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SUMMARY

Glycosylation is a fundamental post-translational modification of proteins that
boosts their structural diversity providing subtle and specialized biological
properties and functions. All those genetic diseases due to a defective glycan
biosynthesis and attachment to the nascent glycoproteins fall within the wide
area of congenital disorders of glycosylation (CDG), mostly causing multisystem
involvement. In the present paper, we detailed the unique serum N-glycosyla-
tion of a CDG-candidate patient with an unexplained neurological phenotype
and liver adenomatosis harboring a recurrent pathogenic HNF 1« variant. Serum
transferrin isoelectric focusing showed a surprising N-glycosylation pattern
consisting on hyposialylation, as well as remarkable hypersialylation. Mass
spectrometry-based glycomic analyses of individual serum glycoproteins
enabled to unveil hypersialylated complex N-glycans comprising up to two sialic
acids per antenna. Further advanced MS analysis showed the additional sialic
acid is bonded through an «2-6 linkage to the peripheral N-acetylglucosamine
residue.

INTRODUCTION

Glycosylation is the most common and versatile post-translational modification of proteins that enhances
their structural complexity and fulfills functional and regulatory roles in physiological conditions (Varki and
Gagneux, 2017; Reily et al., 2019). Glycosylation changes can be due to mutations affecting genes directly
or indirectly involved in the biosynthesis and attachment of glycan moieties of glycoproteins and glyco-
lipids, causing congenital disorders of glycosylation (CDG) (Ng and Freeze, 2018; Péanne et al., 2018).
CDG comprise disorders of protein N-glycosylation (the largest group), of protein O-glycosylation, of com-
bined protein N- and O-glycosylation, of lipid glycosylation, and of glycosylphosphatidylinositol-anchor
synthesis (Jacken and Péanne, 2017; Freeze et al., 2017). Since glycosylation occurs ubiquitously, CDG
may affect all organs and systems. They show very different phenotypes varying from single organ to multi-
system diseases, usually with prominent central nervous system involvement (Freeze et al., 2012; Barone
et al., 2014).

Next-generation sequencing techniques have expanded the CDG field to gene defects not strictly asso-
ciated with the glycosylation machinery (Hennet, 2012; Ng and Freeze, 2018). In a wider perspective, as
glycosylation is not template-driven, it is not surprising that a variety of genetic and acquired factors may
secondarily affect the cellular glycome, as described for a broad range of diseases including cancer (Fus-
ter and Esko, 2005; Adamczyk et al., 2012), diabetes (Rudman et al., 2019), neurodegenerative disorders
(Barone et al., 2012; Palmigiano et al., 2016; Kizuka et al., 2017; Russell et al., 2017), inflammatory disor-
ders (Gornik and Lauc, 2008; Reily et al., 2019), or autoimmune diseases (Delves, 1998; Goulabchand
et al., 2014). Finally, environmental factors may act on the glycosylation machinery through epigenetic
modifications (DNA methylation, RNA-mediated silencing and chromatin modifications) that regulate
expression of genes involved in glycosylation (Zoldos et al., 2010). In this context, mass spectrometry
(MS) techniques have provided, over the years, a wide range of analytical methodologies for glycan
structural characterization (Barone, et al., 2009; Dotz and Wuhrer, 2019).
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In the present work, we adopted matrix-assisted laser desorption/ionization time-of-flight MS (MALDI TOF)
MS and MALDI tandem time-of-flight (TOF/TOF) MS, in combination with ultra-high-performance liquid
chromatography-electrospray MS (UHPLC-ESI MS), to characterize the glycophenotype of a boy with liver
adenomatosis due to a known HNFTa variant. Besides a still unexplained neurological phenotype, he
showed a remarkable serum transferrin (Tf) isoelectric focusing (IEF) pattern of hypersialylation. In-depth
MS analyses showed distinct serum N-glycan features due to complex-type hypersialylated glycoforms
with antennary disialo-epitopes that, to the best of our knowledge, have not yet been described in humans.
In addition, we observed a significant decrease of fucosylated multi-branched N-glycans both in the total
serum N-glycome and in individual serum glycoproteins, in line with the decreased antennary fucosylation
associated with HNFT1a mutations (Thanabalasingham et al., 2013; Rudman et al., 2019; Juszczak et al.,
2019).

RESULTS

Patient report

This boy, now aged 17 years, was born after a normal term pregnancy from unrelated parents. He has two
sisters. Weight at birth was 2890 g, length 49 cm, and head circumference 32.5 cm. The neonatal period was
uneventful.

He shows psychomotor disability (walking without support at 2 years; first words at 2 years; at 14 years he
counts to 10 and writes his forename), epilepsy (staring, starting at 5.5 years, controlled by valproate and
levetiracetam, and now by valproate only), growth retardation (at 16 years 8 months height was 150 cm (- 3.9
SD), weight was 45 kg (- 2.7 SD), and head circumference 56 cm (- 0.2 SD) and mild dysmorphism (thick lips,
tongue between the lips, still milk teeth present at 14 years, short fingers). Non-verbal IQ performed at the
age of 7 years (Leiter-R) revealed mild intellectual disability (IQ of 67). Brain MRI showed a short corpus cal-
losum with small spenium.

On occasion of abdominal ache, an ultrasound examination was performed showing liver adenomatosis.
Subsequent analysis of HNFla showed a heterozygous known pathogenic variant (c.872delC;
p.Pro291GInfsX51) (Kristinsson et al., 2001). Immunohistochemistry of a liver biopsy showed absence of
HNF1a staining, suggesting a loss of the second HNF1« allele in liver. The ¢.872delC mutation is also pre-
sent in the patient’s mother and in one of his sisters. They both have MODY3 diabetes. The patient has no
diabetes as yet.

Laboratory investigation before the results of the genetic analysis were known, showed a few abnormal re-
sults: neutrophils 1000/pL (nl range: 2000-3000), serum Tf 8.6 g/L (nl range: 2.0-3.6), des-gamma carboxy-
prothrombin 7693 mUA/mL (nl < 45), iron binding capacity 215 uM (nl 50-95), thyroid-stimulating hormone
6.1 mU/L (nl 0.7-5.3) with normal free T4, antithrombin >140% (nl 78-130), protein C 42% (nl 70-130). Coag-
ulation factors IX and Xl and protein S were normal. Total sialic acid in urine was mildly increased (634 pmol/
g creatinine; nl 140-560) and free sialic acid was normal. Tf IEF showed a peculiar pattern with an increase of
the 1-, 2-, 3-, 4-, 5-, 6-, and 7-sialoTf bands (Figure 1).

A capture panel for 79 CDG was normal. Whole-exome sequencing showed no clear-cut explanation
neither for the neurological syndrome nor for the aberrant sialylation.

N- and O-glycosylation analyses

N-glycan characterization was performed by MALDI TOF MS of the whole serum N-glycome (see Figure S1)
and of four serum glycoproteins: Tf, alpha-1-antitrypsin (AAT), alpha-1-acid glycoprotein (AGP) and immu-
noglobulin G (IgG). Abnormal sialylated structures were detected and further investigated by MALDI TOF/
TOF MS/MS and by UHPLC ESI-MS. Moreover, a decrease of fucosylated tri-antennary N-glycans was de-
tected in the MALDI TOF mass spectrum from the patient and from two other patients with a different
MODY 3 variant (Figure S2). Reduced outer arm fucose insertion is a known biochemical hallmark of
gene HNF1a variants causing MODY3 (Thanabalasingham et al., 2013; Rudman et al., 2019; Juszczak
et al., 2019).

MS analysis of serum apoC-lIl did not show mucin type O-glycosylation defects in the patient (data not
shown) (Wopereis et al., 2003).
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Figure 1. IEF profiles of serum Tf

Pt. Pt. |IEF pattern of serum Tf from two patient serum
11 years 13 years Mother Father samplings (at the age of 11 and 13 years), his mother
and his father. Compared to the parents, taken as
controls, the patient shows a marked increase of

7 disialo-, trisialo-, pentasialo- and hexasialo-Tf
6 isoforms, and traces of monosialo- and heptasialo-Tf
bands.
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Tf N-glycan analysis by MALDI TOF and MALDI TOF/TOF

Tf N-glycan MALDI-MS analysis on patient at age 11, revealed a unique profile (Figure 2A) with an intense
additional peak at m/z 3153.4 attributable to a biantennary disialo-structure bearing a supplementary sialic
acid residue. Likewise, less intense peaks were detected at m/z 3327.5, corresponding to its fucosylated
counterpart, at m/z 3514.6, corresponding to a biantennary disialo-structure with two additional sialic
acids and at m/z 3963.8, consistent with a triantennary tetrasialo-structure, as evidenced in Figure 2 inset.
On the other hand, compared to a normal Tf N-glycan profile (Sturiale et al., 2011), a reduced intake of sialic
acid on the glycan structures has been observed, as reflected by the increase of the biantennary monosia-
lylated ion at m/z 2431.1 and of the mono- and disialo-triantennary ions at m/z 2880.3 and 3241.4,
respectively.

MALDI TOF/TOF analyses on the two major abnormal glycoforms at m/z3153.4 and m/z 3514.6 (Figures 2B
and 2C) confirmed our attributions showing in the low mass-range three diagnostic fragments, such as the
B-type ion at m/z 1208.5 (NeuAc,GalGlcNAc,), the C-type ion at m/z 620.3 (NeuAc;Galy) and the internal
fragment (BZ ion, NeuAc;GlcNAc,) at m/z611.3 (Domon and Costello, 1988; Spina et al., 2000), revealing
the occurrence of a disialo-epitope bearing sialic acid linked either to galactose (Gal) and to N-acetylglu-
cosamine (GlcNAc). The same ions were not found in the fragmentation pattern of the biantennary disialo-
glycan at m/z 2792.3, presenting an MS/MS spectrum in line with the canonical structure (data not shown).

As a whole, Tf N-glycan analyses reported in Figure 2, indicated the presence of abnormal biantennary
structures capped with two sialic acids with an additional NeuAc unit at one or both the antennary GIcNAc
residues.

Tf N-glycosylation analysis on a second patient serum aliquot, sampled at age 13 years, showed a further
increase of these hypersialylated structures, as reported in Figure S3.

MALDI TOF and MALDI TOF/TOF N-glycan analysis on other serum glycoproteins

We also investigated the possible occurrence of this peculiar glycosylation on three other serum glycopro-
teins: AAT, AGP and IgG. Compared to Tf, these glycoproteins possess a more heterogeneous glycosyla-
tion. In particular, AAT and AGP exhibit a higher sialylation degree due to a greater amount of tri-, and
tetra-branched fully sialylated N-glycan structures, potentially susceptible of further GlcNAc antennary
sialylation.

AAT, one of the most abundant liver-derived serum glycoproteins, belongs to the superfamily of serine
protease inhibitors (serpins). This acute phase protein plays an active anti-inflammatory role (McCarthy
et al., 2014) and is a 52 kDa glycoprotein with three N-glycosylation sites at Asn70, Asn107, and Asn271,
bearing di-, tri- or tetra-antennary glycans, as demonstrated by the MALDI TOF MS N-glycans profile of

¢? CellPress

OPEN ACCESS

iScience 24, 102323, April 23, 2021, 2021 3




¢? CellPress

OPEN ACCESS

iScience

A §§
100]
90)
80)
D792.3
70
260
5 (]
2
£50 °
= 56 Mass (m/z)
40 K3
i{ K2
30
431.1 ﬁ ;f
26052 | -&
20] 6052 | 2og 33275
1 ‘(E‘ o66.4 P1534 35146
s . 2700 per il gedgs g2415 79928 a7777 30638
0
1400 1920 2040 oo (msz) 2960 3480 4000
B Precursor (P) m/z 3153.4 [M+Nal]* Y
376 620 847 _
2320 @— -l p778.3 P
g A
1764
- &O—:».
Y loe7 1764.5
3 o :
" i Y
Na " 1 - Qonm
* N + + {
Yo 20 ool oF ol 1967.8  |<
+ | H
#3986 6203 B ‘!. B | 320.1 Z - oo
376.1 \ 847.4 N N N e
\ | 7/ yy 12085 5 556.1
B\/ BZi, —e i
] B : ? 2.7 v
gy ‘wu wthwr o N ST L. Lo T o it W ! o
300 900 1500 pass (m/z) 2100 2700 3300
c Precursor (P) m/z 3514.6 [M+Na]* A
3139.6
376620
P P
2125.6
Y 23205 -
7 3
29177 | _ oo
\ 3986|0204 : <=2
B 7 131 <
B 833.5 Y\q 20 I ]
bl i i AMB0 LR PO | IR . P N
300 260 1620 Mass (m/z) 2280 2940 3600

Figure 2. MALDI TOF MS analysis unveils the atypical sialylation of patient Tf N-glycans

(A) MALDI TOF mass spectrum of N-glycans from patient serum Tf (first sampling at age 11 years). Highlighted species
refer to the abnormally hypersialylated glycans. Red arrows indicate the relative increase of some hyposialylated
structures with respect to a control Tf (not shown). Figure inset shows the enlarged mass-range at m/z 3200-4000. Protein
sample was isolated from serum by immunoaffinity depletion on anti-human Tf IgY-linked microbeads as described in the
Transparent Methods section. Glycans released by PNGase F digestion where further purified and permethylated before
MS analysis, conducted in reflector mode and in positive polarity. Molecular ions were finally detected as sodium adducts:
[M+Na]". This glycan profile is representative of at least three independent acquisitions.

(B) MALDI TOF/TOF fragmentation analysis of the trisialo-biantennary glycan at m/z 3153.4 (precursor ion), showing the
location of the additional sialic acid at one peripheral GIcNAc residue.
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Figure 2. Continued

(C) MALDI TOF/TOF fragmentation analysis of the tetrasialo-biantennary N-glycan at m/z 3514.6 (precursor ion), showing
the location of the two additional sialic acids at the peripheral GIcNAc residues.

Glycan structures were assigned following consortium for functional glycomics guidelines: N-acetylglucosamine, blue
square; mannose, green circle; galactose, yellow circle; sialic acid, purple lozenge; fucose, red triangle.

control AAT in Figure S4A. MALDI TOF MS analysis of the patient AAT N-glycans showed a series of addi-
tional hypersialylated structures ranging between the biantennary trisialo-structure at m/z 3153.4 and the
tetra-antennary pentasialo-structure at m/z 4774.1 (Figure S4B). A slight increase of hyposialylated struc-
tures at m/z 2431.1 and 3241.4, was also observed, together with a significant decrease of tri-antennary
and tetra-antennary fucosylated glycans as a result of the HNF1A-MODY mutation (Juszczak et al., 2019).

AGP is another abundant acute phase serum glycoprotein mainly secreted by hepatocytes. It is involved in
different physiological and pathological functions such as drug binding and regulation of immunological
and inflammatory responses (Fernandes et al., 2015). Structurally, human AGP is a heavily glycosylated
serum protein of molecular mass 41-43 kDa (ca. 45% glycan content) with five N-glycosylation sites at
Asn15, Asn38, Asn54, Asn75, and Asn85, occupied in a heterogeneous manner by branched complex
N-glycans, mostly tri- and tetra-antennary ones (Treuheit et al., 1992; Imre et al., 2005). Figure 3A reports
the MALDI TOF MS N-glycan profile of AGP extracted from patient serum, compared to serum AGP from a
control (Figure 3B). The patient spectrum showed an altered AGP glycosylation, reflecting the abnormal
structural findings already observed for Tf and AAT. In AGP, the most abundant hypersialylated glycan
structures were detected at m/z 3963.9 (triantennary tetrasialo-glycan) an at m/z 4774.3 (tetra-antennary
pentasialo-glycan). Minor abnormal structures were found at m/z 3153.4 (biantennary trisialo-glycan) and
at m/z 5135.6 (tetra-antennary hexasialo-glycan). Patient AGP N-glycan spectrum also showed a clear-
cut increase of tri-antennary (m/z 2880.3 and 3241.5) and tetra-antennary (m/z 3690.7 and 4051.9)
hyposialylated structures, as indicated in Figure 3A by red arrows. Finally, we observed, also in this specific
glycoprotein, an evident decrease of fucosylated triantennary (m/z 3415.6 and m/z 3776.8) and tetra-
antennary (m/z 4226.0, m/z 4587.2, and m/z 4761.3) glycoforms associated to the reduced amount of
antennary fucosylation in MODY 3 patients (Juszczak et al., 2019). MALDI TOF/TOF analysis on parent
ions at m/z 3963.9 and 5135.6 (see Figures 4A and 4B), confirmed the occurrence of the antennary dis-
ialo-epitope bearing sialic acid units linked at both Gal and GlcNAc residues. The fragmentation pattern
of the species at m/z 3963.9 revealed the occurrence of a second isoform with a lactosamine terminal group
at one antenna and two disialo-antennary groups, as depicted in Figure 4A.

1gG is the largest family of human antibodies and the major component of glycoproteins in serum, where it
is secreted by plasma B cells. IgG is a key effector of the innate and adaptive immune system, playing a
modulatory role mainly due to two N-glycan moieties linked to Asn297 at the constant region of the frag-
ment crystallizable (Fc) domain (Hayes et al., 2014). Variable glycosylation (15-25% of the circulating IgG)
could also be present on the antigen binding (Fab) domain (van de Bovenkamp et al., 2016). The MS profile
of patient IgG N-glycans, reported in Figure S5A, was found in line with other reference MALDI mass
spectra of permethylated 1gG oligosaccharides (Wada et al., 2007; Sturiale et al., 2019) showing, in the
high mass range, only minor amounts of biantennary disialylated glycans. In the same region of the spec-
trum, a faint trace of the trisialylated biantennary glycoform was detected (see Figure S5B). Due to the very
small amount of this unique glyco-biomarker, we are not sure whether this is a significant finding.

Tf N-glycosylation analysis by UHPLC-ESI MS

UHPLC-ESI MS analysis on RapiFluor-MS (RFMS)-labeled N-glycans from patient Tf has been employed to
get further structural insights on the abnormally glycosylated N-glycans (Messina et al., 2020; Sturiale et al.,
2019; Palmigiano et al., 2018). Figure 5 shows the superimposed extracted ion chromatograms (EICs) of the
biantennary disialo-, trisialo- and tetrasialo-glycans found in patient serum Tf. Aside the dominant species
(red chromatogram) corresponding to the isomeric disialo-structures at m/z 1267.985 eluting at the same
retention time of their analogs in control Tf (data not shown), we observed also additional glycans attrib-
uted to two trisialo-isomers at m/z 1413.534 (green chromatogram, 20-fold enhanced sensitivity) and one
tetrasialo-biantennary structure at m/z 1559.081 (violet chromatogram, 200-fold enhanced sensitivity). This
chromatographic method, based on hydrophilic interaction liquid chromatography (HILIC)-UPLC separa-
tion of RFMS labeled N-glycans, allows us to achieve well-resolved differentiations of sialo-linkage isomers,
with the structures containing the highest number of a2-6 linked sialic acids more retained than the
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Figure 3. MALDI TOF MS analysis of patient serum AGP mapping sialylation changes of higher branched N-

glycans

(A) MALDI TOF mass spectrum of N-glycans from patient serum AGP. Highlighted species refer to the abnormally

hypersialylated species. Red arrows indicate the relative increase of some hyposialylated structures with respect to a

control AGP from a healthy donor sample.

(B). Blue arrows indicate the relative decrease of the fully sialylated tri-antennary and tetra-antennary structures.

Figure insets report the enlarged mass-range at m/z 4550-5900. Protein sample was isolated from serum by

immunoaffinity depletion on anti-AGP IgY microbead spin columns as described in the Transparent Methods section.
Glycans released by PNGase F digestion where further purified and permethylated before MS analysis, conducted in
reflector mode and in positive polarity. Molecular ions were finally detected as sodium adducts: [M+Na]*

sialic acid, purple lozenge.

a2-3-linked counterparts (Messina et al., 2020; Palmigiano et al., 2018; Palmisano et al., 2013). As a matter of
fact, either the two isobaric N-linked biantennary disialo-glycans and the two trisialo-glycans eluted at
distinct retention times, due to the occurrence of a2-6 or a.2-3 sialyl-linkage types (Figure 5). To get possible
assignments of the isomeric hypersialylated structures, we moreover compared the joint EICs of patient
biantennary trisialo- and triantennary tetrasialo-glycans with the similar structures present in bovine fetuin
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Figure 4. MALDI TOF/TOF analysis of highly branched hypersialylated AGP N-glycans allows to allocate the extra
sialic acid at the peripheral GIcNAc

(A) MS/MS mapping of the tetrasialo-triantennary precursor (P) at m/z 3963.9.

(B) MS/MS mapping of the hexasialo-tetraantennary precursor (P) at m/z 5135.6. N-acetylglucosamine, blue square;
mannose, green circle; galactose, yellow circle; sialic acid, purple lozenge.

(Figure 6), a widely studied protein bearing a good deal of N-glycans with the same composition of the
patient atypical sialoglycans. In fact, fetuin from fetal calf serum mostly bears trisialo-triantennary complex
glycans as major Asn-linked oligosaccharide component and a significant amount (about 8% of total
N-glycans) of tribranched tetrasialo-structures. Previous studies (Green et al., 1988) identified two major
isomeric tetrasialo-triantennary N-glycans in fetuin, accounting for 5.2% and 2.5% of the total N-glycan con-
tent, respectively. Both bear a disialo-antenna with a NeuAc moiety «2,6 linked to the peripheral GlcNAc
and the other NeuAc unit attached through an «2,3 linkage to the Gal residue, indicated as structures IV
and V in Figure 6A. These specific tetrasialo-isomers gave a couple of peaks eluting at 33.1 and 33.8 min
in our UHPLC separation, as depicted in Figure 6B. The EIC obtained for the tetrasialo-triantennary
N-glycans in patient Tf (Figure 6C) likewise showed two glycoforms sharing the same retention times
with the corresponding isobaric species in fetuin, thus suggesting the occurrence of the same isomers in
terms of a2-3 and «2-6 sialic acid number and location. Figure 6B also showed at lower retention times
(28.5 and 29.5 min) two minor chromatographic peaks, corresponding to biantennary trisialo-structures.
Basing on the observed retention times and on the knowledge of the sialo-linkage types of the biantennary
structures recognized in bovine fetuin (Green et al., 1988), it could be reasonably assumed that these peaks
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Figure 5. UHPLC-ESI MS analysis of disialo-, trisialo- and tetrasialo-biantennary N-glycans from patient serum Tf
pinpoints different sialo-isomers

Superimposed extracted ion chromatograms (EICs) of some significant RFMS labeled Tf biantennary sialoglycans.
Disialo-isomers (red chromatogram) and trisialo-isomers (green chromatogram) eluted at different retention times
depending on a2-6 or 2.2-3 NeuAc linkage positions at the Gal residue. lon currents associated to the tri-sialylated and
tetra-sialylated species (violet chromatogram) are reported with 20-fold and 200-fold enhanced intensity, respectively.
The PNGase released oligosaccharides were RFMS labeled and separated by HILIC as described in the Transparent
Methods section. N-acetylglucosamine, blue square; mannose, green circle; galactose, yellow circle; sialic acid, purple
lozenge (+ 45°: a2-6 linked; -45°: 02-3 linked; vertical and horizontal linkages: unassigned).

fit the glycan structures |, Il, and Ill reported in Figure 6A, all containing the same disialo-structural motifs
with one NeuAc unit a2-6 linked to the antennary GlcNAc and the other NeuAc residue a2-3 linked to Gal.
Patient Tf chromatogram in Figure 6C, displayed, in its turn, two intense biantennary trisialo-ion signals at
the same retention times of the corresponding species in bovine fetuin, suggesting the same sialic acid
linkages on the disialo-branch.

DISCUSSION

The present study provides strong evidence for an aberrant sialylation of individual serum N-glycoforms in
a patient with HNF7a mutated liver adenomatosis.

HNF1a is a homeobox transcription factor expressed in pancreatic isles, liver, kidney and intestine. Mono-
allelic mutations of hepatocyte nuclear factor 1o (HNF1a) are identified in almost 30-50% of patients with
maturity-onset diabetes of the young (MODY), so called MODY- subtype 3 (MODY 3). MODY is a rare con-
dition, accounting for almost 1-5% of all cases of diabetes (Kim, 2015). In addition to MODY3, mutations of
HNF1a may lead to hepatocellular adenomas and liver adenomatosis. Biallelic mutations of HNF1« are
found in 30-35% of all hepatocellular adenomas (HNF1a-inactivated hepatocellular adenoma; HHCA).
HNF1a acts as a master regulator of plasma protein antennary fucosylation by promoting both de novo

8 iScience 24, 102323, April 23, 2021, 2021

iScience



iScience

A | ] n v Vv

02:6 a2-3 a2-3 26 a23  a2-6
a2-3 a2-3 a2-3 ‘\az-s a2-3

O a2-6 (i
gsr }/u.z-s *ﬁ?ﬁ N a2-6 «2-6

g s

\ 331
100 4 Bovine fetuin

N ® ©
o o © o

33.8

o

Relative Intensity
w A O
o o

o

28.5 29.5 32.3

C 1007 patient Tf

40 28.5 33.1 338

Relative Intensity

10 - 32.3

) T T R T S S e ey

26 27 28 29 30 31 32 33 34 35 36
Time (min)

Figure 6. Direct comparison between UHPLC-ESI MS analysis of trisialo- and tetrasialo-glycans in patient Tf and
bovine fetuin is suggestive of a common disialo-structural motif

(A) Structure assignments for RFMS labeled trisialo-biantennary and tetrasialo-triantennary N-glycan isomers in bovine
fetuin and patient transferrin.

(B) EIC of the RFMS-labeled biantennary and triantennary hypersialylated structures in bovine fetuin.

(C) EIC of the RFMS-labeled biantennary and triantennary hypersialylated structures in patient Tf. The PNGase released
oligosaccharides were RFMS-labeled and separated by HILIC as described in the Transparent Methods section.
N-acetylglucosamine, blue square; mannose, green circle; galactose, yellow circle; sialic acid, purple lozenge (+ 45°: a2-6
linked; -45°: .2-3 linked).

and the salvage pathways of GDP-fucose synthesis, stimulating the expression of FUT3, FUT5 and FUT4,
and supressing the expression of FUT8 (Lauc et al., 2010). The present patient had ¢.872delC mutation
in exon 4 of HNF1a, causing deletion of one of eight consecutive cytosine in a mutational hotspot of the
gene resulting in frameshift and premature termination of the protein (Kristinsson et al., 2001). In the pre-
sent patient liver adenomas were associated with loss of HNFTa expression in the hepatic tissue.

Unlike CDG and secondary disorders of hypoglycosylation (such as galactosemia and hereditary fructose
intolerance) that are characterized by hyposialylation (Abu Bakar et al., 2018; Sturiale et al., 2005; Quintana
et al., 2009), the present patient shows evident hypersialylation of the most abundant liver secreted serum
glycoproteins, due to the occurrence of disialo-epitopes bearing one NeuAc a-2-3 linked to galactose (Gal)
and the other NeuAc a2-6 linked to the peripheral N-acetylglucosamine (GIcNAc) residue.

Sialylation of the terminal end of glycans has an important role in signaling and adhesion processes at the
bases of cell-cell recognition and cell-matrix interactions (Schnaar et al., 2014; Li and Ding, 2019). It pro-
vides negatively charged monosaccharide units to the carbohydrate determinants on the cellular surface.
The a2-6 sialylation of a subterminal GIcNAc residue is a very uncommon feature in humans. It was found
differentially expressed as ganglioside determinant in human colon cancer (Fukushi et al., 1986; Tsuchida
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et al., 2003; Miyazaki et al., 2004), and as human milk oligosaccharide (HMO) component in monosialylated
lacto-N-tetraose isomer b (LST b) and in disialyllacto-N-tetraose (DSLNT) (Bode, 2012), but, to the best of
our knowledge, was not once described as a part of a disialo-terminal branch of human N-glycoproteins, as
in the present patient. In other mammalian species, NeuAca2-6GlcNAc N-glycan epitopes have been
recognized since the 1980s in bovine and murine liver N-glycoproteins such as rat AGP, bovine prothrom-
bin and bovine fetuin (Mizuochi et al., 1979; Yoshima et al., 1981; Green et al., 1988). In all the above re-
ported structures (except in monosialo-oligomer LTS b), this disaccharide belongs to a disialylated
NeuAca2-3GalB1-3(NeuAca2-6)GlcNAc determinant. Six distinct ST6GalNAc are known to mediate the
formation of a2-6 sialyl-linkages onto GalNAc residues of O-linked glycans and gangliosides in humans,
but not a single ST6GIcNAC, catalyzing the transfer of sialic acid to the peripheral GlcNAc of N-glycans,
has yet been identified, not even its substrate specificity. The product of such enzyme activity was found
instead in murine tissues (Paulson et al., 1984; de Heij et al., 1986), as well as in bovine serum N-linked gly-
cans (Mizuochi et al., 1979; Yoshima et al., 1981; Green et al., 1988). There is experimental evidence that
ST6GalNAcV catalyzes the a2-6-sialylation of the GIcNAc in colon cancer cell lines in a highly ordered
manner, as this reaction requires a trisaccharide containing an a2-3-sialylated Gal residue (Tsuchida
et al., 2003), but all this issue remains not well defined.

No changes in the sialylation of liver derived glycoproteins have been reported in patients with monoallelic
HNF1a mutations (Lauc et al., 2010). Accordingly, we did not find any significant change of the serum gly-
come in the patient’s mother who carries the same HNF1a variant, in two subjects with MODY3-diabetes
and HNF1«a mutations nor in one patient with idiopathic liver adenomatosis (data not shown).

Selective expression of specific terminal glycosyltransferases is responsible for the synthesis of tissue-spe-
cific carbohydrate structures. Liver-enriched transcription factor hepatocyte nuclear factor-la regulates
expression of glycosyltransferases implicated in sialylation of terminal N-glycan structures such as B-galac-
toside-a.2,6-sialyltransferase in the liver (Svensson et al., 1992). It is conceivable that HNF1a-inactivated
hepatocellular adenoma may be associated with modification of cell-type-specific transcription and
expression of glycosyltransferases providing this unorthodox disialo-structures on liver derived
N-glycoproteins. In favor of this association with liver adenomatosis is the fact that such disialyl-epitopes
have been previously detected in human only in tumor tissues, as colon adenocarcinoma (Fukushi et al.,
1986). Gene expression analyses might unravel differential expression of glycosyltransferases thus explain-
ing the remarkable glycosylation pattern in the present patient with HNF1a-inactivated hepatocellular
adenomas.

In conclusion, we report an aberrant N-glycosylation feature in a boy with unexplained psychomotor
disability, epilepsy, mild dysmorphism, and with HNF1a mutated liver adenomas. Serum Tf IEF showed
a pattern never seen before in our lab: an increase of all bands (1-sialo up to 7-sialo) except asialo-Tf, sug-
gestive of hypersialylation. Mutation analysis revealed a pathogenic variant in the HNF1a gene (MODY3,
explaining the liver adenomas). Glycomics MS investigation showed a decrease of fucosylated multi-
branched N-glycans both in the total serum N-glycome and in individual serum glycoproteins, consistent
with the serum glycome profile of monoallelic HNF1a mutations. Most important, throughput MS investi-
gations confirmed hypersialylation of serum Tf and other liver-derived serum glycoproteins and detected
an abnormal sialylation bond that, as far as we know, has not been described in human N-glycoproteins.

Limitation of the study

One of the main difficulties when dealing with rare genetic disorders is their low prevalence that often limits
the recruitment of additional patients to validate distinctive traits of the disease-related structural features
atmolecular level. Thisis particularly true for the present patient, showing an unexplained neurological syn-
drome, a pathogenic HNF1a variant and an extremely rare sialylation abnormality. The mechanism respon-
sible for the hypersialylation with an abnormal sialylation bond in the present patient remains unclear.

Expression analyses of sialyltransferases and fucosyltransferases (i.e. ST3GallV, ST6Gall, FUT8 genes) may
unravel, in the foreseeable future, the molecular mechanism underpinning patient’s abnormal glycosyla-
tion pattern. Further studies may well consider to systematically evaluate serum N-glycosylation in patients
with HNF1a-liver adenomatosis with special regard to hypersialylation features. Moreover, the occurrence
of the neurological syndrome and possible links with abnormal sialylation in the present patient deserve
further investigations.
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Figure S1. Related to Figures 2 and 3. MALDI-TOF MS profile of N-linked glycans from the whole patient serum glycoproteins.

Total patient serum N-glycome shows the occurrence of two of the most abundant peculiar glycoforms, namely the biantennary trisialo- and

the triantennary tetrasialo-structure, both comprised in the mass-range between m/z 3000 and m/z 4000 (see inset). Figure inset reports the
enlarged mass-range at m/z 3200—4000. Glycans were released from serum proteins as described in the Transparent Methods section. MS

analysis were conducted on permethylated oligosaccharides in reflector mode and in positive polarity. Molecular ions were finally detected as

sodium adducts: [M+Na]*. This glycan profile is representative of at least three independent acquisitions.

N-acetylglucosamine, blue square; mannose, green circle; galactose, yellow circle; sialic acid, purple lozenge; fucose, red triangle.
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Figure S2. Related to Figure 3. MALDI-TOF mass spectra at high mass-range (m/z 3000-5000) of permethylated serum N-glycans from a control (A), the
described patient (B) and two MODY patients with a different HNFI1A variant (C, D).
This direct comparison allows to pinpoint, beside the typical patient sialo-biomarkers, also changes in the relative abundance of some triantennary species, such as
the decrease of fucosylated glycans at m/z 3776.6 and, in minor extent, at m/z 3415.4, likely due to a decreased antennary fucosylation, which is the biochemical

hallmark of HNF1A-MODY (Juszczak et al., 2019).

N-acetylglucosamine, blue square; mannose, green circle; galactose, yellow circle; sialic acid, purple lozenge; fucose, red triangle.
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Figure S3. Related to Figure 2. MALDI TOF mass spectrum of N-glycans from patient serum Tf (second sample at age 13).

Compared to the first serum sampling at age 11, current Tf profile shows even more increased amounts of hypersialylated species, up to m/z 4325.1 (triantennary

pentasialo-glycan).

N-acetylglucosamine, blue square; mannose, green circle; galactose, yellow circle; sialic acid, purple lozenge; fucose, red triangle.
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Figure S4. Related to Figure 2 and 3. Comparison of MALDI TOF MS profiles of N-glycans released from Control and Patient serum AAT.

(A) Control serum ATT. (B) Patient serum AAT. Figure insets report the enlarged mass-range at m/z 3000-5000.

The N-linked glycan repertoire of serum AAT is richer in tri- and tetra-antennary glycans than Tf, allowing us to detect in patient’s sample up to five
hypersialylated species (highlighted glycans). Additional glycosylation changes consist on the increase of hyposialylated glycans (red arrows). Decreased amounts
of fucosylated tri-and tetra-antennary glycans were moreover detected (blue arrows), as previously reported for HNF1A-MODY patients (Juszczak et al., 2019).
Protein sample was isolated from serum by immunoaffinity depletion on anti-AAT IgY microbead spin columns as described in the Transparent Methods section.
Glycans released by PNGase F digestion where further purified and permethylated before MS analysis, conducted in reflector mode and in positive polarity.
Molecular ions were finally detected as sodium adducts: [M+Na]*. This glycan profile is representative of at least three independent acquisitions.

N-acetylglucosamine, blue square; mannose, green circle; galactose, yellow circle; sialic acid, purple lozenge; fucose, red triangle.
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Figure S5. Related to Figure 2 and 3. MALDI TOF mass spectrum of N-glycans from patient serum IgG.

(A) Full-range MALDI-MS profile of patient IgG N-glycans. It was found in line with other reference MALDI mass
spectra of permethylated IgG oligosaccharides (Wada et al., 2007; Sturiale et al., 2019) with four major peaks
corresponding to fucosylated biantennary N-glycans bearing 0, 1 and 2 galactose residues (at m/z 1836.0, 2040.1 and
2244.2, respectively) and a monosialo- digalactosylated structure (at m/z 2605.4). Less intense peaks refer to
fucosylated biantennary glycans with bisecting GlcNAc and variable galactosylation degree.

(B) Enlarged high mass-range (m/z 2700-3500), showing traces of minor glycan species as disialo-glycans together

with a faint trace of the abnormal trisialo-biantennary glycoform at m/z 3153.7.
Protein sample was isolated from serum by immunoaffinity depletion on anti-IgG IgY microbead spin columns as

described in the Transparent Methods section. Glycans released by PNGase F digestion where further purified and
permethylated before MS analysis, conducted in reflector mode and in positive polarity. Molecular ions were finally
detected as sodium adducts: [M+Na]*. This glycan profile is representative of at least three independent acquisitions.

N-acetylglucosamine, blue square; mannose, green circle; galactose, yellow circle; sialic acid, purple lozenge;
fucose, red triangle.



Transparent Methods

Ethical approval

All the described procedures involving human participants were in accordance with the protocols approved by the
Ethical Committee of each institutional research center involved in this study, and with the Helsinki declaration.
The patients detailed in this study provided informed consent.

Genetic analyses
Sanger sequencing was performed of the 9 coding exons and flanking intronic sequences of the HNF A4 gene (NCBI
reference sequence: NM_000545.8).

Tf glycosylation analysis by isoelectric focusing (IEF)
This analysis was performed as described (Van Eijk et al., 1983).

Glycoproteins purification from serum samples

Each individual serum glycoprotein was sequentially extracted from serum by immunoaffinity chromatography on
microbeads derivatized with chicken polyclonal antibody (IgY) against human transferrin (Tf), human IgG, human
alpa-1-antitripsin (ATT), and human acid-1-glycoprotein (AGP) respectively, as previously described (Sturiale et al.
2008). 120 uL of serum were diluted 1:5 in 10 mM Tris-Buffered Saline (TBS) pH 7.4 and loaded into spin columns
pre-packed with 1 mL of specific IgY-derivatized stationary phases (Genway Biotech Inc.). After incubation (at RT for
15 min) and centrifugation (at 1000 x g for 30 sec), each column was washed three times with TBS to remove residual
unbound proteins and finally subjected twice to a stripping step with 0.5 mL 0.1 M Glicine-HCI pH 2.5. Protein samples
were then neutralized with 1M TBS pH 8.0 and concentrated up to about 100 pL. in 50mM ammonium bicarbonate
(NH4HCO3) pH 7.8 by Amicon® 30K Ultra-4 centrifugal filter devices (Merck, KGaA, Darmstadt, Germany). The
described protocol is suitable to multiple serum protein extractions as follows: the protein-depleted serum and the
washing solutions, containing the unretained IgY fractions, were in their turn pooled and concentrated with Amicon®
30K Ultra-4 centrifugal filter devices (Merck, KGaA, Darmstadt, Germany) as starting sample for further protein
extractions.

Protein N-glycosylation analyses by MALDI-MS

N-glycan preparation from whole serum (10 pl) or from serum purified glycoproteins (about 100 pL, as described
above) consisted of glycoprotein denaturation by RapiGest™ SF Surfactant (Waters Corporation, Milford,
Massachusetts) in 50 mM NHsHCOs buffer, reduction in 5 mM Dithiothreitol (DTT, Sigma) at 56 °C for 30 min,
alkylation in 15 mM iodoacetamide (IAA, Sigma) in the dark at room temperature for 45 min, and peptide-N-
glycosydase F (PNGase F) digestion, (2-4 U, Roche, Molecular Biochemicals, Mannheim, Germany) overnight at 37°C.
The released glycans were therefore purified from the resulting mixture by a 1 cc C18 Sep-Pak cartridge (Waters,
Milford, MA), followed by a further purification by solid-phase-extraction (SPE) on HyperSep™ Hypercarb™ (Thermo
Scientific™, Bellefonte, PA, USA) 50 mg/L cartridges (Palmigiano et al., 2018a; Messina et al., 2019). The obtained
N-glycans were therefore permethylated in a DMSO/NaOH slurry followed by ICH3 addition, according to the method
originally developed by Ciucanu and Kerek (1984) to enhance glycan detection sensitivity upon MALDI-MS. Mass
spectra of permethylated N-glycans, dissolved in MeOH at an estimated concentration of about 10 pmol/uL, were
performed using 5-chloro-2-mercaptobenzothiazole (CMBT, 10 mg/ml in 80:20 MeOH/H20, v/v) as matrix
(Palmigiano et al., 2018a; Messina et al., 2019). MALDI TOF and MALDI TOF/TOF analyses were conducted on a
4800 Proteomic Analyzer (AB Sciex), equipped with a Nd:YAG laser operating at a wavelength of 255 nm with <500-
ps pulse and 200 Hz firing rate. Mass spectra of permethylated N-glycans were acquired in positive polarity and in
reflector mode, allowing detection of monoisotopic masses with mass accuracy below 75 ppm. Data were processed
using DataExplorer™ 4.9 software. Structural assignments were based on molecular weight identification, knowledge
of the N-glycan biosynthetic pathway and MS/MS analyses. N-glycan species were identified by bioinformatic tools,
such as GlycoMod (http://web.expasy.org/glycomod/) and glycoworkbench v2.1 (Ceroni et al., 2008) and by tools
provided by the consortium for functional glycomics (http:/functionalglycomics.org).

Glycosylation analysis by UHPLC-ESI MS

UHPLC-ESI MS analyses were performed starting from 7.5 puL of Tf solution (extracted from patient serum as
described above) and the same aliquot of fetuin from fetal calf serum (Sigma, 2 mg/mL solution in 50 mM phosphate-
buffered saline, pH 7.5). Enzymatic release and labelling of N-glycans were performed by the GlycoWorks RapiFluor-
MS (RFMS) N-Glycan kit (Waters Corporation, Milford, MA, USA), modifying the suggested protocol by increasing
the deglycosylation time from 5 to 60 min (Messina et al., 2020). RFMS Labelled N-glycans, tagged at the
glycosylamine residue of the terminal chitobiose epitope (Zhou et al., 2017; Palmigiano et al., 2018b), were separated
by an UHPLC THERMO system (Ultimate 3000 LPG3400SD) coupled to an Exactive Orbitrap HESI-II mass
spectrometer (Thermo Fisher Scientific Inc., Bremen, Germany). Samples were loaded on an ACQUITY UPLC Glycan
BEH Amide 130 A, 2.1 mmx 150 mm, 1.7 um hydrophilic interaction liquid chromatography (HILIC) column (Waters



Corporation Milford, MA, USA) and eluted with a mobile phase A consisting of 50 mM ammonium formate aqueous
solution (pH 4.4) and pure acetonitrile (mobile phase B). Chromatographic runs were carried out with a mobile phase A
gradient ramping from 25 to 46% over 35 min at a flow rate of 0.4 ml/min at 60 °C. MS analyses were conducted under
the following conditions: heater temperature 375 °C, capillary temperature 120 °C, spray voltage 1.90 kV, capillary
voltage 120 V, tube lens voltage 120 V, skimmer voltage 50 V. Spectra were acquired in positive polarity, and
resolution was adjusted at 70000 FWHM @200 m/z. We performed three runs for each analysis, and we found not
substantial differences between chromatograms and spectra recorded.
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