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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-a-trypsin inhibitor (ITI)
and the pro-a-trypsin inhibitor (Pal), carrying respec-
tively two and one HC, as well as the urinary trypsin
inhibitor (UTI), which corresponds to Bkn linked to the
CS chain.! In addition, we showed that free Bkn (ie, the
core protein) could be detected at low level in serum”
(Figure 1A).

UTI (Bkn-CS) results from the linkage of one xylose
(Xyl) residue to the Serl0 of Bkn followed by the
sequential action of enzymes catalyzing the biosynthesis
of the PG common tetrasaccharide linker (GlcA-Gal-
Gal-Xyl-O-Ser) and the elongation of a short CS chain
consisting of 15 + 3 (GlcA-GalNAc) sulfated disaccha-
ride 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.>* Once the
Bkn CS chain is elongated and sulfated, it covalently
binds one or two HC(s) leading to Pal and ITI, respec-
tively (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.’
Besides the linkage and the elongation of the CS chain,
the core protein Bkn and HCs precursors are N-glyco-
sylated, 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 isoforms>®* (Figure 1B).

(ATP6V0A2-CDG, CCDC115-CDG, ATP6AP1-CDG), in Golgi manganese
homeostasis (TMEM165-CDG) and in the N-acetyl-glucosamine Golgi trans-
port (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 patho-
physiology of the aforementioned diseases.

bikunin, CDG, GAG tetrasaccharide, inter-a-trypsin inhibitor, linkeropathies, SLC35A3,

In pathophysiology, under stimuli such as inflamma-
tion or ovulation, circulating ITT and Pal can be extrava-
sated from the blood, playing an important role in the
stabilization of the extracellular matrices through the
exchange of HCs with hyaluronic acid.'®'! Moreover, the
Bkn core protein has been shown to inhibit
inflammation-associated proteases such as trypsin, elas-
tase, and plasmin in pancreatitis, septic shock and rheu-
matoid arthritis.'>'®> In some cancers, Bkn has been
shown to inhibit cell proliferation, thus attenuating
tumor invasion.'* Finally, Bkn isoforms exert inhibitory
activity toward calcium oxalate crystal formation and
therefore has protective effects against kidney stones and
urolithiasis."”

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.’

In this work, we performed Western-blot analysis of
all serum Bkn isoforms from patients with various con-
genital disorders of glycosylation (CDG) including defects
in the V-ATPase Golgi protons pump (ATP6VOA2-CDG,
CCDC115-CDG, and ATP6AP1-CDG), in manganese
(Mn**) homeostasis (TMEM165-CDG), in tethering fac-
tors (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 defi-
ciencies, 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 charac-
terization of abnormal Bkn light forms in linkeropathies
by using two-dimensional electrophoresis (2-DE).
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Schematic summary of known bikunin (Bkn) isoforms posttranslational modifications (PTMs). A, Structure details of the

circulating Bkn isoforms consisting of inter-a-trypsin inhibitor (ITI) and pro-a-trypsin inhibitor (Pal) (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 (GlcA-

GalNAc- disaccharide repeats) in the Golgi. A transient phosphorylation

of the Xyl is required for the second Gal linkage. Sulfation reactions

in the Golgi require 3’-phosphoadenosine 5'-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 corel 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 pediat-
ric patients (n = 16), obese adults waiting for bariatric sur-
gery (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 Béclére 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 ATP6VOA2-CDG (ATP6VOA2#1 to ATP6VOA2#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 BAGALT7 (two unrelated individuals), B3GALT6 (one
individual), and B3GAT3 (one individual). Detailed gene



HAOUARI ET AL.

s | WiLEY_JIEB

variants were as follows: B4GALT7 (a) and B4GALT7 (b):
ex.5 ¢.808C > T p.Arg270Cys (same missense mutation);
B3GALT6: ex.l  c.353del  p.Aspl18Alafs*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 avail-
able 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
Pal) in water. These dilutions were considered as “opti-
mal” based on our previous work® and on the prior analy-
sis of various sera and corresponding plasma sequentially
diluted within 1/10 to 1/4000 (Supp. Figure S1).

Total of 20 pL 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 pL 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 (ITT and Pal) and light Bkn
isoforms (UTI and free Bkn) were detected after incubation
with rabbit anti-Bikunin (CP6) polyclonal antibody (Merck-
Millipore, cat. # ABT1346; 1/5000 in TTBS-5% milk for
90 minutes). Concerning this commercial primary antibody,
the manufacturer indicates that “human ITI, Pal, bikunin-
CS (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 Sub-
strate (cat. # 170-5060) and ChemiDoc XRS+ camera from
Bio-Rad. Signal measurements (after background subtrac-
tion) of Bkn isoforms and relative quantitation of ITI and
Pal were performed using Image] software.

24 | Two-dimensional electrophoresis

2-DE of proteins from 5 pL of crude serum/plasma from
patients with linkeropathy was conducted using ZOOM

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 com-
mercial alkaline phosphatase (ALP) as recommended by
the manufacturer (Roche; cat. # 10713023001). Briefly,
samples (8 pL) were treated overnight at 37°C with a mix-
ture of ALP (1 pL) and ALP buffer (1 pL) 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 repre-
sentative control, various type 2 CDG (CDG-II), and lin-
keropathy samples are shown in Figure 2A (free Bkn and
UTI) and Figure 2B (Pal and ITI). As previously
described,? the Bkn patterns from the 10-fold diluted con-
trol 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, respec-
tively, to Pal (Bkn-CS-HC) and ITI (Bkn-CS-2HC). Also,
ITT levels in controls (Figure 2B; Supp. Figure S2) were
systematically higher than those of Pal.

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 ATP6VO0A2-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 ATP6V0OA2-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
ATP6VOA2-CDG cases and shared a mildly higher molec-
ular weight (MW) in other proton pump-related CDG
cases (Figure 2A). However, the corresponding MW
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values remain included within normal values we deter-
mined previously.”> Concerning the heavy forms, the
overall signal levels of ITI and Pal 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 pos-
sible major protein level differences between wells (under
the same volume), ITI and Pal 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. More-
over, these decreases were systematically associated with
an inversion of the ITI/Pal ratio in comparison with vari-
ous control groups consisting of 16 non-CDG pediatric
patients, 11 obese adults, and 6 individuals with liver dis-
eases (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, Pal, UTI,
and free Bkn appeared mildly decreased in serum com-
pared 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 Mn** homeostasis, the overall serum Bkn isoforms sig-
nal 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/Pal 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
Pal, 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 defi-
ciency) studied serum, Bkn light forms did not show
any abnormality (Figure 2A). Furthermore, the ITI/Pal
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-GIcNAc transporter defi-
ciency) individual, an abnormal ~27 kDa band associ-
ated with an abnormally low UTI (Bkn-CS) MW could
be evidenced (Figure 2A) with an ITI/Pal pattern simi-
lar to that of SLC35A2-CDG (Figure 2B; Supp.
Figure S4). Finally, in linkeropathy samples, we corrob-
orated 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 sig-
nal. Finally, concerning ITI/Pal 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/Pal 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

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, B4AGALT7, B3GALT6, or B3GATS3,
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, sam-
ples were first treated with ALP prior 2-DE analysis
(Figure 3C). For the ALP-treated serum from
B4GALT7-deficient patient, no difference in the migra-
tion was observed. In contrast, for ALP-treated samples
from B3GALT6- and B3GAT3-deficient patients, we
observed a cathodic shift of the major Bkn spots consis-
tent 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
ATP6VOA2-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 else-
where.'®'® Concerning heavy Bkn isoforms, an inversion
of the ITI/Pal ratio was observed in these three CDG sub-
types compared to control groups. Moreover, the circulat-
ing levels of these two heavy forms were dramatically
decreased. This has been already observed in individuals
with severe acute infection,® 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 ATP6API1-
CDG are genetic deficiencies affecting the V-ATPase pro-
tons pump, which plays pivotal roles not only in the
luminal trans-Golgi acidification, but also in vesicular
trafficking, fusion of vesicles and protein sorting.***!
While ATP6VOA?2 is a subunit of the proton translocator
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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 1'), B3GALTS6 (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 (1’ + 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 BAGALT7-, B3GALT6-, and B3GAT3-
deficient patients' samples, before (up) and after (below) alkaline phosphatase (ALP) treatment. Small horizontal arrows indicate the

cathodic shift observed for the major spot

VO domain of the V-ATPase,'® CCDC115 and ATP6AP1
are assembly factor and accessory subunit of this com-
plex, respectively.'”** Thus, as expected, it would appear
that the impaired acidification of the trans-Golgi associ-
ated with these CDG does not affect the Bkn CS chain
biosynthesis that essentially takes place in early Golgi
compartments. Conversely, the observed ITI/Pal ratio
inversion and overall decreased levels suggest that this
trans-Golgi acidification defect might impair the pH-

dependent protein cleavage of HCs precursors and dis-
turb 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, inacti-
vation, and interaction defects,**** 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 trans-
ferases and to a decreased protein secretion.

TMEM165 is a Ca®*-Mn>*/H* Golgi antiporter playing
a pivotal role in the Golgi luminal pH maintenance and in
the level of Mn®* cations that are important cofactors of
specific Golgi-resident glycosylation enzymes.>?® In the
two presented TMEM165-CDG cases, we report marked
defects in the light Bkn forms patterns as well as in ITI/Pal
signal levels and ratios (Figure 2). For light Bkn forms, the
observed impairments suggest combined defects in the initi-
ation and in the elongation of the CS chain. They could be
related to overall enzymatic defects linked to Golgi Mn>*
deficiency and strongly fit with the major skeletal pheno-
type of the investigated patients.”” 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 Pal) in TMEM165-CDG, the observed abnormalities
are highly comparable to those found in V-ATPase deficien-
cies. As regarding the similarity of the glycosylation defects
between these CDG subtypes,* 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 Mn** 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 tether-
ing 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.”® 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 obser-
vation is supported by a recently published “organelle
zones” theory, which differentiates in the Golgi a “proteo-
glycan zone” from a “mucin zone” with variable responses
to different stresses.” Concerning the observed ITI and
Pal decreased levels, they could be explained by HCs gly-
cosylation defects that would decrease the secretion or
increase the degradation of heavy Bkn isoforms.

SLC35A2 protein mainly corresponds to UDP-
galactose (UDP-Gal) Golgi transporter.> 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 abnormali-
ties.**> We previously showed that the SLC35A2-CDG
case used in this study harbored markedly abnormal
CDG-II Trf pattern.*® In contrast, the observed normal

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. Neverthe-
less, it could be possible that other causal SLC35A2 gene
variants (notably those associated with a skeletal pheno-
type) 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 abnor-
mal 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-N-
acetylglucosamine (UDP-GIcNAc) Golgi transporter typi-
cally associated with N-glycosylation abnormalities in
agreement with the involvement of GlcNAc moieties in
the N-glycan core structure.’®>* Since GIcNAc 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 trans-
porters involved in the CS biosynthesis, including
SLC35A2.** 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.*>~°

Inherited defects in the enzymes involved in the step-
wise synthesis of the common GAG tetrasaccharide
linker, that is, xylosyltransferases (XYLT1 or XYLT2),
galactosyltransferases (BAGALT7 and B3GALTS6), and
glucuronyltransferase ~ (B3GAT3), correspond to
linkeropathies.”” In this work, we corroborated previ-
ously 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 Pal signal levels and ratios.
Hence, it would appear that missense mutations found in
the four cases studied would allow residual UTI biosyn-
thesis, 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 Pal 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 B4GALT?7 variant, they could be linked to distinct
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UTI requirements toward the formation of ITI and Pal
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,®®* 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-O-
phoshate)-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 systemati-
cally sulfated,>*® the observed shift between B3GALT6-
and B3GAT3-deficient patients could correspond to the
presence of Gal(4-C-sulfate)-Gal-Xyl(2-O-phosphate)-O-
Bkn 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,” sialylation of the first gal residue, xylose
fucosylation* or a recently reported non-canonical CS
linkage region trisaccharide (GlcA-Gal-Xyl-0).*

(A)

Unspecific clinical phenotype
suggestive for CDG

Transferrin (N-glycosylation)

/N

Normal Abnormal = suggestive for CDG-II

\

Bikunin heavy forms

(serum, plasma)

/N

ITI/Pal ratio inverted ITl/Pal ratio
similar to control +/- markedly decreased levels

| N\

\, SSEM WI ]_Eyjﬂ

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 signa-
ture patterns.

When assessed in their clinical context and summa-
rized in a decisional tree (Figure 4), our results first indi-
cate that the heavy Bkn isoforms electrophoretic profile
could be a convenient additional tool in the CDG-II diag-
nosis 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 proteogly-
cans 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)
Skeletal/osteoarticular
clinical phenotype
Bikunin light forms
(serum, plasma)
Normal Abnormal
N
Linkeropathies? - TMEM165*?
(normal Trf) - SLC35A3*?

l (* abnormal Trf)

2DE of abnormal

COG?; SLC35A27? SLC35A3?

- TMEM165?

- V-ATPase? (ATP6VOA2 ; CCDC115, ATP6AP1...)

bikunin light chains

l l

(apoC-Ill, MS),
genes panel sequencing

(apoC-Il, MS),
genes panel sequencing

N

targeted
gene sequencing

FIGURE 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, SLC35A3-
CDG and linkeropathies. ApoC-II1, apolipoprotein C-III; MS, mass spectrometry
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skeletal phenotypes (eg, SLC10A7-CDG, SLC39A8-CDG,
COG4-CDG, etc.) and (b) inherited defects in the elonga-
tion 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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