormally low UTI MW (Figure 2) are surprising in the
SLC35A3-CDG. Nevertheless, they could result from
major interaction defects with other Golgi sugar transporters involved in the CS biosynthesis, including
SLC35A2.34 Moreover, this alteration in the pattern of
serum Bkn light forms suggests overall CS defects in line
with the skeletal abnormalities observed in our patient
(showing major long bones growth retardation) as well as
in other cases described elsewhere.35,36
Inherited defects in the enzymes involved in the stepwise synthesis of the common GAG tetrasaccharide
linker, that is, xylosyltransferases (XYLT1 or XYLT2),
galactosyltransferases (B4GALT7 and B3GALT6), and
glucuronyltransferase
(B3GAT3),
correspond
to
linkeropathies.37 In this work, we corroborated previously described high levels of abnormal Bkn light forms
in B4GALT7, B3GALT6, and B3GAT3 deficiencies
(Figure 2). Furthermore, we showed a quasi-absence of
circulating normal UTI in 3/4 samples coupled with
unexpectedly normal ITI and PαI signal levels and ratios.
Hence, it would appear that missense mutations found in
the four cases studied would allow residual UTI biosynthesis, the latter being sufficient for normal HC ester
linkages in the trans-Golgi. Moreover, it is likely that
once mostly used for ITI and/or PαI synthesis, the
remaining intracellular stock of normal UTI could be
very low in 3/4 patients, finally leading to its severely
reduced blood secretion. Concerning the different UTI
levels that we observed in the two patients sharing the
same B4GALT7 variant, they could be linked to distinct
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UTI requirements toward the formation of ITI and PαI
according to the patient's condition at the sampling time.
By coupling charge- and MW-based separation (2-DE),
we showed that the abnormal Bkn light forms found in
linkeropathies were clearly different according to the
mutated gene (Figure 3). Since it has been shown that the
transient 2-O-phosphorylation of the xylose is required for
the B3GALT6-catalyzed linkage of the second
galactose,38,39 the anodic shift observed between the
major spots detected in samples from B4GALT7- and
B3GALT6-deficient patients could be consistent with the
presence of Xyl-O-Bkn in the first case, and Gal-Xyl(2-Ophoshate)-O-Bkn in the second case. Indeed, the cathodic
shift induced by phosphatase treatment corroborated the
presence of a phosphate in the Bkn linkage region from
the B3GALT6-deficient patient, contrary to the
B4GALT7-deficient case. In the ALP-treated sample from
the B3GAT3-deficient patient, a cathodic shift was also
observed. Thus, since the second Gal residue of the UTI
tetrasaccharide linker has been shown to be systematically sulfated,3,40 the observed shift between B3GALT6and B3GAT3-deficient patients could correspond to the
presence of Gal(4-C-sulfate)-Gal-Xyl(2-O-phosphate)-OBkn in the B3GAT3-deficient patient's sample.
Finally, it is likely that the other observed minor
spots are linked to other modifications such as
N-glycosylation,7 sialylation of the first gal residue, xylose
fucosylation41 or a recently reported non-canonical CS
linkage region trisaccharide (GlcA-Gal-Xyl-O).42
(A)

Although limited to a small number of patients with
linkeropathy, our results are consistent with the current
knowledge about the early steps of the Bkn-linked CS
chain synthesis and highlight the existence of 2-DE signature patterns.
When assessed in their clinical context and summarized in a decisional tree (Figure 4), our results first indicate that the heavy Bkn isoforms electrophoretic profile
could be a convenient additional tool in the CDG-II diagnosis pathway, complementing the second-line MS-based
glycomic studies and apolipoprotein C-III (apoC-III)
analysis (Figure 4A). Second, our findings also reveal that
the light Bkn isoforms pattern could be of interest for the
screening of TMEM165-CDG, SLC35A3-CDG, and
patients with linkeropathies, with probable signature
2-DE patterns for the latter ones (Figure 4B).

5 | CONCLUSIONS
Bikunin isoforms are multifaceted circulating proteoglycans whose the follow-up of the diverse PTMs can be
used as biomarkers for the screening and diagnosis of
various genetic diseases, including linkeropathies and
inherited defects of Golgi ion homeostasis. Further work
will now be important to enlarge the analysis of Bkn
isoforms to additional CDG/linkeropathy samples. In this
way, particular interest will be paid toward (a) other
CDG with Golgi homeostasis defects associated with
(B)

F I G U R E 4 Suggestion of a decisional tree summarizing the main diagnostic orientations given by our bikunin isoforms analysis. A, In
the diagnosis pathway of congenital disorder(s) of glycosylation type 2 (CDG-II). B, In the diagnosis pathway of TMEM165-CDG, SLC35A3CDG and linkeropathies. ApoC-III, apolipoprotein C-III; MS, mass spectrometry

1358

skeletal phenotypes (eg, SLC10A7-CDG, SLC39A8-CDG,
COG4-CDG, etc.) and (b) inherited defects in the elongation of the CS chain (eg, CS synthase deficiencies).
Finally, we will also evaluate the potentials of the Bkn
isoforms' patterns in the diagnosis of the GAG sulfation
defects.
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Supplementary files
Supplementary File 1.
1) Brief clinical data and identified gene variants of studied CDG patients.
- Patient ATP6V0A2#1
Female; currently 27 years old; French origin; non-consanguineous parents; age at
diagnosis: 13 years old; CDG type 2 transferrin pattern; abnormal ‘apoC-III-1’ pattern.
Published. Brief clinical description, CDG screening tests and identified variant can be found
in reference [33] (patient 2).
- Patient ATP6V0A2#2
Female; currently 11 years old; consanguineous parents (first cousins); Malian origin;
samples were addressed in a clinical context of autosomal recessive cutis laxa type II (ARCLII); large fontanel; microcephaly. Age at diagnosis (abnormal CDG screening): 9 months; CDG
type 2 transferrin pattern; abnormal ‘apoC-III-1’ pattern. Identified variant: c.1724+2T>C
(homozygous). Unpublished.
- Patient ATP6V0A2#3
The analyzed sample is a generous gift from Prof Dirk J. Lefeber. CDG type 2 transferrin
pattern; abnormal ‘apoC-III-1’ pattern.
- Patients CCDC115#1 to CCDC115#3
Clinical data, glycosylation studies and identified variants of these three unrelated
individuals have been published in supplementary reference (1) (CCDC115#1 is patient 1;
CCDC115#2 is patient 3; CCDC115#3 is patient 2).
- Patients ATP6AP1#1 and ATP6AP1#2
Two male siblings; currently 41 years old (ATP6AP1#1) and 43 years old (ATP6AP1#2);
French origin; non-consanguineous parents; CDG type 2 transferrin patterns with increase of
the 3-sialo glycoform. Under publication (identified variants on request).
- Patients TMEM165#1 and TMEM165#2
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The analyzed samples are generous gifts from Dr F. Foulquier and Prof. J. Jaeken.
TMEM165#1 (male) and TMEM165#2 (female; additional sample received during article
redaction) are siblings. They have been published in supplementary reference (2)
(TMEM165#1 is case 1; TMEM165#2 is case 2).
- Patient COG5#1
Male; currently 14 years old; age at diagnosis: 6 years old; French origin; diagnosed after
exome sequencing and functional validation with very typical transferrin and ‘apoC-III-0’
patterns. Clinician/geneticist prefers the clinical phenotype and identified COG5 variants not to
be released. Unpublished.
- Patient COG5#2
Female; currently 8 years old; French origin; samples were addressed in a reported clinical
context of psychomotor delay with hypotonia. Age at diagnosis: 4 year-old; CDG type 2
transferrin pattern; ‘apoC-III-0’ pattern. Identified variants: c.2324C>T / c.1508dup.
Unpublished.

- Patients COG7#1 and COG7#2
Two female siblings; currently 11 years old (COG7#1) and 8 years old (COG7#2); ages at
diagnosis: 8 and 5 years old, respectively. Moroccan origin; consanguineous parents (first
cousins). Samples were addressed in a clinical context of psychomotor delay, hypotonia,
hyperthermia episodes of unknown origin, many infectious episodes, mild hepatomegaly for
both patients. Cerebellar atrophy and diffuse ischemic lesions at MRI for COG7#1. CDG type
2 transferrin patterns; ‘apoC-III-0’ patterns. Identified variant: c170-7A>G (homozygous).
Under publication.
- Patient COG7#3
Male; Moroccan origin; consanguineous parents (first cousins). Clinical data, glycosylation
studies and identified variant of this patient have been published in supplementary reference
(3).
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- Patient SLC35A2
Female; currently 2 years old; from “La Réunion Island”, France. Age at diagnosis: 5
months. CDG type 2 transferrin pattern. Published. Brief clinical presentation, CDG screening
tests and identified variant can be found in reference [33] (patient 3).
- Patient SLC35A3
Male; French origin; age at diagnosis: 6 months. Published. Brief clinical presentation,
CDG screening tests and identified variants can be found in reference [33] (patient 4).

2) Brief clinical data of studied linkeropathy patients:

Age at diagnosis
Gender
Other affected

Clinical features

B4GALT7 (a)

B4GALT7 (b)

B3GALT6

B3GAT3

20 years

10 years

2 years

2 years

female

female

male

male

No

No

No

No

- La Réunion Island

- First cousin parents

- Dislocation hips and
radial head.

- Multiple dislocations
affecting especially the
knees

- Cervical instability
- Bifid thumb
- Glaucoma

- School difficulties
- Height<- 4SD; weight
< - 3 SD

- First cousin parents
- Kyphoscoliosis
- Dislocation of elbows,
pectus carinatum,

Published

- Hyperlordosis

- Club feet

- Radioulnar synostosis

- Height -1SD

- School difficulties

- Height<-5 DS
Publication

- Dislocations of knee and
ankle, Genu valgum

- Height< -3SD
Unpublished

Unpublished

Supp. ref (4)

Published
Supp. ref (5) (patient 9)

3) Supplementary references:
(1) Girard M, Poujois A, Fabre M, et al. CCDC115-CDG: A new rare and misleading
inherited cause of liver disease. Mol Genet Metab. 2018;124(3):228‑35.
(2) Foulquier, F.; Amyere, M.; Jaeken, J. et al. TMEM165 Deficiency Causes a Congenital
Disorder of Glycosylation. The American Journal of Human Genetics 2012, 91 (1), 15–26.
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(3) Zeevaert, R.; Foulquier, F.; Cheillan, et al. A New Mutation in COG7 Extends the
Spectrum of COG Subunit Deficiencies. European Journal of Medical Genetics 2009, 52 (5),
303–305.
(4) Cartault, F.; Munier, P.; Jacquemont, M.-L. et al. Expanding the Clinical Spectrum of
B4GALT7 Deficiency: Homozygous p.R270C Mutation with Founder Effect Causes Larsen of
Reunion Island Syndrome. Eur J Hum Genet 2015, 23 (1), 49–53.
(5) Ranza, E.; Huber, C.; Levin, N. et al. Chondrodysplasia with Multiple Dislocations:
Comprehensive Study of a Series of 30 Cases. Clinical Genetics 2017, 91 (6), 868–880.
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Supplementary Table1: ITI and PαI signal levels, albumin values and calculated (ITI +
PαI)/Alb ratios for the samples analyzed in Fig.2.

(g/L)

(ITI +
PαI)/Alb

119843

43

2787

34204

51361

64.1

801

18150

35477

53627

53.7

999

ATP6V0A2 #3

0

1530

1530

56.6

27

CCDC115 #1

16

1134

1150

46.7

25

CCDC115 #2

0

1173

1173

50.5

23

CCDC115 #3

1651

3360

5011

66.8

75

ATP6AP1 #1

3749

4274

8023

38.5

208

ATP6AP1 #2

28356

30671

59027

63.4

931

TMEM165 #1

94

350

444

40.6

11

COG5 #1

40491

12788

53279

49.5

1076

COG5 #2

49874

17579

67453

58.5

1153

COG7 #1

4332

70

4402

47

94

COG7#2

30018

4950

34968

34.6

1011

COG7#3

8830

647

9477

42.4

224

SLC35A2

25707

8623

34330

63.3

542

SLC35A3

15122

5944

21066

38.6

546

B4GALT7 (a)

90374

15753

106127

66.7

1591

B4GALT7 (b)

54782

7064

61846

59.2

1045

B3GALT6

37344

1130

38474

58.3

660

B3GAT3

72876

8127

81003

47.9

1691

Patient

ITI signal

PαI signal

ITI + PαI

Control

74653 (mean)

45190 (mean)

ATP6V0A2 #1

17157

ATP6V0A2 #2

Albumin (Alb)

116

III-3-2 Complemental results (unpublished)
In this section we provide unpublished data which complements results showed in the
previous publications (i.e., CCA letter to the editor and JIMD article). We performed (i) Western
blot analysis of heavy and light Bkn isoforms in patients with defective ATP6V1F (2 patients)
and ATP6AP1 (one new patient) subunits of the V-ATPase, (ii) 2-DE analysis of abnormal Bkn
light forms in TMEM165 and ChSy-1 deficiencies as well as Western blot of Bkn heavy forms
in ChSy-1 deficient patient, (iii) mass spectrometry analyses to characterize linkeropathyassociated Bkn light forms, (iv) development of a 2-DE based strategy to detect sulfation
defects in patients with defective SLC35B2 and IMPAD1, and (v) development of Bkn analysis
from dried blood spots (DBS).

III-3-2-1 Complemental Western blot and 2-DE analyses
In two patients with pathogenic variants in ATP6V1F (coding a subunit of the Golgi VATPase) and an additional patient with mutated ATP6AP1, we found dramatically decreased
ITI and PαI levels together with abnormal ITI/PαI ratio compared to controls. Moreover, BknCS displayed mildly increased MW compared to controls (Figure 18). These profiles were
strictly similar to that found in ATP6V0A2, CCDC115 and ATP6AP1 deficiencies. This result
reinforced the reliability of Bkn as an additional biomarker for the screening of CDG with
impaired V-ATPase.
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Figure 18: Western blot analysis of heavy and light Bkn forms in CDG with proton
pump deficiencies (2 ATP6V1F-CDG and one ATP6AP1-CDG)
Western blot analysis of Bkn heavy and light forms in two ATP6V1F and one ATP6AP1 deficientpatients compared to controls

In the sample from one TMEM165 deficient patient, we performed 2-DE analysis of Bkn
to characterize the encountered abnormal light forms. In contrast to the homogeneous
linkeropathy-associated profiles, we found heterogeneous pattern with four spots indicating the
presence of several variably charged immature Bkn light forms (Figure 19 A). Combined with
the previously described abnormal Western blot pattern, this result suggests that lack of Mn2+
in the Golgi lumen may lead to malfunction of various enzymes involved in the linker formation
and the CS chain elongation.
Similarly, 2-DE analysis of serum Bkn from one ChSy-1 deficient patient (i.e., described in
CCA letter to the editor) showed heterogeneous profile with several spots of different pI (Figure
19 A). While ChSy-1 has been shown to carry both GlcA and GalNAc transferase activity [32],
such a 2-DE profile indicates the presence of multiple abnormal Bkn light forms resulting from
enzymatic blockades at several steps of the CS-GAG [GlcA-GalNAc]n polymerization.
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Regarding the potential influence of such CS chain elongation defects on the following HC
esterification, we performed the Western blot analysis of the heavy forms in patient’s serum.
The result showed a decreased MW compared to control, at least for PαI, indicating the presence
of shorter Bkn-CS chains harboring the HC proteins (Figure 19 B). This result indicates that,
in this ChSy-1 deficient case, CS-HC esterification was not influenced by the associated GAG
chain length shortening.

Figure 19: Complemental analyses of Bkn light forms in TMEM165-CDG and ChSy-1
deficiency
A) 2-DE profiles of Bkn abnormal light forms in linkeropathies, TMEM165 and ChSy-1 deficiency.
Left scheme illustrates the possible involvement of ChSy-1 and Mn2+ at serval steps of CS elongation
B) Western blot profile of heavy Bkn forms (ITI and PαI) in ChSy-1 deficient patient compared to one
healthy individual
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III-3-2-2 Mass spectrometry analysis of linkeropathy-associated Bkn
abnormal forms

a. Testing on chondroitinase-treated serum bikunin isoforms
To develop a mass spectrometry (MS) protocol for identifying linkeropathy-associated Bkn
abnormal forms, we first performed testing experiments in a control serum treated by
chondroitinase ABC (chABC) which is a CS-GAG degrading enzyme releasing core proteinlinked hexasaccharide (GlcA-GalNAc(S)-GlcA-Gal(S)-Gal-Xyl-core protein) (Figure 20 A).
Since such light Bkn glycoform is theoretically absent from normal serum, it has been used as
a model to mimic linkeropathy-associated Bkn abnormal forms in order to develop the
HPLC/MS analysis protocol in linkeropathy patients’ serum (Material and methods in
Appendix).
Western blot of serum Bkn in chABC treated serum showed a unique band at ~30 kDa that
likely corresponds to hexasaccharide-Bkn resulting from the removal of the CS chain from ITI,
PαI and Bkn-CS (Figure 20 B). Furthermore, 2-DE analysis showed two spots in chABC
treated serum that could correspond to bi-sulfated and mono/unsulfated hexasaccharide-Bkn
(Figure 20 B). Expectedly, such 2-DE pattern was not found in the untreated serum. When
bypassing the antibody detection by a colloidal silver blue staining of 2-DE resulting gel, we
obtain whole separation pattern of serum proteins (Figure 20 C) (329). By comparison with the
untreated serum, chABC-treated serum had a staining pattern showing an additional spot that
is likely to correspond to +/- sulfated hexasaccharide-Bkn. This spot was manually removed
from the gel and digested with trypsin.
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Figure 20: 2-DE based purification of Bkn-hexasaccharide from chABC treated control
serum
A) ChABC is an enzyme that degrades CS-GAG chains from CSPG which releases hexasaccharidelinked core proteins. B) Serum Bkn isoforms in control serum showing the usual bands (Left) and the
profile after chABC digestion (middle). Right panel shows 2-DE profile of chondroitinase-treated serum
which exhibits two spots corresponding to Bkn-Hexasaccharide (+/- S). (C) 2-DE gel silver blue staining
pattern of chABC-treated serum compared to untreated counterpart. ChABC digestion led to an
additional spot (red dotted circle) that could correspond to Bkn-Hexasaccharide.

HPLC/MS analysis of the trypsin-digested sample included electrospray ionization (ESI)
which generated precursor ion spectrum (MS1) highlighting an m/z 1094.42 (3+) specie
corresponding to the tryptic Bkn (AVLPQEEEGSGGGQLVTEVTK) linked to a bi-sulfated
hexasaccharide (Figure 21 A). Precursor ion fragmentation by collision-induced dissociation
(CID) yielded MS2 spectrum containing CS disaccharide units [GlcA-GalNAc] and [GlcAGalNAc(S)] (m/z 362.10 and 442.05 respectively). Moreover, various hexasaccharide-Bkn
fragments corresponding to Xyl-Bkn (m/z 1131.05), Gal-Xyl-Bkn (m/z 1212.07), Gal-Gal-XylBkn (m/z 1293.10), GlcA-Gal-Gal-Xyl-Bkn (m/z 1381.12) and the tryptic Bkn (m/z 1064.52)
were detected (Figure 21 B). As showed by m/z 1094.42 isolated chromatogram, the ionic
current of this specie was consistently 80x lower in the untreated serum compared to chABCtreated serum (Figure 21 B). To make sure that hexasaccharide-bkn is the major Bkn glycoform
in chABC-treated serum, we compared its relative abundance with that of other Bkn glycoforms
including Xyl-Bkn, Gal-Xyl-Bkn, Gal-Gal-Xyl-Bkn, GlcA-Gal-Gal-Xyl-Bkn. The MS1
spectrum showed a clear minority of linkeropathy-associated Bkn abnormal forms compared to
hexasaccharide-Bkn (Figure 21 D).
Altogether, these results showed the ability of HPLC/MS (ESI-CID) analysis to efficiently
detect Bkn glycoforms from 2-DE purified serum samples. Such strategy has been employed
to identify the abnormal Bkn-light forms in linkeropathy patients’ serum.
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Figure 21: HPLC/MS analysis of 2-DE purified hexasaccharide-Bkn from chABC
treated serum
A) MS1 precursor ions spectrum of chABC treated serum sample. Hexasaccharide-Bkn was detected at
m/z 1094.04. B) MS2 spectrum generated from CID of m/z 1094.04 ion shows the resulting fragments
including the basement [GlcA-GalNAc] motif of the CS chain and various compounds of the
tetrasaccharide linkage region. (C) HPLC chromatogram associated to m/z 1094.04 precursor ion
showing higher levels of hexasaccharide-Bkn in chABC serum compared to untreated counterpart. (D)
Zoom on the chABC MS1 spectrum to show relative abundance of hexasaccharide-Bkn compared to
linkeropathy-associated Bkn abnormal forms.

b. Characterization of linkeropathy-associated Bkn abnormal forms.
As shown in Figure 22, we performed 2-DE of B4GALT7 patient’s serum followed by
colloidal silver blue staining. By overlapping the stained gel with the anti-Bkn Western blot
revelation film, we localized and removed the gel area likely to contain the Xyl-Bkn abnormal
form (~1 cm2 spot). A control spot was obtained by removing the same area from 2-DE gel of
a control serum. Spots were subjected to trypsin digestion following HPLC/MS analysis
(Figure 22).

Figure 22: 2-DE based purification of B4GALT7-associated abnormal Bkn light forms
2-DE of B4GALT7 patient serum was performed and gel was stained with Silver blue. Western blot
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with anti-Bkn antibodies together with red ponceau staining of nitrocellulose membrane were performed
in parallel for accurate localization of the gel area likely to contain target Bkn abnormal form (red
square).

MS1 spectrum clearly showed the presence of Xyl-Bkn specie at m/z=1131.02 in
B4GALT7 deficient patient sample by contrast to control (Figure 23 A). This result was
confirmed by the m/z 1131.02 isolated chromatogram showing a major peak at ~29 min
retention time for B4GALT7 deficient patient while no signal was observed for the control
(Figure 23 B). MS 2 fragmentation spectrum of m/z 1131.02 precursor ion consistently yielded
the trypsic Bkn (AVLPQEEEGSGGGQLVTEVTK) at m/z = 1065.06 and its fragments y5
(m/z 577.33), y18 (m/z 922.96) and y19 (m/z 979.49) (Figure 23 C).
By showing that B4GALT7 deficiency leads to abnormal blood secretion of the immature
Xyl-Bkn, these MS data reinforce the reliability of Bkn analysis by Western blot and 2-DE for
screening B4GALT7 linkeropathy. Currently, the analyses are being performed for B3GALT6
and B3GAT3 mutated patients.
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Figure 23: HPLC/MS analysis of 2-DE purified B4GALT7 deficient patient serum
A) MS1 spectrum of B4GALT7 deficient patient sample in comparison to control. Xyl-Bkn was
highlighted at m/z = 1131.02 within its isotopic massif. This peak is clearly absent in healthy control.
B) Isolated m/z 1131.02 chromatogram in B4GALT7 deficient patient compared to control. C) MS2
fragmentation spectrum of m/z 1131.02 precursor ion showing corresponding fragments of tryptic Bkn.

III-3-2-3 Bkn analyses in sulfation defects
Western blot analysis of Bkn-CS in patients with PG-IMD due to deficient SLC35B2
(sulfate transporter) and IMPAD1 (hydrolysis of PAP released from sulfation reactions) yielded
similar profile than that of controls (Figure 24 A). This result was not surprising since sulfate
groups have too low molecular weight for generating visible MW variations. To analyze BknCS sulfation, we employed a strategy based on chondroitinase treatment of patients’ serum
which generates a sulfated hexasaccharide-Bkn (Material and methods in Appendix). Treated
samples are then analyzed by 2-DE. As showed in Figure 24 B, 2-DE profiles of chABC-treated
control sera displayed two spots corresponding to variably sulfated hexasaccharide-Bkn. Left
spot is referred to as the sulfated hexasaccharide-Bkn while right spot is the hyposulfated form.
In two chABC-treated SLC35B2 (#1 and #2) and one IMPAD1 deficient patient serum, the
ratio sulfated/hyposulfated hexasaccharide-Bkn was decreased compared to chABC-treated
control samples (n=8) indicating defective Bkn-CS sulfation (Figure 24 B). Although
additional analyses are required in additional patients to confirm these results, such data
strongly suggest potential value of serum Bkn as a biomarker of GAG sulfation defects.
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Figure 24: Western blot and 2-DE of serum Bkn light forms in SLC35B2 and IMPAD1
deficient patients
A) Western blot analysis of serum Bkn light forms (i.e., Bkn-CS and PαI) in SLC35B2 and IMPAD
deficient patients compared to controls. B) left panel, 2-DE of chABC-treated serum from two SLC35B2
and one IMPAD deficient patients compared to controls. Right panel, sulfated/hyposulfated ratios in
patients were compared to that of controls.
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III-3-2-4 Application of Bkn analysis to dried blood spots (DBS)
DBS stem from a drop of blood on a Guthrie paper (Figure 25 A). They constitute an
alternative to vascular blood sampling for several medical applications including neonatal
screening of various congenital diseases (330,331). The benefits of DBS include, noninvasiveness of the sampling method, low volume of the collected blood, easier conservation
and transport, and cost-effective management.
Serum samples from PG-IMD and CDG patients are often limited, therefore, we evaluated
the possibility of performing Bkn analysis from DBS. Preliminary experiments showed that
Western blot analysis is highly hindered by hemoglobin, the latter having peroxidase activity
which creates contaminating signal during chemiluminescence revelation (data not shown).
Then, we developed a protocol based on hemoglobin depletion using a commercial kit
(HemovoidTM from Biotech Support Group) prior to Western blot analysis (Figure 25 A)
(Material and methods in Appendix).
We analyzed Bkn isoforms by Western blot in three hemoglobin-depleted DBS samples by
comparison to serum from healthy individuals. Regarding Bkn light forms, Bkn-CS (35-45
kDa) and free Bkn (26 kDa) profiles in hemoglobin-depleted DBS samples were similar to that
in serum, without contaminating hemoglobin signal (Figure 25 B). To assess whether the
analysis could highlight abnormal Bkn light forms profiles as in linkeropathies, we treated one
hemoglobin-depleted DBS sample with chABC to generate hexasaccharide-Bkn and simulate
a positive control. ChABC-treatment yielded consistently a hexasaccharide-Bkn ~30 kDa band
suggesting the ability of this analysis to detect abnormal Bkn profile (Figure 25 B). Although
this study should be validated by showing abnormal Western blot profiles in patients with PGIMD, the results are rather encouraging for future utilization in screening these defects.
Surprisingly, heavy forms systematically displayed an abnormal profile consisting of a
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reversed ITI/PαI ratio (Figure 25 B). This result suggests a vulnerability of Bkn heavy forms to
oxidative properties of hemoglobin within the DBS, which may trigger HC-CS ester linkages
breakdown, at least for ITI (332). This would considerably compromise the heavy forms profile
interpretation in patients displaying ITI and PαI quantitative and/or qualitative abnormalities
such as individuals with Golgi homeostasis defects (Haouari et al. JIMD). We are currently
working on determining the cause of such hinderance in heavy forms’ profile. If the deleterious
effect of oxidative properties of hemoglobin on CS-HC esterification is confirmed, Bkn
analyses from DBS should be exclusively intended for the light forms (free Bkn and Bkn-CS)
to detect PG defects and not for the screening of CDG with impaired Golgi homeostasis.

Figure 25: Hemoglobin depletion of blood extracts from DBS followed by Western blot
analysis of Bkn isoforms
A) Total blood extraction from DBS and hemoglobin depletion using hemovoidTM kit. B) Bkn analysis
by Western blot from hemoglobin-depleted blood extracts of three control individuals, one of which
being treated by chABC and used as a positive control. Chemiluminescence allowed detection of the
four Bkn isoforms (ITI, PαI, Bkn-CS and free Bkn).
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III-4 Publication 3
Original article
SLC37A4-CDG: New biochemical insights for an
emerging congenital disorder of glycosylation with
major coagulopathy
Raynor A*, Haouari W*, Ng BG, Cholet S, Harroche A, Raulet-Bussian C,
Lounis-Ouaras S, Vuillaumier-Barrot S, Pascreau T, Borgel D, Freeze HH,
Fenaille F, Bruneel A.
Clin Chim Acta. 2021, 521:104-106. doi: 10.1016/j.cca.2021.07.005.
*: first co-authors

III-4-1 Article presentation
SLC37A4 is an ER-localized transporter allowing intake of glucose-6-phosphate (G6P)
from the cytosol to produce glucose during fasting conditions (gluconeogenesis). A dominantly
inherited pathogenic variant (c.1267C>T) leading to partial loss of SLC37A4 ER-retention signal
have been described in patients presenting liver diseases and coagulopathy. Hypoglycosylation
of plasma N- and O-glycoproteins have been found, allowing to classify this deficiency among
CDG (333,334). Furthermore, Ng et al showed impaired Golgi homeostasis in slc37A4 KO
HuH7 cells (altered morphology and decreased luminal pH) (335). While the molecular
mechanisms leading to such impairments are not understood, it appears that half of SLC37A4
transporters are mislocalized which leads to abnormal G6P delivery to other undefined cellular
compartments than the ER (Figure 26).
In six SLC37A4 mutated patients, we analyzed serum Bkn to seek for possible CS
elongation or CS-HC esterification abnormalities that could result from Golgi homeostasis
defect. The results have been published in an original article which is presented herein.
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Figure 26: Heterozygous c.1267C>T mutation causes half mislocalization of the ER
SLC37A4 glucose-6-phosphate transporter to other cellular compartments
During fasting conditions, hepatocytes use the gluconeogenic substrates lactate, alanine, glycerol, and
pyruvate to produce G6P. The latter enters the ER through SL37A4 for being metabolized into glucose
that will reach the blood circulation to supply glucose-dependent organs such as brain and red cells.
Heterozygous c.1267C>T pathogenic variant induces loss of the SLC37A4 ER retention signal leading
to partial (50 %) mislocalization to undefined cellular organelles resulting in impaired homeostasis
including abnormal Golgi pH and morphology.
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A R T I C L E I N F O

A B S T R A C T

Keywords:
Bikunin
CDG
Coagulopathy
SLC37A4

SLC37A4-CDG is an emerging congenital disorder of glycosylation which is characterized by a dominant in
heritance and a major coagulopathy originating from the liver. Recent studies took interest in the biochemical
alterations found in this CDG and showed that they consisted of multiple glycosylation abnormalities, which
result from mislocalization of the endoplasmic reticulum glucose-6-phosphate transporter and associated Golgi
homeostasis defects. In this work, we highlight in six affected individuals abnormal patterns for various serum Nglycoproteins and bikunin proteoglycan isoforms, together with specific alterations of the mass spectra of
endoglycosidase H-released serum N-glycans. Collectively, these data complement previous findings, help to
better delineate SLC37A4-CDG and could present interest in diagnosing this disease.

1. Introduction
Heterozygous SLC37A4 deficiency is a recently characterized
congenital disorder of glycosylation (SLC37A4-CDG) with, to this day,
nine described affected individuals sharing the c.1267C > T (p.R423X)
variant [1–3]. In this dominantly inherited metabolic disease, the
monoallelic loss of the retrieval motif of the endoplasmic reticulum
SLC37A4 glucose-6-phosphate transporter leads to its partial mis
localization, with deleterious impacts on liver Golgi homeostasis (pH
and morphology), glycosylation and coagulation factors levels [3]. All
affected individuals showed altered N- and mucin-type O-glycosylation
profiles, elevated ASAT and decreased F2, F11 and antithrombin (AT)
levels. In this context of major coagulopathy, most patients nevertheless

safely benefited from more or less invasive surgery including lip/palate
cleft, tongue-tie and heavy cardiac surgeries, under fresh frozen plasma
or not [3]. This suggests a preserved balance between pro-coagulant (e.
g., F2 and F11) and anti-coagulant factors (e.g., AT), although this must
be confirmed in additional patients. Furthermore, given its rather
reduced symptomatology and dominant inheritance, SLC37A4-CDG
may be widely underdiagnosed.
In this work on six SLC37A4-CDG affected individuals, we expand
the previously reported biochemical features by analyzing other rele
vant serum glycoproteins, including bikunin proteoglycan isoforms, and
by performing additional matrix assisted laser desorption/ionizationtime of flight mass spectrometry (MALDI-TOF MS) studies of man
nosylated and hybrid-type serum N-glycans.

Abbreviations: 2-DE, two-dimensional electrophoresis; A1AG, α1-acid glycoprotein; AT, antithrombin; ASAT, aspartate aminotransferase; Bkn, bikunin; CDG,
congenital disorder(s) of glycosylation; CS, chondroitin sulfate; ECL, electrochemiluminescence; Endo H, endoglycosidase H; ‘HC’ protein, ‘heavy chain’ protein; Hpt,
haptoglobin; ITI, inter-α-trypsin inhibitor; MALDI-TOF, matrix assisted laser desorption/ionization-time of flight; MS, mass spectrometry; MW, molecular weight; PαI,
pro-α-trypsin inhibitor; Trf, transferrin.
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2. Materials and methods

2.3. MALDI-TOF MS of endoglycosidase H-released serum N-glycans

2.1. Serum samples

Profiles of mannosylated and hybrid-type serum N-glycans from P1
to P6 were obtained by MALDI-TOF MS following N-glycan cleavage by
endo-β-N-acetylglucosaminidase (Endo H), glycan purification by solidphase extraction and permethylation, as previously described [5]. Mass
spectra were acquired on an UltrafleXtreme instrument (Bruker Dal
tonics) operating in the positive reflector ion mode using 2,5-dihydrox
ybenzoic acid as matrix.

Serum samples were obtained from six SLC37A4-CDG affected in
dividuals (P1 to P6) previously reported by Ng et al. [3].
2.2. Western blot of serum N-glycoproteins and two-dimensional
electrophoresis (2-DE) of haptoglobin
Western blots of three N-glycoproteins, transferrin (Trf), haptoglobin
(Hpt) and α1-acid-glycoprotein (A1AG), were performed on the six
samples. SDS-PAGE was performed (10 µL of treated sample per well)
using Nu-PAGE 4–12% bis-tris gels (ThermoFisher Scientific). Proteins
were transferred onto nitrocellulose, incubated with primary rabbit
antibodies (anti-Trf from Siemens, anti-Hpt and anti-A1AG from Dako;
1:3000 v/v in TTBS-5% milk), then with HRP-linked secondary anti
bodies (GE Healthcare; 1:5000 v/v) and detected using ECL revelation.
2-DE of Hpt was performed as previously described [4].

A)

C

P1

C

P2

C

P4

C

2.4. Western blots of serum bikunin isoforms
Western blots of serum bikunin (Bkn) isoforms were performed on
four controls (C1 to C4) and on the six SLC37A4-CDG affected in
dividuals. For inter-α-trypsin inhibitor (ITI: bikunin-chondroitin sulfate
esterified by two HC proteins) and pro-α-trypsin inhibitor (PαI: bikuninchondroitin sulfate esterified by one HC protein), sera were diluted
1:250 v/v in water. For unesterified Bkn-chondroitin sulfate and free
Bkn, sera were diluted 1:10 v/v. SDS-PAGE, protein transfer and
immunorevelation were performed as described above, with rabbit antibikunin (CP6) antibodies (Merck-Millipore, cat. # ABT1346; 1:5000 v/v
in TTBS-5% milk).

B)

P5

Trf
79 kDa

Control
Hpt

P1

40 kDa

P2

A1AG
45 kDa

P3

P4

C)

P5

P6

Fig. 1. Western blots of three serum N-glycoproteins, MALDI-TOF MS of Endo H-released serum N-glycans and western blots of bikunin isoforms, in SLC37A4-CDG.
(A) Illustrative western blots of (from top to bottom) serum transferrin (Trf), haptoglobin (Hpt) and α1-acid-glycoprotein (A1AG) in four SLC37A4-CDG affected
individuals (P1, P2, P4, P5) and a control (C). Dotted lines refer to normal glycoprotein MW. (B) MALDI-TOF mass spectra of permethylated N-glycans released from
serum samples from a healthy subject (control) and six SLC37A4 patients (P1 to P6) following Endo H treatment. Measurements were performed in the positive-ion
mode and all ions are present in sodiated form. Green circles, mannose; yellow circles, galactose; blue squares, N-acetyl glucosamine; red triangles, fucose; purple
diamonds, sialic acid. (C) Western blots of serum bikunin (Bkn) isoforms in four controls (C1 to C4) and six SLC37A4-CDG affected individuals (P1 to P6). For P1, P4
and P6, two different samples were analyzed. ITI: bikunin (Bkn) linked to a chondroitin sulfate (CS) chain esterified by two HC glycoproteins; PαI: Bkn linked to a CS
chain esterified by one HC glycoprotein. Profiles of controls were overexposed in order to be able to visualize ITI and PαI protein bands in some patients.
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3. Results

our previous work on Bkn isoforms [9], these patterns were consistent
with a Golgi pH defect in all patients while P2 could possibly display an
additional defect in the CS chain biosynthesis. Regarding the influence
of pH, SLC37A4-CDG-associated Golgi pH decrease seems to have
similar deleterious effects on the biosynthesis of Bkn heavy forms to that
of a raised pH, as described in CDG with V-ATPase deficiencies [9].
However, the ITI/PαI ratio seems to be in favor of ITI in SLC37A4-CDG,
in contrast with V-ATPase deficiencies where PαI was shown to be
predominant [3]. Besides corroborating the high sensitivity of the Bkn
heavy forms biosynthesis towards Golgi pH, these results suggest that
the ITI/PαI ratio can distinguish between excessive decreasing or rising
Golgi pH variations.

3.1. Western blot of N-glycoproteins and 2-DE of Hpt
Representative western blots of Trf, Hpt and A1AG from P1, P2, P4
and P5 are presented in Fig. 1A. For all patients, glycoprotein bands
clearly display molecular weight (MW) decreases compared to the
control (C). In addition, 2-DE patterns of Hpt glycoforms (Supp. Fig. 1)
showed that these MW decreases were combined to a loss of negative
charges as they displayed an abnormal tray of protein spots of cathodical
migration.
3.2. MALDI-TOF MS profiling of Endo H-released serum N-glycans

5. Conclusion

MALDI-TOF MS profiles of permethylated Endo H-released total
serum N-glycans of the six patients and the control are shown in Fig. 1B.
All patients shared a similar pattern, which notably displayed the
abnormally prominent high-mannose GlcNAcMan5 structure at m/z
1334.6. Besides, profiles also contained predominant hybrid mono
sialylated N-glycan species at m/z 1940.9 and m/z 2145.1.

In summary, western blots of serum N-glycoproteins, MALDI-TOF
MS analysis of Endo H-released N-glycans and western blots of biku
nin isoforms highlighted new biochemical features of SLC37A4-CDG
that are relevant to better delineate this newly described CDG while
also providing seemingly characteristic patterns, with possible diag
nostic implications.

3.3. Western blot of serum bikunin isoforms

Funding

Western blots of serum Bkn isoforms are shown in Fig. 1C. For both
ITI and PαI, corresponding protein bands showed severely reduced
levels in the affected individuals compared to the controls. For Bknchondroitin sulfate (Bkn-CS), patients’ patterns were similar to those
of the controls with the exception of a lower MW for P2.
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4. Discussion

Appendix A. Supplementary material

To further characterize the biochemical alterations in SLC37A4-CDG,
we performed various experiments, consisting of western blots of serum
N-glycoproteins and bikunin (Bkn) proteoglycan isoforms, and MALDITOF MS analysis of Endo H-released serum N-glycans. First, western
blots of serum Trf, Hpt and A1AG showed systematic MW decreases, in
line with a major N-glycosylation deficiency (Fig. 1A) as corroborated
using 2-DE applied to Hpt (Supp. Fig. 1). Such altered western blot and
2-DE profiles are rather unusual since, in our experience, they are only
retrieved in MGAT2-CDG [6] and B4GALT1-CDG [7], two CDG with
very severe clinical phenotypes.
Furthermore, we previously showed that SLC37A4-CDG-related Nglycosylation defects consist of the accumulation of high-mannose and
hybrid-type N-glycans, together with hyposialylated and hypo
galactosylated structures [3]. To specifically highlight probable major
mannosidase(s) defect(s), we performed complementary MALDI-TOF
MS analysis of Endo H-released high mannose and hybrid-type serum
N-glycans. All affected individuals shared a similar pattern (Fig. 1B),
which efficiently discriminated them from the healthy subject. Results
were even more striking than after peptide-N-glycosidase F treatment
[3] and were clearly different from those found in α1-2 mannosidase
deficiency (MAN1B1-CDG), as reported elsewhere [5,8].
Lastly, SLC37A4-CDG was shown to be associated with an increased
acidification of intraluminal Golgi pH [3]. Since we previously described
altered ester linkages of the ‘HC’ proteins to the chondroitin sulfate (CS)
moiety of the bikunin (Bkn) proteoglycan in CDG with Golgi V-ATPase
proton pump disruption [9], we analyzed serum Bkn isoforms in the
patients. Western blots of the heavy forms of Bkn (ITI and PαI) showed
severely reduced levels compared to controls (Fig. 1C). Moreover, pro
files of unesterified Bkn-CS were similar to controls with the exception of
P2, who presented an abnormally low MW Bkn-CS isoform. In line with

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cca.2021.07.005.
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III-5-1 Presentation of the review
To some extent, this review is a global picture of our project. In this work we reviewed the
current knowledges in the field of PG by describing their intracellular biosynthetic pathways as
well as their structure, classification, and physiological roles. Afterwards, we focused on inborn
diseases resulting from genetic dysfunctions in the PG biosynthetic machinery (i.e., PG-IMD).
We present the different classes of PG biosynthesis defects including linkeropathies, GAG
elongation and sulfation defects, and PG-IMD resulting from abnormal Golgi apparatus
homeostasis. We outline the technical challenge represented by the current diagnosis strategy
and emphasize on the crucial need for new screening biochemical tools. In this context, we
promote bikunin as a promising biomarker by underlining our previous results in blood samples
from various PG-IMD-affected individuals. We mostly highlight the genetic deficiencies for
which Western blot and/or 2-DE have been performed in patients’ serum by indicating the
obtained result (i.e., normal, or abnormal profile) by reference to our publications and personal
data. Moreover, although Bkn analysis have not yet been performed in some PG-IMD, we
anticipate the potential resulting profiles according to the nature of the defective genes. We
show the advantages of Bkn analysis based on the convenience and swiftness of its technical
implementation, as well as its versatility for various applications in screening PG defects. We
also discuss the limits of Bkn analysis applications since they are a priori limited to deficiencies
in liver-expressed genes and CS biosynthetic enzymes.
Lastly, we conclude that bikunin analysis is proving to be an emerging promising asset which
will significantly help clinicians and biologists that manage patients affected by inborn diseases
resulting from PG biosynthesis defects.
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Abstract: Proteoglycans consist of proteins linked to sulfated glycosaminoglycan chains. They con‐
stitute a family of macromolecules mainly involved in the architecture of organs and tissues as major
components of extracellular matrices. Some proteoglycans also act as signaling molecules involved
in inflammatory response as well as cell proliferation, adhesion, and differentiation. Inborn errors
of proteoglycan metabolism are a group of orphan diseases with severe and irreversible skeletal
abnormalities associated with multiorgan impairments. Identifying the gene variants that cause
these pathologies proves to be difficult because of unspecific clinical symptoms, hardly accessible
functional laboratory tests, and a lack of convenient blood biomarkers. In this review, we summa‐
rize the molecular pathways of proteoglycan biosynthesis, the associated inherited syndromes, and
the related biochemical screening techniques, and we focus especially on a circulating proteoglycan
called bikunin and on its potential as a new biomarker of these diseases.
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1. Introduction
Proteoglycans (PGs) consist of core proteins linked to sulfated glycosaminoglycan
(GAG) chains. They constitute a family of around fifty macromolecules involved in a wide
variety of pathophysiological processes in humans [1]. They confer the biomechanical
properties of the osteoarticular system and of the connective tissues of virtually all the
organs during fetal development, growth, and aging. PGs are hydrophilic compounds
mostly present in the extracellular matrices (ECM) in which they interact with each other
and with hyaluronan and collagens. Such interactions are fundamental for the organiza‐
tion of the ECM and its viscoelastic properties [2]. PGs also mediate cell signaling through
their binding to various ligands such as microbial pathogens [3], cytokines [4], and growth
factors [5]. Hence, they modulate inflammatory and healing processes by promoting cell
recruitment and proliferation during infections, cancers, and wound repair (Table S1).
PG biosynthesis occurs in the endoplasmic reticulum (ER) and in the Golgi apparatus
and involves the interplay between numerous molecular actors along the secretory path‐
way. Inherited mutations causing defects in this system could result in severe orphan dis‐
eases called “PG inherited metabolic disorders” (PG‐IMD). The causative variants occur
in genes that encode enzymes responsible for the elongation and modifications of the
GAG chains. They may also affect the proteins and transporters that regulate the synthesis
and delivery of GAG assembly substrates. PG‐IMD share osteoarticular malformations
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and are often associated with cutaneous abnormalities, heart defects, neurological disor‐
ders, deafness, cataracts, and tooth abnormalities [6–8]. Otherwise, mucopolysaccha‐
ridoses (MPS), a group of diseases resulting from defective GAG catabolism, have very
similar clinical presentations to PG‐IMD. They are caused by pathogenic variants in genes
encoding lysosomal GAG‐degrading enzymes leading to deleterious GAG accumulation
in tissues [9].
Regarding the highly variable and unspecific symptomatology of PG‐IMD, conven‐
ient biochemical tests are needed to orient towards PG‐IMD‐causing gene variants or to
ascertain the causality of the mutations unveiled by whole exome sequencing. Whatever
the diagnosis route in PG‐IMD, the current laboratory assays combine genetic sequencing
(gene panels or whole exome sequencing) with the analysis of PG content in patient‐de‐
rived fibroblasts using substrate radiolabeling, chromatography, mass spectrometry (MS),
and Western blotting. Recently, a serum PG called bikunin (Bkn) has emerged as a poten‐
tial new biomarker allowing the rapid detection of several PG biosynthesis deficiencies
[10]. Here, we present an overview of the structure of PGs, their biosynthetic pathways,
the related inherited diseases, and the current laboratory screening techniques. Further‐
more, we highlight the potentials and discuss the limits of serum Bkn as a new versatile
biomarker for the screening and diagnosis of PG‐IMD.
2. Structure, Synthesis, and Modifications of Proteoglycans
As detailed in Figure 1, PGs are composed of a core protein linked to one or several
highly sulfated glycosaminoglycan (GAG) chains such as chondroitin sulfate (CS), derma‐
tan sulfate (DS), heparan sulfate (HS), heparin, or keratan sulfate (KS). Except for KSPGs,
the GAG chains are linked to serine (Ser) residues of the core proteins through a common
tetrasaccharide linker motif [(glucuronic acid–galactose–galactose–xylose) abbreviated as
(GlcA–Gal–Gal–Xyl)]. GAG chains can then be differentiated according to distinct re‐
peated disaccharide motifs linked to the common tetrasaccharide, i.e., [GlcA–GalNAc] for
CS, [IdoA–GalNAc] for DS, [GlcA–GlcNAc] for HS, and [IdoA–GlcN] for heparin. Regard‐
ing KS, they are composed of a [GlcNAc–Gal]n backbone with three types of linkage to the
core protein (Figure 1). Furthermore, several sulfate groups are branched on the sugar
moieties of the GAG chains, making PGs very negatively charged, which is important for
their biological functions [11].
The synthesis of the initiating tetrasaccharide linkage region starts by a serine‐O‐xy‐
losylation catalyzed by xylosyltransferases (XYLT1 or XYLT2). This first reaction begins
in the ER exit sites or in ER/Golgi intermediate compartments and is achieved in the cis‐
Golgi. The two following reactions, which also occur in the cis‐Golgi, are the sequential
additions of two Gal residues by the galactosyltransferases B4GALT7 and B3GALT6, re‐
spectively [12,13]. Afterwards, a GlcA is added by the glucuronyltransferase B3GAT3 in
the medial‐Golgi [14]. Noticeably, after the addition of the first Gal catalyzed by
B4GALT7, the serine‐linked Xyl residue is 2‐O phosphorylated by FAM20B kinase (Figure
2). This phosphorylation is mandatory since it allows the substrate recognition by
B3GALT6 and B3GAT3 for the addition of the two subsequent monosaccharides [15]. The
Xyl‐phosphorylation is transient since the phosphate group is removed by XYLP phos‐
phatase after the achievement of tetrasaccharide synthesis [16]. Additionally, in CS‐PGs
and DS‐PGs, a sulfation occurs either on the first or the second Gal residue of the linker
region and may have a regulatory role for the following GAG elongation [17,18].
After the formation of the tetrasaccharide linker, the GAG chain elongation starts
with the addition of the first N‐acetyl aminosugar (i.e., GalNAc for CS/DS or GlcNAc for
HS/heparin) (Figures 1 and 2). Thereafter, stepwise enzymatic additions of n‐repeated di‐
saccharide motifs produce the backbone of the GAG chains. For CSPGs, the N‐acetygalac‐
tosaminyl‐transferase CSGALNACT1 or CSGALNACT2 transfers a GalNAc on the termi‐
nal GlcA of the linkage region [19]. The following polymerization of the [GlcA–GalNAc]n
backbone is ensured by a chondroitin sulfate synthase complex (CHSY) composed of six
enzymes, namely CHSY1, CHSY2, CHSY3, chondroitin polymerizing factor (CHPF),
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CSGALNACT1, and CSGALNACT2 [20–23]. A family of glycosyltransferases called exos‐
tosins (EXT) and exostosin‐like (EXTL) proteins mediates HS elongation. The GlcNAc
transfer to the linkage region is catalyzed by EXTL2 or EXTL3 and the following [GlcA–
GlcNAc]n polymerization is ensured by EXTL1, EXT1, and EXT2 [24–26] (Figure 1). In
type‐I KS, the elongation starts with the N‐glycan branching of a GlcNAc residue to an
asparagine (Asn) of the core protein. In type‐II KS, a GalNAc is added to a Ser/Thr to form
a mucin core‐2 O‐glycosidic linkage. Regarding type‐III KS, the linkage region consists of
a mannose O‐linked to a Ser/Thr of the core protein. The three KS GAG‐type chains consist
of a sulfated [GlcNAc–Gal]n (polylactosamine) backbone that is synthesized by B3Glc‐
NAcT7, B4GALT4, and the sulfotransferase KSGal6ST [27–29].

Figure 1. Biosynthesis and modifications of proteoglycans. Upon the core protein‐linked tetrasaccharide linkage region
(i.e., GlcA–Gal–Gal–Xyl), GAG chain polymerization starts with the transfer of a first amino sugar (i.e., GalNAc for CS
and GlcNAc for HS) and continues with the addition of repetitive [GlcA–GalNAc] for CS and [GlcA–GlcNAc] for HS.
Epimerization from CS to DS (i.e., [IdoA–GalNAc] backbone) and from HS to heparin (i.e., [IdoA–GlcNAc] backbone)
could occur. The GAG chains are also modified by sulfate groups. Each pathway involves specific glycosyltransferases,
sulfotransferases, and epimerases. For KS GAG chain elongation, there are three types of initiations leading to KS‐I, KS‐II,
and KS‐III GAG chains, which are composed of a polylactosamine backbone [GlcNAc–Gal]. Enzyme abbreviations: XYLT:
Xylosyltransferase; B4GALT7: β‐4‐galcatosyltransferase7; B3GALT6: β‐3‐galactosyltransferase6; B3GAT3: β‐3‐glucuronyl‐
transferase3; CSGALNACT: chondroitin sulfate N‐acetylgalactosaminyltransferase; CHSY: chondroitin synthase complex;
CHST: chondroitin sulfotransferase; DS epi: dermatan sulfate epimerase; U2ST: uronic acid‐2‐sulfotransferase; D4ST: der‐
matan‐4‐sulfotransferase; EXT: exostosin family protein; EXTL: exostosin‐like; NDST: N‐deacetylase/N‐sulfotransferase;
HSST: heparan sulfotransferase; HS epimerase: heparan sulfate epimerase.
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Various modifications, notably including sulfation reactions, occur on the repeated
disaccharide motifs of the GAG chains (Figure 1). For the CS chains, chondroitin‐4 sul‐
fotransferases (C4ST)‐1, ‐2, and ‐3 as well as C6ST‐1 and ‐2 mediate the sulfation of several
GalNAc residues [30–33]. GlcA residues can also be sulfated by the uronic acid sulfotrans‐
ferase (U2ST) [34]. Furthermore, varying proportions of GlcA residues of the CS chains
can be converted to IdoA by the DS epimerases (DSE)‐1 and ‐2 to form DS chains [35,36].
Sulfations occur on both GalNAc and IdoA residues via D4ST1 (CHST14) and U2ST, re‐
spectively [34–37]. For HSPGs, several GlcNAc residues undergo N‐deacetylation and
subsequent N‐sulfations catalyzed by bifunctional enzymes named GlcNAc N‐deacety‐
lase/N‐sulfotransferases (NDSTs) [38,39]. The resulting sulfoglucosamine (GlcNS) resi‐
dues can undergo an additional 6‐O sulfation via a 6‐O sulfotransferase to form GlcNS,6S
[40]. Additionally, for the formation of heparin, some GlcA residues are converted by the
HS‐epimerase to IdoA residues, which are further sulfated [41]. For KSPGs, sulfations oc‐
cur on both GalNAc and Gal residues composing the KS chain and are catalyzed by
Gal6ST (CHST1) and GlcNAc6ST (CHST5 and/or CHST6) [42–44]. Finally, minor modifi‐
cations of some GAG chains by sialic acid and fucose residues have been reported [45].

Figure 2. Biosynthesis and modifications of the tetrasaccharide linkage region. The successive steps of the initiating tetra‐
saccharide biosynthesis and modifications are represented with the corresponding enzymes. Transfer of the first amino‐
sugar of CS or HS chains is also illustrated. The transient phosphorylation of the xylose occurs after the first Gal addition
and is removed before the first aminosugar transfer. Enzyme abbreviations: XYLT: Xylosyltransferase; B4GALT7: β‐4‐
galactosyltransferase7; FAM20B: Family with sequence similarity 20B; B3GALT6: β‐3‐galactosyltransferase6; B3GAT3: β‐
3‐glucuronyltransferase3; XYLP: xylose phosphatase; GalNAcT: N‐acetylgalactosaminyltransferase; GlcNAcT: N‐acetyl‐
glucosaminyltransferase.

PG biosynthesis enzymes are transmembrane proteins having precise localization
into the successive subcompartments of the Golgi apparatus according to the reaction they
catalyze. This organization is maintained by a balance between the anterograde and ret‐
rograde Golgi vesicular trafficking [46]. While the molecular motors dyneins and kinesins
transport cargo vesicles along microtubules, the coat protein complexes (COP 1 and COP
2) and tethering factors such as the conserved oligomeric complex (COG 1–8) participate
in vesicle budding and fusion [47].
The substrates of glycosyltransferases during GAG elongation are uridine‐diphos‐
phate (UDP)‐sugars. Their synthesis occurs in the cytosol and involves numerous meta‐
bolic pathways including the formation of phospho‐sugars (e.g., Gal‐1‐P, GalNAc‐1‐P)
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and a process frequently called “activation” consisting of the transfer of UDP to the phos‐
pho‐sugars by specific UDP‐sugar pyrophosphorylases [48,49]. Afterwards, the activated
UDP‐sugars are translocated into the lumen of the ER and the Golgi apparatus through
transmembrane nucleotide‐sugar transporters (NSTs). At least 31 NSTs belonging to the
solute carrier 35 family (SLC35) have been described [50,51]. Glycosylation reactions re‐
lease free UDP molecules, which are further converted by nucleotidases such as calcium‐
activated nucleotidase‐1 (CANT1) to uridine‐monophosphate [52], the latter being ex‐
ported to the cytosol by NSTs to the benefit of new UDP‐sugar molecules.
For sulfation reactions, sulfotransferases use the sulfate donor 3′‐phospho‐adenosine
5′‐phospho‐sulfate (PAPS). The biosynthesis of PAPS occurs in the cytosol and is mediated
by PAPS synthases (PAPSS 1 and 2) that catalyze the transfer of phospho‐adenosine‐phos‐
phate to inorganic sulfate (SO42‐) [53]. The activated PAPS molecules are then transported
into the Golgi lumen by SLC35B2 and SLC35B3 transporters [54,55]. GAG sulfation reac‐
tions release free PAP that is hydrolyzed by inositol‐monophosphatase 1 (IMPAD1) into
adenosine‐monophosphate and inorganic phosphate [56].
3. Classification, Distribution, and Roles of Proteoglycans
PGs can be classified into four classes (Table S1) according to their cellular localiza‐
tion. The unique known intracellular PG is serglycin, which carries a heparin chain or a
CS chain according to the cell type. It is involved in the storage of histamine and proteases
into secretory granules in mast cells and macrophages for their delivery during inflam‐
matory response [57].
The second class of PGs includes those embedded into the cell plasma membrane
such as syndecans and glypicans. In numerous cell types including leucocytes and epithe‐
lial cells, their extracellular domain binds several ligands such as the vascular endothelial
growth factor (VEGF) and inflammatory cytokines. This leads to various signal transduc‐
tion pathways regulating leukocyte recruitment, angiogenesis, cell proliferation, and dif‐
ferentiation [58]. They also interact with ECM components such as collagens, hyaluronan,
and fibronectin to form the ECM network [59]. Otherwise, the cytoplasmic domain of cell
surface PGs interacts with the cytoskeleton, thereby participating in cell motility [60].
Pericellular PGs (the third class) are linked to the cell surface through adhesion mol‐
ecules such as integrins and constitute a supportive matrix allowing interactions with the
cellular microenvironment. For example, perlecan is a ubiquitous HSPG located in the
basement membranes, which is involved in healing and angiogenesis during wound re‐
pair by interacting with collagen IV and VEGF, respectively [61].
The fourth class of PGs comprises the extracellular PGs that are composed of hyalu‐
ronan‐ and lectin‐binding PGs (hyalectans) and the small leucin‐rich proteoglycans
(SLRPs). Aggrecan is a hyalectan that carries several CS, DS, and KS GAG chains and is
the main PG of cartilage. It forms bulky aggregates with hyaluronan, collagen fibrils, and
with other PGs to generate a hydrated gel underlying the viscoelastic consistence and the
resistance of cartilage [62]. Biglycan is a CS/DS PG of the SLRPs family that is ubiquitously
found in ECMs. Among the wide range of its physiological functions, biglycan is involved
in bone formation by regulating osteoblast differentiation through interaction with the
bone morphogenic protein (BMP) [63]. Decorin, an SLRP carrying a DS chain, is mostly
present in skin ECM where it interacts with collagen I, epidermal growth factor receptor,
and FGF to promote wound healing and to attenuate tumor growth [64]. In blood and
urine, the inter‐α‐trypsin inhibitor proteins (IAIPs) are SLRPs carrying a unique short CS
chain branched on the core protein Bkn. Their roles are described below in a dedicated
section. Another circulating PG called endocan is a DSPG secreted by endothelial cells
that inhibits leucocyte migration and adhesion to inflamed tissues as well as angiogenesis
and cell proliferation during wound healing and tumor progression [65] (Table S1).
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4. Inborn Errors of Proteoglycan Metabolism
PG‐IMD mostly consist of skeletal, connective tissue, and cartilage defects. The phe‐
notypes comprise various osteoarticular manifestations including skeletal dysplasia, joint
dislocations, and dysmorphisms [6]. Patients also display other symptoms including skin
hyperelasticity, neurological disorders, growth retardation, heart defects, deafness, tooth
abnormalities, and ocular troubles. PG‐IMD can be classified according to the defective
step of PG biosynthesis. Therefore, one can distinguish those caused by impaired tetra‐
saccharide linker formation (linkeropathies), GAG elongation, GAG sulfation, substrate
supply, and by defects in Golgi homeostasis (including Golgi vesicular trafficking and
ionic environment) (Table S2). Importantly, it appears that no clinical characteristic could
differentiate a PG‐IMD subgroup from another one.
Linkeropathies designate disorders due to the defective synthesis of the common
tetrasaccharide linkage region. They arise from pathogenic variants in XYLT1, XYLT2,
B4GALT7, B3GALT6, and B3GAT3, which result in Desbuquois dysplasia, spondylo‐ocu‐
lar syndrome, Ehlers–Danlos type 1 and type 2, and Larsen‐like syndrome, respectively
[12,66–69]. Otherwise, benign bone tumors called exostosis are displayed during inherited
defects of HS polymerizing enzymes (i.e., EXT1 and EXT2), the resulting “hereditary mul‐
tiple exostosis syndrome” (HMES) being the most frequent skeletal genetic disorder with
a prevalence estimated at 1:50,000 [70,71]. GAG sulfation defects, which arise from defec‐
tive sulfate uptake, activation, or linkage to the GAG chains (Table S2), lead to a range of
unspecific skeletal disorders including severe achondrogenesis and spondylo‐epiphyseal
dysplasia [72]. Most pathogenic variants in genes encoding sugar transporters and Golgi
homeostasis regulators lead to congenital disorders of glycosylation (CDG) [73]. Affected
individuals mostly display impaired N‐ and O‐glycosylation of proteins, but additional
alterations of the PG metabolism have been reported in SLC35A2‐CDG and SLC35A3‐
CDG (i.e., UDP‐Gal and UDP‐GlcNAc Golgi transporter defects) [74,75], in deficiencies of
COG4 and GORAB (i.e., proteins regulating the Golgi retrograde trafficking) [76,77], and
in TMEM165‐CDG and SLC10A7‐CDG (i.e., Mn2+ and Ca2+‐related transporter defects, re‐
spectively) [78,79]. The clinical manifestations of these CDG with PG defects remain wide
and unspecific like in other CDG. Noticeably, arthrogryposis and cutis laxa are displayed
by SLC35A3‐CDG and GORAB‐CDG, respectively, while very severe skeletal dysplasia is
associated with major osteoporosis and tooth abnormalities during TMEM165 and
SLC10A7 deficiencies, respectively. Finally, a condition with severe developmental delay
and epileptic seizures has been described in individuals with pathogenic variants in
UGDH, a gene coding for UDP‐glucose dehydrogenase that forms UDP‐GlcA from UDP‐
glucose [80] (Table S2).
5. Current Laboratory Tools and Examples of Applications
The low incidence of PG‐IMD and their unspecific clinical signs make a diagnosis
only based on a clinical approach difficult. As shown in Figure 3, the screening strategy
benefits from the development of next‐generation sequencing techniques (gene panels,
whole exome/genome sequencing) classically applied to DNA from blood‐derived lym‐
phocytes for the early identification of potentially causative gene variants. However, to
ascertain their pathogenicity and perform an accurate diagnosis, the implementation of
tedious biochemical assays is often required. In most cases, invasive skin biopsies are per‐
formed and addressed to specialized laboratories where the overall PG content of fibro‐
blasts is evaluated and compared to controls. The most common strategy involves fibro‐
blasts cell culture in the presence of radiolabeled substrates (35S and 3H‐radiolabelled sug‐
ars) that enter the cells and are incorporated to the GAG chains of PGs. Afterwards, liquid
scintillation counting is employed to quantify labeled GAGs in cell culture media or ly‐
sates (Figure 3). For example, this technique allowed the detection of decreased PG bio‐
synthesis in XYLT1‐ and CANT1‐deficient patient fibroblasts [66,81]. The quantification
of the fibroblast PG content by immunostaining is also possible using antibodies and/or
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lectins recognizing the GAG chains. Enzyme‐linked immunosorbent assay using anti‐
CS/DS antibodies showed reduced immunostaining in CSGALNACTl‐deficient patient fi‐
broblasts [82]. Flow cytometry using anti‐CS and ‐HS antibodies showed a significant de‐
crease in cell surface CS and HSPG in patients with B3GAT3 linkeropathy [69]. More ac‐
curate analyses allowing the determination of GAG disaccharide composition and sul‐
fation degree could be performed using high‐performance liquid chromatography
(HPLC) and mass spectrometry (MS) following specific enzymatic treatments (Figure 3).
Indeed, the disaccharide units of CS/DS, HS/heparin, and KS GAG chains are obtained by
treating the cell lysates with chondroitinase, heparitinase, and keratanase (i.e., GAG ly‐
ases), respectively. HPLC analysis of chondroitinase‐treated fibroblast lysates from DSE‐
deficient patients showed decreased amounts of [IdoA–GalNAc] disaccharide (i.e., the DS
backbone) compared to controls [83]. HPLC–MS coupling highlighted reduced [IdoA‐Gal‐
NAc4‐O‐sulfate] levels in chondroitinase‐treated cell fractions from D4ST1‐deficient pa‐
tients compared to controls [84]. Otherwise, specific PGs from skin fibroblasts such as
decorin and biglycan can be used as markers, using antibody‐based Western blot tech‐
niques, to highlight defective PG biosynthesis, as it has been performed for a patient with
B4GALT7 linkeropathy [85].
Fibroblasts are also convenient cells for functional biochemical analyses to highlight
loss of function resulting from the suspected gene variant. Indeed, decreased enzymatic
activities were shown for XYLT2 [67], B4GALT7 [85], and B3GAT3 [69] in patient fibro‐
blasts. In the case of defective UDP‐sugar transporters, substrate uptake assays can be
performed as shown in SLC35A3 mutated patient fibroblasts with reduced UDP‐GlcNAc
transport [86]. Additionally, observations of the Golgi apparatus using electron and/or
fluorescence microscopy can highlight morphological alterations, impaired antero‐
grade/retrograde trafficking balance, and the mislocalization of enzymes and transporters
involved in PG biosynthesis such as in COG4 deficiency [76] (Figure 3). Less commonly,
blood and urine can be used to quantify total GAG levels. Purification steps involving
anion exchange chromatography and desalting allow the isolation of GAGs, which are
further digested using GAG lyases (Figure 3). GAG disaccharide composition and sul‐
fation degree can then be analyzed using HPLC or MS as it has been performed for pa‐
tients with EXT1 and EXT2 deficiency where HS‐related disaccharide plasma levels were
decreased compared to controls [87]. Blood and urine samples can also be already treated
with GAG lyases and applied to a centrifugal filter before analyzing GAG disaccharide
containing filtrate by HPLC/MS. This technique showed decreased HS serum levels in
EXTL3‐deficient cases [88], while major hyposulfation of CS chains was detected in urine
from one CHST3 mutated patient [89]. Regarding MPS, their biochemical diagnosis is
mostly based on a colorimetric method using dimethyl‐methylene blue, which switches
to purple when mixed with urine samples containing increased GAG concentrations.
Qualitative GAG analyses from blood and urine are also performed using HPLC/MS to
determine the defective GAG catabolic step [90].
The above biochemical techniques are time‐consuming and often require complex
technical handling and expensive material. Skin biopsies are invasive, especially for
young children. Moreover, in vitro primary culture of skin fibroblasts can trigger pheno‐
type changes and bias or affect the reproducibility of the results. Additionally, cell cul‐
tures are vulnerable to microbial contaminations and thus need skilled personnel able to
ensure cautious handling for long‐term cell viability. Blood and urine constitute more af‐
fordable biological material with easy sampling and storage. However, the complexity of
blood composition and the presence of high amounts of salts in urine can hinder the fol‐
lowing HPLC and/or MS analyses of the PG and/or GAG content. Therefore, some pre‐
liminary purification and desalting steps are frequently required [87].
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Figure 3. Schematic of current PG‐IMD diagnosis strategy. Once PG defect is suspected clinically, genetic screening and
GAG assessment are performed using patient’s samples. Whole genome/exome sequencing allows the identification of
possibly pathogenic variants in PG metabolism‐associated genes. Fibroblasts from skin biopsies are cultured with radio‐
labeled substrates and the measured radioactivity in cell extracts reflects PG biosynthesis capacities. Fibroblasts are also
used for functional analyses measuring the activity of the suspected defective enzyme or transporter, while microscopy
could detect protein mislocalization and/or abnormal Golgi morphology. Antibody‐based techniques such as Western blot
and flow cytometry are useful for highlighting impaired PG biosynthesis by targeting GAG chains or PG core proteins
such as decorin and biglycan. As from blood and urine, GAGs could be assessed by analyzing purified and enzymatically
released disaccharides using HPLC/MS. Altogether, these laboratory analyses either orient towards a genetic deficiency
or confirm the causality of the suspected gene variant.

Genes 2021, 12, 1654

9 of 19

Regarding the current lack of rapid and simple routine analyses for the screening/di‐
agnosis of PG biosynthesis defects, the discovery and development of new blood and/or
urine biomarkers are mandatory. In this context, we recently evaluated a new biochemical
test based on the analysis of serum bikunin (Bkn), a CS‐type PG found in the blood at high
levels [10,91]. In the following sections, we describe the structure and roles of this proteo‐
glycan and discuss its potentials and limits as a convenient blood biomarker of PG‐IMD.
6. Bikunin Proteoglycan Isoforms
Bikunin (Bkn) is a serum protein mainly synthesized by the liver. It constitutes the
core protein of a group of original CSPGs known as the inter‐α‐trypsin inhibitor proteins
(IAIPs) (Figure 4). They consist of three isoforms, i.e., one light form (35 to 45 kDa) corre‐
sponding to the core Bkn linked to a short CS chain (Bkn–CS), and two heavy forms named
Pro‐α‐trypsin inhibitor (PαI) (125 kDa) and Inter‐α‐trypsin inhibitor (ITI) (225 kDa). In
ITI, the CS chain is esterified by two different heavy chain (HC1 or HC2) glycoproteins,
while HC3 attachment produces PαI (Figure 4) [92]. CS chain elongation on the core pro‐
tein involves the classical pathway of CSPG biosynthesis (described above) with the link‐
age of the HCs to a distal GalNAc residue in the trans‐Golgi network (TGN). Such a “pro‐
tein‐GAG‐protein(s)” structure has been described exclusively in IAIPs [93]. The pro‐
duced isoforms are then secreted into the blood at high levels, with ITI and PαI being the
major circulating isoforms [94]. In urine, no heavy form is normally found since they do
not cross the glomerular barrier, but Bkn–CS is present in rather high amounts [95]. Note
that IAIP serum and urine levels could be markedly modulated in pathological situations
such as cancer, inflammation, liver diseases, and infectious diseases [96,97].
Concerning the physiological roles of IAIPs, they can be extravasated under various
stimuli and then can exchange their HCs with hyaluronan to form HC–hyaluronan com‐
plexes that stabilize the ECM [98]. Such an exchange has protective effects against the
degradation of joint ECM during osteoarthritis [99]. It also promotes the sequestration and
inactivation of leucocytes during sepsis [100] and the protection of oocytes and of the am‐
niotic membrane during ovulation and fetal development [101]. Additionally, the Bkn
core protein carries inhibitory activity towards inflammation‐associated proteases [102].
Otherwise, HCs have been shown to interact with vitronectin, a glycoprotein of the ECM
involved in tissue repair [103].
7. Serum Bikunin Analyses in PG‐IMD
The high serum levels of Bkn isoforms together with the availability of specific anti‐
bodies enable their easy, rapid, and rather cost‐effective Western blot analysis for the
screening of PG‐IMD. Furthermore, Bkn–CS has a simple structure consisting of a unique
and short CS chain branched on a small core protein not subjected to marked polymor‐
phisms. These features facilitate the Western blot profile reading and interpretation by
highlighting marked differences compared to controls in PG defects.
Western blot analysis of serum protein samples allows the detection of the three Bkn
isoforms (ITI, PαI, and Bkn–CS) as well as the free Bkn core protein, with ITI and PαI
being the major isoforms [10,91]. Analyses in dried blood spots and in urine have also
been considered and gave encouraging results (unpublished data). In complement to clas‐
sical Western blot, two‐dimensional electrophoresis (2‐DE) of Bkn–CS can highlight the
negative charges provided by sulfate and phosphate groups [10]. However, it must be
noted that 2‐DE does not provide accurate structural data on GAG chains in contrast to
mass spectrometry. Moreover, 2‐DE technical handling could be rather delicate for inex‐
perienced operators.
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Figure 4. Schematic structure of bikunin isoforms (IAIP). The heavy forms ITI and PαI result from the esterification of the
glycoproteins HC1, HC2, and HC3 with the CS chain of the bikunin (Bkn) core protein. The light forms correspond to UTI
(Bkn–CS) and the core protein Bkn. The CS chain consists of 15 +/‐3 [GlcA–GalNAc] disaccharide units and is sulfated at
several GalNAc residues and at the second Gal residue of the linker region.
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We addressed in Figure 5 the stepwise biosynthesis of Bkn–CS within the secretory
pathway and highlighted the respective involvements of known PG‐IMD‐associated
genes. This schematic overview points out the high diversity of the metabolic pathways
engaged towards GAG elongation as well as the importance of their harmonious inter‐
play. We also highlighted in Figure 5 the genes whose pathogenic variants impaired Bkn–
CS biosynthesis and those for which Bkn analysis has not been performed yet, with antic‐
ipated potential results. We showed abnormal tetrasaccharide formation in patients with
B4GALT7, B3GALT6, and B3GAT3 linkeropathies and impaired CS elongation in the
CHSY1 inherited defect, with the ability to discriminate between respective deficiencies
using 2‐DE [10,91]. For the FAM20B kinase deficiency, it is likely that the 2‐DE of serum
Bkn–CS would reveal a lack of xylose phosphorylation.
In PG‐IMD due to defective sugar transport and activation, we showed abnormalities
in one individual with SLC35A3‐CDG (impaired UDP‐GlcNAc transporter) but a normal
profile in one SLC35A2‐CDG case (impaired UDP‐Gal transporter), suggesting, at least in
this individual, a preferential supply of UDP‐Gal to GAG elongation rather than N‐glyco‐
sylation. It would be interesting to analyze serum Bkn in CANT1 and SLC35D1 deficien‐
cies. Otherwise, the Bkn–CS profile was clearly abnormal in TMEM165‐CDG, and it would
be mandatory to perform the analysis of other PG‐IMD with Golgi homeostasis impair‐
ments such as COG4 and GORAB deficiencies. Finally, Bkn–CS sulfation can be assessed,
notably using 2‐DE, with interesting potentials in PG‐IMD with impaired sulfotransfer‐
ases (CHSTs), sulfate transporters (SLC26A2, SLC35B2), PAPS synthases (PAPSS1/2), and
IMPAD (Figure 5). This way, we recently found altered Bkn–CS profiles in one SLC35B2‐
deficient individual (submitted publication).
Altogether, these features show that the Bkn–CS profile could bring a rapid evalua‐
tion of the overall functionality of PG biosynthesis in a simple screening laboratory tool.
Moreover, the Bkn signature profiles displayed in some PG‐IMD [10,91] suggested the
ability to provide an accurate identification of some causative gene deficiencies. Never‐
theless, serum Bkn–CS analysis is limited to the screening of pathological gene variants
expressed by the liver. Accordingly, we observed a normal profile in XYLT1 linkeropathy
(XYLT1 is not expressed in the liver) in contrast to an abnormal one detected in XYLT2
deficiency (unpublished data). Likewise, the Bkn–CS profile was normal in a patient with
the CHST3 pathogenic variant (personal data) and should also be normal in CSGAL‐
NACT1 and U2ST inherited deficiencies since the liver does not express these genes. Fur‐
thermore, during specific alterations of HS or KS GAG elongation and sulfation, it is very
likely that Bkn–CS may be unaffected, which remains to be tested in EXT1/2, EXTL2,
CHST6, and CHST14 mutated individuals (Figure 5). Note that an isolated HS biosynthe‐
sis defect was shown during SLC10A7 deficiency [80]; the latter could therefore lead to an
unaffected Bkn–CS profile. Evaluating additional circulating PGs such as PG‐100, endo‐
can, or apolipoprotein‐O could compensate such limitations of Bkn–CS isoforms as PG‐
IMD blood biomarkers.
8. Conclusions
The biosynthesis of PGs constitutes an intricate network of diverse metabolic path‐
ways whose study proves to be a daunting task. Moreover, the severe clinical conse‐
quences of PG‐IMD emphasize the major importance of PGs in pathophysiology and re‐
call the need for improving the monitoring of these disorders. So far, the biochemical
screening strategy relies on rather laborious technical implementations with a lack of rou‐
tine assays to alleviate the burden of diagnosis for specialized clinicians and biologists. In
this context, a single Bkn–CS isoform analysis is a promising tool that can direct the diag‐
nosis towards numerous PG‐IMD simultaneously, at least for liver‐expressed gene mu‐
tants.
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Figure 5. Schematic view of Bkn–CS biosynthesis into the secretory pathway and impact of PG‐IMD gene deficiencies on
Bkn analysis profile. The function of each PG‐IMD‐associated gene is depicted together with the Bkn–CS elongation, mod‐
ifications, and sorting within the secretory pathway in hepatocytes. The latter include an ER‐to‐Golgi anterograde vesicu‐
lar flow along microtubules as ensured by dynein molecular motors while retrograde trafficking within the Golgi involves
tethering factors (COG complex) and Rab‐GTPase‐associated proteins such as GORAB. Additionally, retrograde transport
to the ER involves kinesins. Golgi homeostasis is maintained by ionic equilibrium (H+, Na+, Mn2+, Ca2+) involving ion
transporters such as TMEM165. UDP‐sugars and PAPS are synthesized in the cytosol by specific enzymes and their uptake
within the ER/Golgi lumen is ensured by nucleotide sugar transporters and PAPS transporters, respectively. Nascent PGs
are sorted in the TGN and packed into cargo vesicles addressed through kinesin‐dependent post‐Golgi traffic to the
plasma membrane and then to the ECM and/or to blood after exocytosis. Deficiencies in the highlighted genes lead to PG‐
IMD syndromes, the screening of which could benefit from serum Bkn analysis. Deep and light orange boxes represent
gene deficiencies leading to abnormal (already investigated) and potentially abnormal (not yet investigated) Bkn–CS bio‐
synthesis, respectively. Deep and light green boxes include genes whose deficiency results in normal (already investi‐
gated) and potentially normal (not yet investigated) Bkn profiles, respectively.
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Abbreviations
2‐DE

two‐dimensional electrophoresis

AMP

adenosine monophosphate

Bkn

bikunin

B3GALT6

β‐3 galactosyltransferase 6

B3GAT3

β‐3 glucuronyltransferase 3

B4GALT7

β‐4 galactosyltransferase 7

CANT1

calcium activated nucleotidase 1

CHST

chondroitin sulfotransferase

CHSY1

chondroitin synthase 1

COG

conserved oligomeric Golgi

COP

coated protein complex

CS

chondroitin sulfate

CSGAL‐
NACT

chondroitin sulfate GalNAc transferase

D4ST

dermatan‐4‐sulfotransferase

DS

dermatan sulfate

DSE

dermatan sulfate epimerase

ECM

extracellular matrix

ER

endoplasmic reticulum

EXT

exostosin

EXTL

exostosin‐like

FAM20B

family with sequence similarity member 20B

GAG

glycosaminoglycan
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Gal

galactose

GalNAc

N‐acetygalactosamine

GlcA

glucuronic acid

GlcN

glucosamine

GlcNAc

N‐acetylglucosamine

GORAB

golgin Rab6‐interacting protein

HC pro‐
tein

‘heavy chain’ protein

HMES

hereditary multiple exostosis syndrome

HPLC

high‐performance liquid chromatography

HS

heparan sulfate

IAIP

inter‐α‐trypsin inhibitor proteins

IdoA

iduronic acid

IMPAD1

inositol monophosphatase domain‐containing 1

ITI

inter‐α‐trypsin inhibitor

KS

keratan sulfate

MS

mass spectrometry

NDST

N‐deacetylase/N‐sulfotransferases

PAP

phospho‐adenosine phosphate

PAPS

3′‐phosphoadenosine 5′‐phosphosulfate

PαI

pro‐α‐trypsin inhibitor

PG

proteoglycan

PG‐IMD

PG inherited metabolic disorders

Ser

serine

SLC35

solute carrier 35

SRLP

small leucin‐rich proteoglycans

TGN

trans‐Golgi network

TMEM165

transmembrane protein 165

U2ST

uronyl 2‐O‐sulfotransferase or uronosyl 2‐O‐sulfotransferase

UTI

urinary trypsin inhibitor

UDP/UMP

uridine di/monophosphate

Xyl

xylose

XYLT

xylosyltransferase

XYLP

xylose phosphatase
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III-6 Bikunin analyses in HepG2 cells with
Golgi homeostasis defects

III-6-1 Effects of Bafilomycin A1-mediated Golgi pH defects on bikunin profile
Bafilomycin A1 targets the vacuolar-type H+ -ATPase (V-ATPase) enzyme, a membrane
spanning proton pump that acidifies either the extracellular environment or intracellular
organelles such as the lysosome (336). Intracellularly, alkalization is expected to cause a
delayed Golgi-to-ER retrograde trafficking, leading to decreased activity and mislocalization
of several glyco-enzymes (337,338). Together, these perturbations might cause glycosylation
defects including abnormal PG biosynthesis (339).
In this section, we present our evaluation of the potential of Bkn as a marker of V-ATPase
defects in vitro using as a model the HepG2 hepatocellular carcinoma-derived cell line treated
with Baf A1. We first ensured that HepG2 could efficiently secrete Bkn in normal conditions.
Therefore, cells were cultivated in a fetal bovine serum-free medium for 72 h and Bkn was
analyzed by Western blot in the resulting supernatant. As showed in Figure 27, Western blot
profile displays two heavy forms corresponding to ITI (225kDa) and PαI (~ 130-200 kDa) and
two light forms corresponding to Bkn-CS (~ 35-45 kDa) and free Bkn (26kDa). This result
showed that HepG2 cells can produce, mature and secrete Bkn.
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Figure 27: Western blot profile of secreted Bkn isoforms from HepG2 cells
Cells were cultivated in a fetal bovine serum-free medium. After 72 h, secreted Bkn was analyzed in the
supernatant (40 µL) in triplicate. Each Bkn isoform was detected.

Afterwards, we verified that Baf A1 treatment of HepG2 can efficiently trigger (i) pH
increase in acidic organelles, (ii) disturbed retrograde trafficking and (iii) glycosylation defects.
To ensure that Baf A1 treatment results in pH disturbances in HepG2, we used Lysotracker
(LysoT), a fluorescent probe which labels acidic organelles including the Golgi apparatus (340).
Cells were pretreated with Baf A1 (50nM) for 72 h and LysoT was added into the culture
medium. After 30 min, cells were fixed for fluorescence microscopy observation. In control
cells, we observed various LysoT-positive intracellular regions corresponding to acidic
organelles. In contrast, we found drastic fluorescence decrease in Baf A1-treated cells. This
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result indicates that Baf A1 induced an efficient alkalization of intracellular organelles
including most probably the Golgi apparatus (Figure 28).

Figure 28: Immunofluorescence analysis of Lysotracker in control and Baf A1-treated
HepG2
Lysotracker (green) and Dapi DNA marker (blue) immunofluorescent co-staining was performed in
controls and 72 h Baf A1 (50nM)-treated HepG2. Magnification x40.

To determine whether such rise of pH is accompanied by impaired Golgi-to-ER retrograde
trafficking, we studied the effects of BFA in Baf A1-treated HepG2. We used albumin, a protein
largely routed through the ER-Golgi pathway, as a marker of the vesicular trafficking. As shown
in Figure 29 A, albumin staining in both control and Baf A1-treated cells displayed, in absence
of BFA, a compact organization consistent with a Golgi distribution. In cells treated for 4 min
with BFA (10µM), albumin staining displayed an ER distribution indicating massive return of
albumin to the ER. In contrast, albumin staining in Baf A1-treated cells exhibited several
vesicular aggregates upon 4 min of BFA exposition, suggesting blockade of Golgi membrane
fusion with the ER. Quantifications of cells presenting BFA-induced ER distribution of albumin
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were performed upon 1, 2, and 4 minutes of BFA treatment. For each BFA treatment time, the
results show that with respect to controls, only ~30% of the cells displayed an ER distribution
of albumin in Baf A1-treated cells (Figure 29 B). Baf A1 therefore efficiently inhibits Golgito-ER redistribution of albumin under BFA treatment.

Figure 29: Assessment of BFA-induced Golgi-to-ER retrograde trafficking in control
and Baf A1-treated HepG2
A) Albumin immunofluorescent labelling in control and Baf A1-treated cells exposed to BFA (10µM)
for 4 minutes. Magnification x40 B) Quantification of cells presenting BFA-induced ER redistribution
of albumin in control and Baf A1-treated cells incubated with BFA for 1, 2 and 4 minutes. Percentages
were calculated from 200 cells in each condition.
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To address the effects of Baf A1 on protein glycosylation, cells were treated with Baf (50
nM) for 72 h, and the cell culture supernatant was collected for Western blot analysis of
transferrin and orosomucoid, two N-glycosylated proteins. As showed in Figure 30, the
apparent molecular weight and the level of glycoprotein secretion of these two glycoproteins
were clearly decreased in Baf A1-treated cells in comparison to controls. This result indicates
that Baf A1 treatment triggered N-glycosylation defects in HepG2 cells.

Figure 30: Western blot analysis of transferrin and orosomucoid in Baf A1-treated
HepG2
Western blot profiles of transferrin and orosomucoid in supernatant from control and Baf A1-treated
HepG2. Left schemes illustrate the N-glycosylation patterns of both glycoproteins

Altogether, these results indicate that HepG2 treatment with 50 nM Baf during 72 h could
constitute an appropriate model to assess the potential of Bkn as an in vitro biomarker of Golgi
homeostasis defects due to impaired V-ATPase.
HepG2 cells were incubated with Baf A1 to analyze the secreted Bkn in the resulting cell
culture medium. At 48 h, Bkn Western blot profile analysis of control culture media displayed
two forms corresponding to PαI (~ 130-200 kDa) and Bkn-CS (~ 35-45 kDa). In Baf A1-treated
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cells, both forms were found with strikingly increased size range, together with a decreased
intensity of Bkn-CS compared to controls (Figure 31 A). At 72 h, the Bkn profile of control
cells exhibited an additional ~ 225 kDa band that is likely to correspond to ITI while PαI and
Bkn-CS band intensities were consistently more pronounced than after 48 h of secretion. As for
Baf A1 48 h-treated cells, Bkn-CS and PαI MW were increased, and total Bkn levels were
decreased (ITI was not detected) compared to controls.
To examine whether the increased MW of Bkn isoforms in Baf A1-treated cells is due to
an over-elongated Bkn-CS chain or to a defective AMBP intracellular cleavage, cell
supernatants were treated by chABC to analyze Bkn resulting profile. As showed in Figure 31
B, chABC treatment resulted a band size consistent with the Bkn-hexasaccharide form in both
control and Baf A1-treated cells. Moreover, analysis of A1MG profile showed a unique 34kDa
band in both control and Baf A1- supernatants. These results indicated that the abnormally
increased Bkn isoforms sizes in Baf A1-treated cells originate from an over-lengthened (and
over-sulfated ?) Bkn-CS chain and not from a defective AMBP cleavage.
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Figure 31: Western blot profile of Bkn in supernatant and lysate of Baf A1-treated
HepG2
A) Bkn profile in supernatant of HepG2 treated with Baf A1 (50nM) during 48 and 72H compared to
controls. B) Left panel shows Bkn profile in chABC treated supernatant from controls and Baf A1treated HepG2 as well as A1MG profile in Baf A1-treated HepG2 compared to controls. Right panel
shows Bkn profile in lysate from 48 h- and 72 h-Baf A1-treated HepG2. Β-actin served as loading
control.

To investigate whether the observed decrease of Bkn isoform levels in the supernatant of
Baf A1-treated cells is due to defective synthesis or intracellular retention, we analyzed cell
lysates originating from 48- and 72 h- Baf A1-treated hepG2 (Figure 31 B). In control cells,
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Bkn displayed three light forms (~ 20, 26 and 30 kDa) that might correspond to immature
biosynthetic intermediates. In Baf A1-treated cells, we observed an additional heavy Bkn form
(125 kDa) that resembles PαI, while the 20kDa band was not detected. Together with the
previously observed Bkn level decrease in the supernatant, this result indicated a Baf A1induced intracellular retention of Bkn with possible impact on its post-translational processing.
To explore the intracellular distribution of Bkn upon Baf A1 treatment, we performed coimmunostaining against Bkn and GM130 (a cis-Golgi marker) in control and Baf A1-treated
cells for fluorescent microscopy observation. In control cells, Bkn adopted homogeneous
organization throughout the cell in contrast to GM130 which, consistently, assumed a compact
Golgi distribution (Figure 32 A). In Baf A1-treated cells, Bkn localized in clustered structures
and GM130 was slightly dispersed. Observation at high magnification (x100) of Baf-treated
cells showed that Bkn clusters were localized into large-sized multivesicular bodies. Note that
Baf A1-induced Bkn clusters did not colocalize with GM130 indicating that these unknown
bodies are not in the cis-Golgi. Further work is necessary to determine which subcompartment
houses such bulk structures. Nevertheless, this intracellular aggregation indicates a Baf-induced
blockade of Bkn secretory route. This could lead to extended exposition of the nascent CS chain
to GAG elongation and sulfation enzymes in the trans-Golgi/ TGN which might partially
explain the over-lengthened Bkn-CS chain observed above.
To assess whether Baf A1-induced intracellular aggregation of Bkn was also encountered
in other secreted proteins, we co-labelled orosomucoid and GM130 in control and Baf A1treated HepG2 (Figure 32 B). As for Bkn labelling, control cells exhibited homogeneous
orosomucoid distribution across the cell area. However, we observed no changes of this staining
pattern in Baf A1-treated cells suggesting separate vesicular pathways for orosomucoid and
Bkn upon Baf A1 treatment. This result strongly corroborates recent findings highlighting a
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Golgi-stress response PG pathway which segregates the PG vesicular transport components
from that of N-glycosylation process during Golgi homeostasis defects (84,85,341).

Figure 32: Immunofluorescence analysis of Bkn in Baf A1-treated HepG2
A) Co-immunostaining of Bkn and GM130 in control and Baf A1-treated HepG2. White arrows show
Baf A1-induced Bkn clusters. Magnification x40 (up) and x100 (down). B) Co-immunostaining of
orosomucoid and GM130 in control and Baf A1-treated HepG2.
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In summary, we showed that Baf A1-mediated V-ATPase inhibition in HepG2 led to
intracellular organelle alkalization, delayed Golgi-to-ER retrograde trafficking and Nglycosylation defects. Such impairments were associated to abnormal Bkn Western blot profile
and intracellular retention. The observed increase of Bkn-CS chain length, the decreased Bkn
secretion as well as its intracellular aggregation into compartments that remain to be identified
constitute a set of arguments demonstrating that Bkn could be an in vitro marker of Golgi
homeostasis defects at least in the context of pH disturbance.

III-6-2 Bikunin analysis in manganese homeostasis defects
In vitro studies using HEK293 cells showed that Mn2+ supplementation of the culture
medium leads to lysosomal degradation of the Mn2+ transporter TMEM165 (Figure 33) (342).
Such mechanism involves a Mn2+-sensitive ELGDK motif within TMEM165 polypeptide
structure which confers responsiveness to Mn2+ variations and mediates the Mn2+ transport
activity.

Figure 33: High Mn2+ concentrations in cell culture medium result in TMEM165
degradation in HEK293 cells (Figure from Potelle et al. 2017) (342)
We used this strategy to create a HepG2 model with Golgi Mn2+ homeostasis defect which
could mimic the human TMEM165 deficiency. This allowed us to evaluate the potential of Bkn
as a marker of Golgi Mn2+ defects in vitro.
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HepG2 cells were exposed to increasing MnCl2 concentrations during 72 h and the
supernatant was collected for Bkn analysis by Western blot. As showed in Figure 34, Bkn
isoforms bands’ intensities in MnCl2 treated HepG2 were decreased compared to controls
proportionally to the increasing MnCl2 concentrations in the culture medium. Moreover, we
observed a gradual emergence of an abnormal ~30 kDa band in MnCl2 treated HepG2 compared
to controls at the expense of the usual 26 kDa Bkn core protein band.
Together, these data indicate that MnCl2-mediated Mn2+ homeostasis defect triggered
alteration of Bkn isoforms’ biosynthesis. The observed abnormal Bkn light form in MnCl2treated cells is reminiscent of the previously described Bkn profiles in TMEM165 deficiency
and linkeropathies which indicated an enzymatic blockade of the tetrasaccharide linkage region
formation (Figure 34). Although further work is necessary to confirm the MnCl2-mediated
degradation of TMEM165 and glycosylation defects in HepG2, this result strongly support the
reliability of Bkn as an in vitro marker of Golgi Mn2+ homeostasis defects which could
reproduce the human TMEM165 deficiency.
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Figure 34: Western blot analysis of Bkn in MnCl2-treated HepG2 compared to
TMEM165 deficient patient
Left panel: HepG2 cells were exposed to increasing Mn2+ concentrations in the culture medium during
72h. The resulting supernatants were analyzed by Western blot for detection of bikunin isoforms. Red
square shows free Bkn profile in control cells compared to Mn2+-treated cells. Right panel: Previously
described Western blot profile of serum Bkn in TMEM165-CDG individual compared to control. Note
the similar pattern for free Bkn in patient and in Mn2+-treated HepG2.
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General conclusion

Proteoglycans (PG) consist of a family of macromolecules composed of proteins branched
to linear sulfated polysaccharides called glycosaminoglycans (GAG). According to the nature
of the repeated polysaccharidic building blocks, GAG chains consist of chondroitin sulfate,
dermatan sulfate, heparan sulfate and keratan sulfate. The intracellular PG biosynthetic
machinery represents a complex and tightly regulated network of enzymes, membrane sugar
transporters, ionic channels, and vesicular trafficking-related proteins. This “proteoglycanome”
ensures the output of various types of PG playing fundamental roles in humans as reflected by
the pathological consequences of a faulty inherited proteoglycan biosynthesis. Indeed, the PG
inherited defects (PG-IMD) manifest themselves by skeletal malformations, cartilage defects,
neurological, and other multiorgan dysfunctions. PG-IMD could be classified according to the
defective PG biosynthetic steps. One can distinguish (i) linkeropathies (i.e., defective GAG
initiating tetrasaccharide linker formation), (ii) GAG elongation defects, (iii) GAG sulfation
defects, (iv) defective substrate supply, and (v) defective Golgi homeostasis. These inborn
pathologies are rare, and their diagnosis is difficult because of unspecific symptomatology and
difficult biochemical assessment. Currently, screening a PG-IMD requires the implementation
of laborious biochemical assays based on GAG analyses in patients’ fibroblasts, blood and/or
urine, while upstream or downstream genetic sequencing allows identification of (potentially)
causative gene variants.
My thesis project focused on the development of a new biochemical test based on the
analysis of bikunin, a PG produced by the liver and secreted into the blood circulation. As a socalled ‘protein-GAG-protein’ (PGP), bikunin bears a chondroitin sulfate chain that could be
linked to one or two glycoproteins called heavy chains (HC) proteins through unusual ester
linkage(s). We made assumption that bikunin isoforms structure would be altered during PG
biosynthesis defects and could thereby represent interesting biomarkers of PG-IMD.
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The analyses we developed mainly consist of a classical SDS-PAGE separation of serum
proteins followed by immunodetection of bikunin isoforms (i.e., Western blot). The resulting
profile was then compared to that of healthy individuals for highlighting quantitative and/or
qualitative abnormalities, both suggesting defective PG biosynthesis. Regarding the qualitative
alterations, complemental two-dimensional electrophoresis (2-DE) enabling charge and
molecular weight separation as well as mass spectrometry analysis could be performed to better
characterize the encountered Bkn abnormal forms in some cases. In this context, we found
signature profiles allowing to directly suspect the causative pathogenic gene variant such as in
linkeropathies. In other PG-IMD cases including GAG elongation, sulfation, substrate supply
and Golgi homeostasis defects, bikunin analysis allowed to more precisely orient towards the
definite diagnosis.
Moreover, we found that bikunin could be an additional biomarker of congenital disorders
of glycosylation (CDG) with Golgi homeostasis defects, a group of rare genetic defects altering
N- and mucin-type O-glycosylation of proteins. Indeed, in CDG due to impaired Golgi pH
regulation, we found both quantitative and qualitative alterations of bikunin Western blot
profile. Besides reinforcing the screening of some CDG, bikunin analysis allowed to gain novel
pathophysiological insights for these diseases.
Technically, performing bikunin analysis is rather advantageous. The high serum levels of
its isoforms together with the availability of specific antibodies enable easy, rapid, and costeffective Western blot or 2-DE analysis from few microliters of serum. Bikunin analysis is
currently being developed for utilization from dried blood spots, the latter being minimally
invasive and allowing more convenient storage than serum.
Bikunin analysis has proven multifaceted abilities for various applications and could be
considered as a biochemical “swiss army knife” (Figure 35) that could be deployed in the
178

screening arsenal of several genetic deficiencies leading to alterations of PG biosynthesis and
/or Golgi homeostasis. The complexity and diversity of the post-translational modifications
occurring on bikunin isoforms (i.e., glycosylation, GAG elongation, sulfation, phosphorylation,
HC esterification, cleavages) allow to analyze the consequences of several genetic deficiencies
related to abnormal PG and glycoprotein metabolism. Additional applications of bikunin
analysis remain to be discovered such as in glycosylation and PG defects resulting from
acquired pathologies including cancer, liver diseases and diabetes. Bikunin could be used as a
biomarker for screening these diseases as well as for the follow-up of their progression and
treatment efficacy.
The major limitation of bikunin analysis is that it misses the screening of pathologies
resulting from deficiencies in genes that are not expressed by the liver since bikunin
biosynthesis use the hepatocyte biosynthetic machinery. Moreover, as a CS-type PG, it is likely
that specific alterations of heparan sulfate or keratan sulfate-type GAG elongation and sulfation
would not be detected through bikunin analysis. Nevertheless, the resulting “false-negative”
profiles may complement other data collected from the current screening strategy to help
orientating the screening.
Otherwise, part of this thesis project overlapped with that of my co-worker (Dr. Samra
Lounis) to evaluate in vitro the potential of bikunin as a biomarker of Golgi stresses. We used
hepatic cell lines including HepG2 to create models of Golgi homeostasis defects and to analyze
related bikunin profiles. I showed that bikunin isoforms biosynthesis was quantitatively and
qualitatively affected during conditions with bafilomycin-mediated raised Golgi pH as well as
Mn2+ excess, two conditions that could mimic some PG-IMD and CDG-related deficiencies.
Therefore, my preliminary results suggested that bikunin patterns could be used in vitro as
interesting cellular tools to detect Golgi homeostasis disturbances, at least during Golgi
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alkalization and Mn2+ defects. Furthermore, they could provide additional insights into the
pathophysiology of the related diseases in humans. Dr. Samra Louis is currently studying the
effects of extracellular pH variations on bikunin profiles, and the results are very promising.
In terms of preclinical and fundamental research perspectives, bikunin analysis could be used
in cellular and animal models mimicking inborn (PG-IMD, CDG) and acquired pathological
conditions (cancers, liver diseases). Bikunin profiles would allow to highlight defective
glycosylation, PG biosynthesis and Golgi homeostasis and provide additional insights in the
pathophysiology of these diseases.

Figure 35: Bikunin, a biological Swiss Army knife
Bikunin isoforms display various post-translational modifications resembling the multiple blades of a
swiss army knife. These post-translational modifications are altered during several diseases with
glycosylation and PG defects. The analysis of Bkn-CS elongation and sulfation patterns allowed to
detect abnormal PG biosynthesis in various types of PG-IMD while HC esterification-resulting heavy
forms (ITI and PαI) were useful for screening CDG with Golgi homeostasis defects. Bkn analysis also
provided interesting insights in the study of Golgi homeostasis defects using cellular models. Potential
new blades remain to be uncovered for additional application of bikunin analysis such as in acquired
pathologies with glycosylation, PG and Golgi homeostasis defects.
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Material & Methods

Mass spectrometry analyses
Gel collection procedure
10 µL of each serum from healthy individuals was treated with 5µL of
Chondroitinase ABC (chABC) 5 U from Proteus vulgaris (Sigma-Aldrich) (reconstituted
in 300µL BSA 0.01 %) in 20 µL of sodium acetate buffer pH 7.9. The final 35µL solution
was incubated overnight at 37°C under stirring and stored at -20°C. After rapid
centrifugation, each digested sample was mixed with rehydration sample buffer (pH 4 -7)
in a final volume of 155 µL. For patient, 10 µL of serum was directly mixed with
rehydration buffer. After 2-DE, second dimension gels were fixed for 1 h in a fixation
solvent (30% ETOH / 7% acetic acid / 63 % H2O) and stained for 24 – 48 h under gentle
shaking with colloidal G-250 Blue Silver dye consisting of 0.12% G-250 dye, 10%
ammonium sulfate, 10% phosphoric acid, and 20% methanol. Stained gels were washed
48 – 72 h in regularly changed deionized water baths under gentle shaking. Gel pieces of
interest were carefully removed from the whole gel and stored at -20°C in 1% acetic acid
aqueous solution.

Protein In-Gel Digestion
Gel pieces were washed with a succession of ammonium bicarbonate (NH4HCO3) and
acetonitrile baths to eliminate dye residues. A reduction/alkylation step was performed using
dithiothreitol (DTT) 10 mM and iodoacetamide 55 mM. Gel pieces were then rehydrated at 4°C
in 12 ng/μL sequencing grade modified trypsin (Promega, France) solubilized in 25 mM
NH4HCO3 during 1 h and then digested at 37°C overnight. After tryptic digestion, peptides were
extracted by incubating gel pieces in extraction solvent (70% ACN / 30% H2O / 0.5 % AF).

Liquid Chromatography - Tandem Mass Spectrometry (LC-MS/MS)
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Samples were analyzed on an Acquity UPLC M-Class coupled with a high-resolution mass
spectrometer Xevo® G2-XS QToF (WatersTM) run by Masslynx 4.1 Software. The ionization
interface consisted of a nanoelectrospray used in positive polarity mode. For the sample’s
analysis, 2 to 4 μL of protein digest were loaded onto a C18 trap column (WatersTM) (NanoE
MZ Sym C18 – 5 μm – 180 µm x 20 mm), at 20 μL min-1 and desalted with 0.1% (v/v) formic
acid and 5% (v/v) Acetonitrile. After 4 min, the precolumn was connected to a C18 nanocolumn
(nanoEASETM M/Z HSS C18 T3 – 100 Å – 1.8 µm 1/PK – 75 µm x 100 mm Column WatersTM).
Electrospray ionization (ESI) was performed at 2.5 kV, with a source temperature of 120°C,
a desolvation temperature of 250°C, and a cone gas flow at 80L/Hr. Buffers were 0.1% formic
acid in 100 % Water (A) and 0.1% formic acid in 100% ACN (B). Peptides were separated
using a linear gradient from 5% to 95% buffer B for 80 min at 300 nL min−1. One run took
90 min, including the regeneration step at 95% buffer B and the equilibration step at 95% buffer
A.
Two analysis were performed for each sample: one in data independent acquisition mode
(MSe). The other was a MS/MS run designed to acquire fragmentation data for specified m/z
ions, using positive / sensitivity mode, a scan time of 0.5 seconds, a cone voltage override of
40 V and a collision energy ramp from 18 to 40 V.

234

Mass spectrum and data processing parameters
Mass spectrometric data were investigated with Progenesis QI for proteomic and Masslynx
4.1.
The Human and AMBP protein databanks used for identification in Progenesis originated
from Uniprot KB/SwissProt. They were concatenated with a cRAP (common Repository of
Adventitious Proteins) to acknowledge possible contaminants. Parameters used for the
processing included: misscleavage (1), fixed modification (Carbamidomethyl [C] – 57.0215),
variable modifications (Oxydation [M] – 15.9949), FDR (4%) and ion matching requirements
(3/7/1).
For Masslynx 4.1, the MS/MS data collected for the m/z of interest were screened manually,
searching for correlated chromatographic data, MS spectrum and fragmentation profiles, to
assess the presence of a possible peptide and his modified linker.

2-DE analysis of chondroitinase treated serum samples
5 µL of crude serum samples were incubated in a solution containing 2.5 µL of chABC (5U)
and 20 µL of acetate buffer pH 7.9 overnight at 37 °C under stirring. The next day, chABCtreated samples were mixed with 125 µL of rehydration buffer pH 4-7. Samples were introduced
into ZOOM IPG runner cassettes (ThermoFisher) for overnight rehydration of ZOOM strip pH
4-7 (ThermoFisher). Isoelectric focusing program was performed using BioRad Power Pac as
follows: S1 100V 1h; S2 → 2000V 1h30; S3 2000V 1h45. ZOOM strips were then incubated
for 10 min in a solution containing NuPAGE LDS sample buffer 1X and sample reducing agent
10X (9v/1v) then 10 min in NuPAGE LDS sample buffer containing 2% iodoacetamide. Second
dimension was performed using 4% - 12% Nu-PAGE bis-tris gel (ThermoFisher). Separated
proteins were transferred (90minutes, 100 V) to nitrocellulose sheets. After incubation in
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blocking solution (PBS/milk 10%) overnight, anti-Bkn immunoblotting was performed as
described above (see Materiel & Methods in Haouari et al 2020, JIMD).

Hemoglobin depletion from dried blood spots for Bkn analysis
(Manufacturer protocol)
1. Extraction of dried protein from the card. Punch out the dried blood section from the card
into a microfuge tube. Add 400 µl PEB buffer. Shake for 30 minutes at room temperature.
Centrifuge at 5000 rpm for 4 minutes. This is the Sample used for Step #5.
2. Weigh out 50 mg of HemoVoid™ matrix into the supplied SpinX filter.
3. Add 400 µl of Binding Buffer HVBB to the SpinX filter. Vortex or mix well for 5 minutes
at room temperature followed by centrifugation at 3000 rpm. Discard the supernatant.
4. Repeat step 3.
5. Add 200 µl of Binding Buffer HVBB to the SpinX filter. Add 300 µl of the Sample
prepared in step 1 to the same SpinX filter. Vortex for 10 min and then centrifuge for 2 minutes
at 5000 rpm.
6. Discard the hemoglobin containing filtrate.
7. To the pellet, add 500 µl of Wash Buffer HVWB. Vortex or mix well for 5 min and
centrifuge for 2 minutes at 5000 rpm. Discard the filtrate.
8. Repeat Step 7, twice.
9. To the pellet, add 200 µl of Elution Buffer HVEB. Vortex or mix well for 10 min and
centrifuge for 2 minutes at 5000 rpm. Analyze the hemoglobin depleted eluate proteome
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For Western blot, crude hemoglobin-depleted samples were analyzed as serum samples
(Material and methods in Haouari et al 2020, JIMD).

Bkn analyses in HepG2
Cell culture and treatments
HepG2 were incubated in 6 well plates with or without coverslips 18 mm and containing,
per well, 2 mL of Dulbecco's Modified Eagle Medium (DMEM - from Thermo Fisher) + 10%
fetal bovine serum (FBS) supplemented with 100 UI/mL penicillin and 0,23 µg/ml de
streptomycin and incubated at 37°C with 5% CO2. Until 75% confluence, cells were briefly
washed with PBS and the DMEM 10% FBS was replaced by OPTIMEM FBS free containing
the desired drug concentration (BafA1 was purchased from Merck, MnCl2 from Sigma and
Brefeldin A from Sigma). For lysotracker-related experiments, LysoTracker Red DND-99
(Molecular probes) was added in the cell culture medium for 30 min incubation upon classical
cell culture condition.

Western blot analysis
For coverslip-free wells, supernatants were collected at the end of treatments in Eppendorf
tubes. Cells were washed with PBS and lysates were obtained by treating cells with hot (100°C)
lysis buffer (Tris pH 6,8, SDS, glycerol, HCl) for 10 min before scraping, collection in
Eppendorf tubes, and ultrasonic homogenization. 40µL of crude supernatant and 1/10th diluted
lysate were treated with NuPAGE LDS sample buffer (1X) + sample reducing agent (1X)
(ThermoFisher) and heated at 100°C for 10 minutes. Polyacrylamide gel electrophoresis, with
50 μg of treated sample loaded per well, was conducted using Nu-PAGE 4% to 12% bis-Tris
gels (ThermoFisher), as recommended by the manufacturer. After transfer to nitrocellulose (70
minutes, 100 V), antibody incubations were performed for 90 min in TTBS-5% milk with the
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corresponding dilutions: rabbit anti-bikunin (Merck-Millipore) 1/5000; rabbit anti-alpha1microglobulin (Siemens) 1/5000; rabbit anti-transferrin 1/5000 (Thermo Fisher); rabbit antiorosomucoid (Sigma) 1/5000. HRP-linked anti-rabbit secondary antibodies (Cell Signaling
Technologies) were used (1/5000 in TTBS-5% milk for 60 min). ECL revelation was conducted
using Clarity Western ECL Substrate (ThermoFisher) and HyperFilm (GE).

Immunofluorescence
For coverslip-containing wells, cells were fixed and permeabilized with methanol (1mL)
for 5min at -20°C. After 3 x 5 min PBS washes at room temperature, cells were incubated for
90 min at 37 °C with primary antibodies at the corresponding dilutions in PBS 1%BSA: rabbit
anti-Bikunin (CP6) polyclonal antibody (Merck-Millipore) 1/1000; mouse anti-GM130 (BD
Biosciences) 1/500; rabbit anti-albumin (Sigma) 1/1000; rabbit anti-orosomucoid (Sigma)
1/1000. After 3 x 5 min PBS washes at room temperature, incubation with secondary antibodies
were performed for 60 min at 37°C with the corresponding dilutions: Goat anti-mouse 488
(Molecular probes) 1/500; Goat anti-rabbit 555 and 488 (Molecular probes) 1/1000. After 3 x
5 min PBS washes, coverslips were mounted onto StarFrost microscope slides (Knittel GLASS)
with a drop of mounting medium (Prolong Gold antifade reagent +/- Dapi Invitrogen).
Observations were performed with fluorescent microscope (Leica) and Clara Vision camera
(Scion Corporation). Data acquisition and image treatments were performed with Imager 5.3
and ImageJ63 software’s.
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Résumé en français

Les protéoglycanes constituent une famille de macromolécules composées de protéines
liées à des chaines polysaccharidiques sulfatées appelées glycosaminoglycanes (GAG). Il existe
plusieurs types de chaines GAG : chondroïtine sulfate (CS), héparane sulfate (HS), dermatane
sulfate (DS) et kératane sulfate (KS). La biosynthèse des protéoglycanes est un processus
métabolique complexe ayant lieu dans plusieurs types cellulaires, essentiellement dans
l’appareil de Golgi, et faisant intervenir de nombreux acteurs moléculaires. Des
glycosyltransférases catalysent le transfert de résidus monosaccharidiques sur les protéines et
sur la chaine GAG tandis que des sulfotransferases catalysent l’ajout de groupement sulfates.
Des transporteurs de sucres et de sulfate sont présents à la membrane de l’appareil de Golgi et
permettent l’entrée de ces substrats, tandis que des protéines régulatrices de l’homéostasie
golgienne (pompes à proton, canaux ioniques) assurent un environnement adéquat pour les
réactions de biosynthèse. Enfin, des protéines régulant le trafic vésiculaire permettent la
localisation correcte des acteurs moléculaires et des substrats pour la biosynthèse des
protéoglycanes.
Selon leur nature, les protéoglycanes peuvent être adressés vers les membranes plasmiques
des cellules, les matrices extracellulaires, ou la circulation sanguine. Concernant leurs rôles
physiologiques, ils participent à l’architecture des matrices extracellulaires et confèrent, entre
autres, les propriétés lubrifiantes du liquide synovial articulaire, la rigidité du cartilage et
l’élasticité de la peau. De plus, en interagissant avec de nombreux facteurs de croissances et
cytokines, les protéoglycanes sont impliqués dans le développement osseux, la réponse
inflammatoire et la prolifération cellulaire.
La genèse de ce travail résulte de notre collaboration avec les cliniciens de l'hôpital Necker
(Paris - France) qui prennent en charge des patients atteints de maladies génétiques dues à des
altérations de la biosynthèse des protéoglycanes. Ces maladies métaboliques héréditaires
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appelées PG-IMD (proteoglycan inherited metabolic diseases) sont dues à des mutations sur les
gènes codant pour des protéines impliquées dans l'élongation des GAG comme les
glycosyl/sulfotransferases et les transporteurs de sucres/sulfates, ou pour des protéines régulant
l'homéostasie de l’appareil de Golgi, comme les canaux ioniques et les régulateurs du trafic
vésiculaire.
Les manifestations cliniques des PG-IMD comprennent de graves troubles ostéoarticulaires
qui peuvent être associés à des pathologies multiples telles que des désordres neurologiques,
des anomalies cardiaques et des affections cutanées. En raison de cette symptomatologie peu
spécifique, il est difficile d’établir un diagnostic pour ces syndromes. De plus, le dépistage
biologique manque de biomarqueurs pratiques et repose sur des tests de laboratoire
difficilement accessibles comme la quantification de GAG dans les fibroblastes cutanés de
patients. Par ailleurs, les analyses par séquençage d’ADN peuvent retrouver des mutations sur
des gènes impliqués dans la synthèse des protéoglycanes sans permettre d’affirmer
formellement leur causalité.
Dans ce contexte, nous nous sommes intéressés au développement d’un test biochimique
basé sur l’analyse de la bikunine, un protéoglycane de type CS synthétisé par le foie et sécrété
dans la circulation sanguine. Ce protéoglycane original se présente sous quatre isoformes
sériques : deux formes légères correspondant à la bikunine libre et à la bikunine liée à une
chaine CS (Bkn-CS), et deux formes lourdes appelées ITI et PαI correspondant à la Bkn-CS
liée, respectivement, à une ou deux glycoprotéines appelées « heavy chains » (HC).
Nous avons évalué le potentiel de la bikunine en tant que biomarqueur des PG-IMD en
analysant son profil par Western blot, électrophorèse bidimensionnelle et spectrométrie de
masse à partir de sérum de patients atteints en comparaison à des individus sains. Les analyses
ont montré des anomalies quantitatives et qualitatives des isoformes la bikunine chez plusieurs
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patients et ont mis en évidence des profils « signatures » permettant d’orienter précisément le
diagnostic de certains PG-IMD.
Par ailleurs, en analysant la bikunine chez des patients atteints de désordres congénitaux de
la glycosylation (CDG) avec altération de l’homéostasie golgienne, nous avons mis en évidence
des profils anormaux notamment pour les formes lourdes ITI et PαI de la bikunine. Bien que le
diagnostic des CDG bénéficie actuellement de techniques de dépistage relativement
performantes, l’analyse du profil de la bikunine a permis d’enrichir la compréhension de la
physiopathologie de certains CDG avec troubles de l’homéostasie golgienne.
Enfin, nous avons analysé les profils de la bikunine dans un modèle de lignée cellulaire
issue de carcinome hépatique (cellules HepG2) présentant des altérations de l'homéostasie
golgienne. En perturbant le pH et les équilibres ioniques dans l’appareil de Golgi, nous avons
montré des altérations significative de la biosynthèse de la bikunine. Ces résultats ont montré
que la bikunine peut être un marqueur in vitro pour l’analyse des troubles de l'homéostasie
golgienne.
Les résultats de nos travaux ont fait l’objet de quatre publications qui sont présentées dans
ce manuscrit : une lettre à l’éditeur publiée dans Clinica Chimica Acta, un article de recherche
publié dans Journal of Inherited Metabolic Disease, un article de recherche publié dans Clinica
Chimica Acta et une revue publiée dans Genes. Ces articles sont complétés par d’autres résultats
non-encore publiés.
En conclusion ce travail à permis de mettre en évidence l’utilité de l’analyse de la bikunine
dans le dépistage de troubles innés de la synthèse des protéoglycanes avec d’éventuels profils
« signature » pour certaines maladies. Par ailleurs, il a montré le potentiel de la bikunine comme
biomarqueur de seconde intention dans le cadre du dépistage de certains CDG avec troubles de
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l’homéostasie golgienne. Enfin, la bikunine pourrait potentiellement être utilisée comme
marqueur de stress golgien dans des cellules hépatiques en culture.
Ce travail a également ouvert des perspectives intéressantes. Les profils de la bikunine
seront étudiés dans le cadre de maladies acquises pour lesquels des troubles de la glycosylation
et de synthèse des protéoglycanes ont été observés (cancers, maladies hépatiques, diabète).
L’analyse de la bikunine pourrait permettre de suivre leur évolution ainsi que la réponse à leurs
traitements. Dans un contexte préclinique voir fondamental, l’analyse de la bikunine pourrait
être appliquée à des modèles cellulaires et/ou animaux mimant des situations pathologiques
innées (PG-IMD, CDG) et/ou acquises (cancers, maladies hépatiques). Les profils de la
bikunine pourraient permettre de mettre en évidence des troubles de la glycosylation, de la
synthèse des protéoglycanes et de l’homéostasie de l’appareil de Golgi dans ces situations et
ainsi enrichir la compréhension de leur physiopathologie.
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Résumé :
Les protéoglycanes (PG) sont des macromolécules
composées de protéines liées à des chaines
polysaccharidiques appelées glycosaminoglycanes.
Leur synthèse intracellulaire a lieu essentiellement
dans l’appareil de Golgi et met en jeu un réseau
complexe d'enzymes, de transporteurs, de canaux
ioniques et de protéines liées au trafic vésiculaire. Ce
"protéoglycanome" assure la synthèse de divers
types de PG jouant des rôles fondamentaux chez
l'homme, comme en témoignent les conséquences
pathologiques des troubles innés de la biosynthèse
des PG. Ces maladies héréditaires rares (PG-IMD) se
manifestent par des malformations ostéoarticulaires
associées à des pathologies multiples. Leur
diagnostic est difficile en raison d'une clinique peu
spécifique et d’un dépistage biologique nécessitant
des techniques assez laborieuses

Nous avons développé un test biochimique basé
sur l'analyse de la bikunine, un PG circulant
synthétisé par le foie. Grace à des techniques
relativement simples et rapides, nous avons montré
chez certains patients des profils « signatures »
permettant de suspecter le déficit génétique
causant la maladie et ainsi orienter le diagnostic.
De plus, nous avons découvert que la bikunine
pouvait être un biomarqueur additionnel pour le
dépistage des désordres congénitaux de la
glycosylation (CDG) avec troubles de l'homéostasie
Golgienne, un autre groupe de maladies
génétiques rares altérant la N- et la O-glycosylation
des protéines. Enfin, nous avons analysé la bikunine
dans des cellules hépatiques en culture et avons
montré son potentiel en tant que marqueur in vitro
de troubles de l’homéostasie Golgienne.

Title : Serum bikunin: a biomarker of inborn errors of proteoglycan biosynthesis and Golgi homeostasis
Keywords : Bikunin, Proteoglycans, Glycosaminoglycans, Golgi homeostasis, Glycosylation
Abstract :
Proteoglycans (PG) are a family of macromolecules
consisting of proteins linked to polysaccharidic
chains called glycosaminoglycans. Their intracellular
synthesis takes place mainly in the Golgi apparatus
and involves a complex network of enzymes,
transporters, ion channels and vesicular traffickingrelated proteins. This "proteoglycanome" ensures the
synthesis of various types of PG which play
fundamental roles in humans, as evidenced by the
pathological consequences of inborn errors of PG
biosynthesis (PG-IMD). These rare inherited diseases
manifest by osteoarticular malformations associated
to multiple pathologies. Their diagnosis is difficult
due to unspecific symptomatology and a biological
screening requiring rather laborious techniques
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We developed a biochemical test based on the
analysis of bikunin, a circulating PG synthesized by
the liver. Using rather convenient techniques, we
found "signature" profiles in some patients
allowing to suspect the causative genetic
deficiency and thereby to orient the diagnosis.
Furthermore, we found that bikunin could be an
additional biomarker for the screening of
congenital disorders of glycosylation (CDG) with
Golgi homeostasis defects, another group of rare
genetic diseases altering N- and O-glycosylation of
proteins. Lastly, we analyzed bikunin in cultured
hepatic cell lines and showed its potential as an in
vitro marker of Golgi homeostasis defects.
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