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Abstract

Congenital disorder of glycosylation type Ig (ALG12-CDG,) is a rare inherited metabolic dis-
ease caused by a defect in alpha-mannosyltransferase 8, encoded by the ALG12 gene
(22913.33). To date, only 15 patients have been diagnosed with ALG12-CDG globally.
Due to a newborn Slovak patient's clinical and biochemical abnormalities, the isoelectric
focusing of transferrin was performed with observed significant hypoglycosylation typical
of CDG I. Furthermore, analysis of neutral serum N-glycans by mass spectrometry rev-
ealed the accumulation of GIcNAc2Man5-7 and decreased levels of GIcNAc2Man8-9,
which indicated impaired ALG12 enzymatic activity. Genetic analysis of the coding regions
of the ALG12 gene of the patient revealed a novel homozygous substitution mutation
¢.1439T>C p.(Leu480Pro) within Exon 10. Furthermore, both of the patient's parents and
his twin sister were asymptomatic heterozygous carriers of the variant. This comprehen-
sive genomic and glycomic approach led to the confirmation of the ALG12 pathogenic var-

iant responsible for the clinical manifestation of the disorder in the patient described.
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1 | INTRODUCTION

Congenital disorders of glycosylation (CDGs) comprise a set of at
least 150 genetically and clinically heterogeneous diseases caused
by defects in various steps of glycan modification pathways
(Verheijen et al., 2020; Brucker et al., 2020; Ng & Freeze, 2018).
Most of the (Varki

et al, 2009), all human organs/systems are equipped with

secreted molecules are glycosylated

glycoconjugates, and glycosylation process occurs in every cell.
This explains why most CDG diseases involve multiple organs
(Marques-da-Silva et al., 2017). Furthermore, CDGs are often chal-
lenging to diagnose because of the considerable variability of clini-
cal features that characterize this set of diseases (Cylwik
et al., 2013).

ALG12-CDG (OMIM#607143) is a rare disease with autosomal
recessive inheritance caused by either a homozygous or compound
heterozygous mutation in the ALG12 (22q13.33) gene that encodes
the dolichyl-P-mannose Man-7-GlcNAc-2-PP-dolichyl-alpha-6-man-
nosyltransferase. This enzyme transfers the eighth mannose residue
from dolichyl-P-mannose to lipid-linked oligosaccharides. To date, only
15 ALG12-CDG patients have been reported worldwide (Chantret
et al, 2002; de la Morena-Barrio et al., 2020; Di Rocco et al., 2005;
Eklund et al., 2005; Esfandiari et al., 2019; Grubenmann et al., 2002;
Kranz et al, 2007; Murali et al, 2014; Sturiale et al., 2019; Tahata
et al,, 2019; Thiel et al., 2002; Zdebska et al., 2003). These patients are
of different ethnic origins and share some common CDG features. How-
ever, significant individual variations in symptoms and severity of disease
have been observed (Table S1).

Here, we describe a patient carrying a homozygous patho-
genic variant in the ALG12 gene. Clinical and biochemical
findings, complemented by N-glycan analysis and genome
sequencing, confirmed the first identified ALG12-CDG patient of

Slovak origin.

2 | MATERIAL AND METHODS

2.1 | Editorial policies and ethical considerations
Written informed consent was given by parents, and the experimental
study protocol was reviewed and approved by the hospital ethics

committee.

22 | Samples

Blood samples from the suspected ALG12-CDG patient, his asymp-
tomatic twin sister, both of the parents, and two other healthy new-
borns were obtained from the National Institute of Children's
Diseases, Bratislava, Slovakia, in accordance with standard operating
procedures. The samples were processed under the same conditions.
Serum and blood samples were stored at —20°C immediately after

the collection.

2.3 | Isoelectric focusing of serum transferrin

Screening for protein N-glycosylation by transferrin (Tf) via isoelectric
focusing (IEF) was performed at the National Institute of Children's
Diseases, Bratislava, Slovakia using PhastSystem (GE Healthcare, Chi-
cago, IL) equipment, as described previously (de Jong & van
Eijk, 1988; Hackler et al., 1995). Briefly, iron-saturated serum was
applied to a rehydrated PhastGel matrix that ranged from pH 5 to
8. After the separation process, Tf isoforms were immunofixed using
polyclonal anti-Tf rabbit antibodies (Dako, Glostrup, Denmark). The
remaining serum proteins were removed by washing, and Tf
immunocomplexes were stained with PhastGel Blue R-350. The
resulting pattern was compared to that of the negative control.

2.4 | Analysis of serum N-glycans by matrix-
assisted laser desorption/ionization time-of-flight
(MALDI TOF) mass spectrometry (MS)

Ten microliters of serum were premixed with 40 pl of 10 mM Tris buffer
containing 0.1% sodium dodecyl sulfate, pH 7.5. Serum proteins were
alkylated and reduced using 10 mM dithiothreitol and 25 mM
iodoacetamide before the addition of 1 U of peptide-N-glycosidase
(PNG-ase F; Roche Diagnostics GmbH, Mannheim, Germany). After
overnight incubation at 37°C, released N-glycans were isolated using
the Supelclean ENVI-Carb SPE system (Supelco/Sigma Aldrich, Bell-
efonte, PA), and the neutral glycan fraction was eluted using 40% aceto-
nitrile (ACN, v/v) (Hykollari et al., 2013). The fraction was lyophilized,
and free N-glycans were directly analyzed by MS in reflectron positive
ion mode using the UltrafleXtreme MALDI mass spectrometer (Bruker
Daltonics, Billerica, MA). A 20 mg/ml 2,5-dihydroxybenzoic acid (DHB)
solution in 30% ACN supplemented with 0.1% trifluoroacetic acid (TFA)
and 1 mM NaOH was used as a matrix solution. MALDI TOF data were
processed and interpreted by software programs FlexAnalysis and
ProteinScape with GlycomeDB glycan database (Bruker Daltonics;
http://www.glycome-db.org). Patient's sample was analyzed in three
technical replicates, a serum of asymptomatic sister and two age-
matching healthy individuals served as negative controls.

To provide additional quantitative data, stable isotope labeling was
performed. Briefly, 150 pl of a homogenous mixture of NaOH in DMSO
was added to samples. Each reaction was initiated by adding 150 pl 2c.
or 3C-iodomethane to permethylate neutral N-glycans from the patient
or negative control. The reaction was terminated by the addition of ice-
cold water, and permethylated N-glycans were extracted with chloro-
form, dried at room temperature, and dissolved in 50% methanol
(Palmigiano et al., 2018). The two samples were premixed and analyzed

from a single MALDI target plate spot as described above.

2.5 | Sanger sequencing

Genomic DNA was extracted from the whole blood samples from the

patient, his twin sister, and his parents. Primers were designed to


http://www.glycome-db.org

ZIBUROVA €T AL.

3496 AMERI'CAN JUURNAL'OF PART
—|—Wl L EY—medical genetics

amplify the entire coding region of the ALG12 gene (Exons 2-10).
Standard polymerase chain reactions (PCR, 25 pl) used 60-100 ng of
template DNA, conditions included 7 min at 95°C, followed by
40 cycles of 30 s at 95°C, 30 s at 58°C, and 40 s at 72°C. The reaction
was completed by the final elongation step for 7 min at 72°C. PCR
products of the expected size were sequenced using a 3500 Genetic
Analyzer (Applied Biosystems, Foster City, CA). Primers used in these

experiments are described in Table S2.

2.6 | Clinical exome sequencing

Coding exons of 4.490 Online Mendelian Inheritance in Man (OMIM)-
listed genes were enriched from 200 ng of blood-derived genomic
DNA using a clinical exome solution (CES) sequencing panel (Sophia
Genetics SA, Saint Sulpice, Switzerland) according to the manufac-
turer's instructions. Sequencing was performed using an lllumina
MiSeq sequencer (lllumina, San Diego, CA). Reads were aligned to the
reference genome (GRCh37/hg19), and the variant calling and clinical
interpretation of data were performed using the SOPHIA DDM plat-
form (Sophia Genetics SA).

3 | RESULTS

3.1 | Clinical phenotype

Our study reports a case of a dysmorphic male born prematurely, after
a complicated pregnancy, as a second child from binovular twins.
Comprehensive clinical phenotype was described separately (Lekka
et al., 2021). Newborn screening for cystic fibrosis was repeatedly
false positive. Bleeding, thrombocytopenia, and hypocoagulation led
to the continuous substitution of plasma and antithrombin Ill. Hypo-
glycemia, mild unconjugated hyperbilirubinemia, and elevated hepatic
enzyme levels with subsequent hepatomegaly occurred. Chronic
hypoproteinemia and hypogammaglobulinemia required the regular
parenteral substitution of albumin and human immunoglobulins. Car-
diological findings indicated the progressively developed hypertrophic
cardiomyopathy, and neurological findings revealed axial hypotonia
and acral hypertonia. Magnetic resonance imaging of the brain con-
firmed the presence of an arteriovenous malformation of the vena
Galeni magna, delayed white matter myelination, and hypoplasia of
optic nerves. Hepatomegaly, edemas, and tachycardia persisted, while
septic fevers, oliguria, and enteral uptake failure complicated the

patient's condition. The patient died at the age of 164 days.

3.2 | IEF of serum Tf

Described clinical symptoms resembled defects associated with
CDG-type disorders. Therefore, IEF of serum Tf was performed
(Figure 1). Findings revealed a pattern typical for patients affected
by CDG type | (CDG 1), and consisted of increased disialo- and

Negative
control

Patient

- pentasialo-Tf
- tetrasialo-Tf

- disialo-Tf

- asialo-Tf

FIGURE 1 Modified serum transferrin glycosylation pattern
determined by isoelectric focusing (IEF) suggested the diagnosis of
congenital disorders of glycosylation type | (CDG |) in the patient.
Isoelectric focusing of transferrin (Tf) from the patient and negative
control with marked individual sialylated protein bands. In the
patient's sample, increased disialo- and asialo-Tf along with mildly
decreased levels of tetra- and pentasialo-Tf are consistent with CDG |
profile

asialo-Tf, along with mildly decreased levels of tetra- and penta-
sialo-Tf. Although IEF suggested CDG I, the precise subtype
remained unclear. To determine whether the N-glycan synthesis dis-
order was general or Tf-specific, an N-glycoprofile assessment of

the patient serum was performed.

3.3 | AQualitative and quantitative analyses
of N-glycans

Analysis of serum N-glycans revealed significant aberrations, primarily
observed in high-mannose structures collected in neutral fraction of the
N-glycan pool. The N-glycoprofile of the patient differed from the nega-
tive controls concerning the distribution of individual glycan structures.
Increased levels of GIcNAc2Man5-7 and decreased levels of
GlcNAc2Man8-9 and GIcNAc2Man9Glcl were observed in the spec-
trum of free, underivatized N-glycans released from the patient's serum
(Figure 2a). Quantification of individual N-glycan structures, based on
the average values of relative intensities, calculated from three technical
replicates of the patient's sample or three age-matching negative con-
trols, is shown in Figure 2b. In the patient's sample, the relative intensi-
ties corresponding to GIcNAc2Man5-7 were 1.3-2.2-fold higher than
in negative controls.
GIcNAc2Man8 and GIcNAc2Man9 were 3.4- and 22.4-fold lower than

Furthermore, the relative intensities of
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FIGURE 2 Decreased levels of serum
GIcNAc2Man8-9 and GIcNAc2Man9Gilc1
indicated ALG12 dysfunction. (a) MALDI 8-
TOF analysis of the neutral fraction of
free, underivatized N-glycans released
from three technical replicates of patient's
serum (red) and three age-matching
negative controls (blue) revealed
decreased signals corresponding to
GIcNAc2Man8-9 (marked as H8N2 and
H9N2) and GIcNAc2Man9Glc1 (marked .
as H10N2) as well as increased signals
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negative controls, respectively. GIctNAc2Man9Glcl appeared to be
almost absent from the N-glycoprofile of the patient.

In the attempt to obtain structural information on accumulated
GlcNAc2Man7 (m/z 1581.5), MS/MS fragmentation analysis was per-
formed (Figure S1a). The oligosaccharide composition was unambigu-
ously assigned as Hex7HexNAc2 (H7N2); however, a precise isomeric
configuration could not be determined. Database search results of the
relevant human glycan structures revealed two main isomeric glycans
with similar score values. A slightly higher score corresponded to the
core N-glycan with linear A- and B-arms (Figure S1b), and the second
structure corresponded to the core N-glycan with A-, B-, and C-arms
(Figure Sic).

To provide an additional quantitative comparison between indi-
vidual high-mannose structures, a stable-isotope labeling strategy
was applied. N-glycans from the patient and negative control
(asymptomatic sister) were permethylated with '2C- and *3C-
iodomethane, respectively. Labeled N-glycans from both samples
were premixed and analyzed directly from a single MALDI target
plate spot. Absolute signal intensities corresponding to structures of
interest confirmed the results obtained from the analysis of free N-

glycans (Figure S2).
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3.4 | Genomics analysis

Based on MS data, the N-glycosylation pathway was impaired at the
step of converting GIcNAc2Man7 to GIcNAc2Man8, catalyzed by
alpha-mannosyltransferase 8, and encoded by ALG12 gene. DNA anal-
ysis was performed to determine the sequence of the coding region
of the ALG12 gene of the patient, his parents, and sister (asymptom-
atic twin). The patient's sample possessed a homozygous variant in
Exon 10, which was heterozygous in both of his parents and sister
(Figure 3). The variant ¢.1439T>C results in a p.(Leu480Pro) substitu-
tion within the C-terminal part of the ALG12 protein. The missense
mutation, recently reported within the ClinVar database (https://
www.ncbi.nlm.nih.gov/clinvar/), was predicted to be likely pathogenic
(submission accession number: SCV000927994.1) and has a global
minor allele frequency of 4 x 107, According to the Exome Aggrega-
(ExAC/gnomAD)
broadinstitute.org/), no known biallelic form of the variant exists to
date. Based on the ACMG/AMP criteria (Nykamp et al., 2017,
Rehm, 2017; Richards et al., 2015), results from various prediction

tion  Consortium database  (https://gnomad.

software (Mutation taster, http://www.mutationtaster.org/; Poly-
Phen, http://genetics.bwh.harvard.edu/pph2/; Provean/SIFT, http://
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FIGURE 3 An autosomal recessive mutation in ALG12 gene of the patient. (a) Sequence alignment of PCR-amplified genomic DNA fragments
of the mother, father, asymptomatic twin sister, and patient. The mother, father, and sister are heterozygous, and the patient is homozygous for a
T1439C transition, which leads to the substitution of leucine 480 with proline. (b) Pedigrees of family members based on the presence of T1439C

provean.jcvi.org/index.php; and  UMD_Predictor, http://umd-
predictor.eu/) and the occurrence of the mutated allele in the popula-
tion (approx. 1:250,000), we concluded that the variant is responsible
for the manifestation of disease (Table S3).

According to Clinvar, the patient was also homozygous in
three other benign, or likely benign variants. The first was synony-
mous variant c.885A>G p.(Ala295=) in Exon 7 (rs8135963,
benign). The other two variants, c.664+9G>C and c.664+12A>G
(rs9616368, rs9616204), were located within the intron between
Exons 5 and 6 were predicted to be benign and likely benign,
respectively.

To provide an additional genetic evidence for a critical role of
the discovered ALG12 mutation in pathogenesis, and to exclude
any other possible genetic variants that could be responsible for
aberant glycoprofile or phenotype, we performed the sequencing
analysis of the clinical exome (CES by Sophia Genetics SA). For a
more detailed analysis of CDG-related genes, we created a virtual
panel using Sophia DDM software. We focused on both homozy-
gous and heterozygous variants of the gene, since inheritance of
the majority of CDG diseases is autosomal recessive, and com-
pound heterozygosity is frequently observed. From selected genes,
no variants of clinical relevance were identified in the patient sam-
ple. Based on these results, we can link the identified homozygous
variant within Exon 10 of ALG12 with the phenotypic manifesta-
tion of disease and biochemical changes in glycosylation in the
patient.

4 | DISCUSSION

This report describes the first Slovak patient with ALG12-CDG, which
brings the total number of published cases of this subtype to 16. Clini-
cal symptoms, prenatal history, and cardiorespiratory, gastrointestinal,
musculoskeletal findings, together with the biochemical assessment
applied in each published ALG12-CDG case, are summarized in
Table S1. Most ALG12-CDG patients were born preterm, and most
pregnancies were complicated. Every ALG12-CDG patient possessed
characteristic dysmorphism, psychomotor retardation, hypotonia,
and/or skeletal abnormalities. Most patients suffered from feeding
difficulties, respiratory distress, and frequent infections. Furthermore,
IgG levels of patients were low. Typical biochemical findings consisted
of decreased coagulation factors and cholesterol levels and increased
transaminase levels. Hypoglycemia is another finding associated with
ALG12-CDG diagnosis. According to the summarized data, clinical and
biochemical findings of the patient described in this report cor-
responded to the previously described ALG12-CDG patients.

This study presents ALG12-CDG diagnostics based on the analy-
sis of the neutral N-glycans attached to serum proteins by using
MALDI-TOF. The spectrum acquired from the neutral fraction of
serum N-glycoprofile appeared to be characteristic of ALG12-CDG.
significantly decreased GIcNAc2Man8-9 and
GIcNAc2Man9Glc1 structures (Figure 2a,b). Accumulation of the
GIcNAc2Man7 oligosaccharide was also observed in the spectra of
serum N-glycans, which is indicative of ALG12-CDG. Due to the short

We observed
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lifespan of the presented patient, only two serum sample collections
were performed. However, both revealed an unambiguously patholog-
ical IEF Tf profile indicating CDG I. Analysis of serum N-glycoprofile
by MS immediately confirmed the suspected diagnosis.

Although the N-glycoprofile of serum glycoproteins of the patient
was abnormal, some complex glycans were formed (data not shown).
The presence of abnormal N-glycan structures on secreted glycopro-
teins suggests that aberrantly glycosylated glycoproteins may escape
ER-associated quality control (ERQC) mechanisms (Davis et al., 2017).
The discovery of increased levels of GIcNAc2Man7 attached to serum
proteins, which presumably originated from incomplete lipid-linked
oligosaccharide synthesis, is in accordance with the existence of side
pathways, which are used to add glycan intermediates to the proteins
or indicates that the specificity of oligosaccharidyltransferase
enzymes is broader than initially expected. Based on experiments con-
ducted in fibroblasts from ALG12-CDG patients, it is known that, in
addition to the mature core Dol-PP-GIcNAc2Man9Glc3, two other oli-
gosaccharide structures are transferred in approximately equal
amounts from dolichol onto glycoproteins: GIcNAc2Man7Glc3 and
GIcNAc2Man7 (Chantret et al., 2002; Sturiale et al., 2019).

The mechanism mentioned above and previously published stud-
ies of ALG12-CDG explain the observation of both underoccupancy
of glycosylation sites (CDG 1) and glycan processing defects (CDG
type Il [CDG ll]), thus ALG12-CDG having the features of a dual/
combined CDG (CDG | and Il) (Sturiale et al., 2019). Our data support
this presumption; however, N-glycan analysis by MS was targeted to
high-mannose structures (neutral fraction of serum N-glycans), and
complex N-glycans, forming in the Golgi apparatus during the
processing pathway, were not quantified.

Immunodeficiency and low serum IgG levels are considered as a
hallmark of this disease (Pascoal et al., 2020). The majority of the
ALG12-CDG patients experience severe infections associated with
hypogammaglobinemia and B-cell dysfunction. This may be due to
deficient N-glycosylation of immunoglobulins, which is necessary for
their effector functions such as complement binding and antibody-
dependent cell cytotoxicity and pathogen phagocytosis (Anthony &
Ravetch, 2010; Monticelli et al., 2016). Thus, parenteral 1gG substitu-
tion administered to the presented patient posed a limitation of IgG
N-glycoprofile study, and no significant alterations in IgG
N-glycoprofile were observed (data not shown). In previously publi-
shed ALG12-CDG case, MALDI MS showed the presence of addi-
tional signals in IgG N-glycoprofile, that is, the mono-antennary
sialylated species and the hybrid structures bearing one and two man-
nose units; an overall decrease of the agalactosylated structures,
increase of the di-galactosylated structure, and an increase of the
mono- and di-sialylated structures (Sturiale et al., 2019).

Eighteen different mutations in ALG12 have been previously
reported to cause ALG12-CDG, four introducing a premature stop
codon, and 14 others leading to amino acid changes. The presented
patient had a homozygous transition mutation (c.1439T>C), resulting
in the substitution of leucine to proline at position 480. The same var-
iant was first reported by Sturiale et al. and, along with another com-

pound heterozygous variant identified in the patient, was assumed to
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be responsible for the clinical manifestation of ALG12-CDG disorder
(Sturiale et al., 2019). The function of the C-terminal part of ALG12
has not yet been elucidated. However, its importance is highlighted
by examination of the pathogenic variant p.Y414Stop* (Thiel
et al., 2002) that causes a premature insertion of the stop codon and
results in the loss of 75 C-terminal amino acid residues. The C-
terminal domain may be involved in the enzyme's catalytic activity or
protein-protein interactions with other glycosylation enzymes within
the synthetic pathway.

Decreased signal corresponding to GIcNAc2Man8 is a reliable
and specific biomarker of ALG12-CDG. However, not all pathogenic
variants have such a significant impact on the function of proteins,
and therefore, some ALG12 cases produce GIcNAc2Man8 or even
higher oligosaccharides in sufficient amounts. We hypothesize that
the more impaired enzyme activity, the more severe phenotypic pre-
sentation of ALG12-CDG, and thus the lower the signals
corresponding to GIcNAc2Man8 in the serum glycoprofile of the
patient will be observed.

The correlation between genotype and phenotype of
ALG12-CDG patients varies dramatically, as demonstrated by the
summary of all previously published cases, including the one pres-
ented in this study (Table S1). In some patients, compound heterozy-
gosity (Thiel et al.2002; Grubenmann et al., 2002; Eklund et al., 2005;
Kranz et al., 2007; Murali et al., 2014; Tahata et al., 2019; Sturiale
et al., 2019) of mutations in ALG12 gene was observed, and some of
these patients are still living, however, with respective disabilities
(growth retardation, developmental disability, etc.). Their therapy is
mainly symptomatic, and with adequate attention from physicians,
they can reach normal adulthood. On the contrary, one ALG12-CDG
patient with homozygous variant c.77T>A p.(Val26Asp) was reported
as an unusual adult patient without facial dysmorphism or intellectual
disability (de la Morena-Barrio et al., 2020). There is thus an important
heterogeneity in the degree of severity and the phenotypic spectrum
of this CDG. This phenomenon is not exceptional in CDG. In
PMM2-CDG, the phenotypes range from neonatal mortality to near-
adulthood (de Ia 2020;
Grunewald, 2009). As described in the presented study, homozygous

normal Morena-Barrio et al.,
pathogenic mutation possesses a serious and life-threatening condi-
tion of the patient that suffered from an early death. However, further
research is needed to enhance our understanding of the mechanism
by which identified amino acid substitutions affect ALG12 enzymatic
activity and produce pathologic phenotypes.

5 | CONCLUSIONS

This study characterized the clinical, biochemical, genomic, and
glycomic features of the first ALG12-CDG patient identified in
Slovakia. Characteristics of the patient, including psychomotor retar-
dation, decreased levels of 1gG, and coagulopathy, together with typi-
cal Tf IEF pattern, indicated that the patient was likely afflicted with
CDG |. Subsequent analysis of serum N-glycans revealed reduced
a-mannosyltransferase 8 (ALG12) activity. We have identified a
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homozygous variant ¢.1439T>C p.(Leu480Pro) in Exon 10 of the
ALG12 gene that caused the clinical manifestation of ALG12-CDG dis-
order in the patient. This study demonstrates the efficacy of the com-
bined multi-OMICs approach, where the synergy between glycan
structure analysis and genomic data interpretation leads to compre-
hensive and personalized diagnostics.
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