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ALG13-Congenital Disorder of Glycosylation (CDG), is a rare X-linked CDG caused by
pathogenic variants in ALG13 (OMIM 300776) that affects the N-linked glycosylation pathway.
Affected individuals present with a predominantly neurological manifestation during infancy.
Epileptic spasms are a common presenting symptom of ALG13-CDG. Other common phenotypes
include developmental delay, seizures, intellectual disability, microcephaly, and hypotonia. Current
management of ALG13-CDG is targeted to address patients’ symptoms. To date, less than 100
individuals have been reported with ALG13-CDG.

In this article, an international group of experts in CDG reviewed all reported individuals affected
with ALG13-CDG and suggested diagnostic and management guidelines for ALG13-CDG. The
guidelines are based on the best available data and expert opinion. Neurological symptoms
dominate the phenotype of ALG13-CDG where epileptic spasm is confirmed to be the most
common presenting symptom of ALG13-CDG in association with hypotonia and developmental
delay. We propose that ACTH/prednisolone treatment should be trialed first, followed by
vigabatrin, however ketogenic diet has been shown to have promising results in ALG13-CDG.

In order to optimize medical management, we also suggest early cardiac, gastrointestinal, skeletal,
and behavioral assessments in affected patients.

Keywords

ALG13-CDG,; Congenital disorders of glycosylation; X-linked CDG; epileptic spasm; Seizure
disorder

Introduction

ALG13-Congenital Disorder of Glycosylation (CDG) is an X-linked CDG that affects

both males and females and occurs due to de novo or inherited missense variants

in the asparagine-linked glycosylation 13 (ALG13) genel. ALG13’s glycotransferase
activity is essential for the protein N-linked glycosylation pathway, adding the second
N-acetylglucosamine sugar onto the growing glycan chain of the dolichol-P-P precursor?2.
ALG13 forms a heterodimer with ALG14, which anchors ALG13 to the ER membrane, but
ALG14 does not have glycotransferase activity3->.

There are different isoforms of the ALG13 protein and /n vitro assays have shown that only
isoform 2 plays a role in the N-glycosylation pathway ©. Isoform 2, which is the smallest
isoform, is composed of one domain known as the glycosyltransferase 28 domain, which
carries out the aforementioned essential function in the protein N-glycosylation pathway.
Thus, we define ALG13-CDG when there are pathogenic variants in the glycosyltransferase
28 domain’. These missense variants have been shown to have less than 28% residual
ALG13 glycosyltransferase activity 8. The most common AL G13 pathogenic variant is
¢.320A>G (p.N107S) which severely impacts ALG13 /n vitro enzymatic activity, reducing
it to only 8% of control. Despite a significant decrease in enzymatic activity, the plasma
transferrin glycosylation profiles and N-glycan profile of other serum glycoproteins of
essentially all females and the majority of males with ALG13-CDG are normal or near
normal, showing that a defect in ALG13 glycosyltransferase function does not lead to
secretory glycosylation abnormalities. The lack of glycosylation abnormalities in the serum
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glycoproteins of almost all individuals with ALG13-CDG adds to the complexity of
diagnosing this disorder 910, Thus, ALG13-CDG is caused by pathogenic variants in the
glycosyltransferase 28 domain (125 Amino Acids in length) as confirmed by /n vitro
enzymatic assay®, even without serum glycosylation abnormalities.

Currently, there are 83 reported individuals with confirmed pathogenic variants in the
glycosyltransferase 28 domain. Neurological symptoms dominate the phenotype of ALG13-
CDG with the majority of affected individuals displaying seizures and global developmental
delay as the first symptoms!l. Current treatment options for ALG13-CDG are limited to
anti-seizure medication (ASM) and ketogenic diet to control seizures. In this study, we
review the clinical, biochemical, and molecular data for all previously reported individuals,
and we provide a detailed guideline on the diagnostic approach to ALG13-CDG, evaluation
for multi-systems involvement, and symptomatic treatment strategies.

Methodology

Results

These guidelines were developed by an international group of experts in CDG who reviewed
all the relevant literature since 2012, the year in which ALG13-CDG was first identified
until December 2023. A PubMed database search was performed via the utilization of
keywords ALG13, ALG13-CDG, and developmental and epileptic encephalopathy 36.
Any variants outside the GTS28 domain, encoded by the proximal ALG13exons which
are responsible for ALG13 glycosyltransferase activity are excluded from this review. A
literature review and clinical, biochemical, and molecular data from all previous reports
were collected and analyzed. This is followed by developing a consensus regarding
diagnosis, follow-up, and management of ALG13-CDG. For the most part, the evidence
and resulting recommendations are considered experts’ opinions because additional levels
of evidence were not available in the literature. Evidence grading was classified in
accordance with the Scottish Intercollegiate Guidelines Network (SIGN) methodology
(http://www.sign.ac.uk). Supplementary filel

A total of 66 articles were reviewed. Out of the 66 articles, 32 were in vitro studies, 15 were
case reports, 16 were systemic reviews, and 3 were in vivo studies!:6-7.9-31,

All individuals with ALG13genetic variants in the glycosyltransferase 28 domain were
reviewed and those with distal missense variants in ALG13 were excluded. Distal missense
variants are not expected to impact glycosylation and there are no functional methods to
prove the pathogenicity of these variants.

In total, we identified 83 individuals with variants in the glycosyltransferase 28 domain all
of which were confirmed pathogenic variants (Figure 1).

General clinical data

A total of 83 individuals (4 males and 79 females) with ALG13-CDG were included in
this review. Clinical data was available for 80 of these individuals and their ages ranged
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from 3.5 months to 29 years (median age was 4 years). The age of symptoms onset for
these individuals ranged from birth to 9 months. During early infancy, many of these
individuals displayed epileptic spasms with concomitant hypotonia and motor delay. Figure
2 summarizes the multi-system involvement in individuals with ALG13-CDG.

Neurological phenotype

Neurological involvement predominates the phenotype of ALG13-CDG. Almost all the
individuals with ALG13-CDG presented with at least two neurological phenotypes. Global
developmental delay was diagnosed in 72 individuals. Two or more developmental domains
were affected, mainly motor function (n=72), cognition (n=70), and speech (n=34). Most
individuals with ALG13-CDG cannot communicate verbally. However, most individuals
learn to walk and are mobile when they get older (by the age of 4 to 5 years). Hypotonia was
reported in two-thirds of the individuals (n=56), and movement disorders were seen in 22
individuals, including choreoathetosis (n=8), ataxia (n=4), dystonia (n=6), and stereotypic
movement (n=10).

Seizure was the most prevalent feature in ALG13-CDG. A total of 79 individuals were
reported to have experienced seizures. The majority (n=65, 82 %) were described to have
epileptic spasms (ES) as an early finding, with a mean age at the first seizure onset of 5.7
months (median 5.0, range 1-24). Outcome data exist for 63 of these individuals where

26 (41%) later became seizure-free, either on (n=13) or off (n=13) antiseizure medication
(ASMs) or on ketogenic diet (n=25). The rest had either persistent or relapsing epileptic
spasms (n=9, 14%), or developed different seizures semiology including generalized seizure
(tonic, tonic-clonic, absences, atonic, myoclonic, n=16), Lennox-Gastaut syndrome (n=8) or
focal seizures (n=5). Seizure type was not specified in five individuals.

There was variability in the initial findings on the electroencephalographic (EEG)
recordings, where the most common finding was hypsarrhythmia (n=52). In addition,

some of these individuals had a multifocal/generalized pattern, but not a fully developed
hypsarrhythmia (n=3), abnormal bilateral slow-wave activities (n=1), or a focal disturbance
(n=2). Multiple therapies were used to control the seizures. To treat the initial IS, ACTH or
prednisolone was used in 36 individuals, where there often was an initial effect, however,
only few individuals remained seizure-free in the long term. In 21 of these individuals,
vigabatrin (VGB) was used in the initial treatment and there was an initial response in about
half of them, but only a few stayed seizure-free. Some of these individuals also showed

an improvement on ketogenic diet (n=12). Almost all of these individuals received other
ASMs after the epileptic spasms had resolved or relapsed, and despite ASMs their seizures
were refractory. Most commonly used ASMs were (VGB, n=26), valproic acid (VPA, n=22),
topiramate (TPM, n=21), levetiracetam (LEV, n=25), and benzodiazepines (n=22). Other
common ASMs were also used to some degree. Given the retrospective approach of these
recommendations, it was hard to determine which ASMs were most effective. ALG13-CDG
individuals often show pronounced refractory seizures.

Microcephaly was the most common abnormality seen in individuals with ALG13-CDG
(n=15). Macrocephaly was reported in only one individual. The most common brain MRI
finding was cerebral atrophy (n=18), followed by delayed myelination (n=7). Other rarer

Mol Genet Metab. Author manuscript; available in PMC 2025 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shah et al.

Page 5

brain MRI findings include thinning of the corpus callosum (CC) (n=2), large cisterna
magna (n=1), and hydrocephalus (n=1).

Presentation (Statement #1: grade of recommendation C): The initial presentation
of ALG13-CDG is most typically with an epileptic spasm and hypotonia. The main
neurological phenotypes in ALG13-CDG are developmental delay, seizures, intellectual
disability, hypotonia, microcephaly, and movement disorders. EEG for many of the affected
individuals display hypsarrhythmia.

Diagnosis and follow-up (Statement #2: grade of recommendation C): At the
time of ALG13-CDG diagnosis, full neurological assessment, EEG, and neuroimaging
should be done and yearly follow-up should be done by a neurologist.

Treatment (Statement #3: grade of recommendation C): As seizures have an
immense impact on the quality of life of individuals with ALG13-CDG, they should be

on antiseizure medication. ACTH, prednisolone, and vigabatrin can be used for epileptic
spasms32. However, ACTH/prednisolone probably should be trialed first (ref.). Ketogenic
diet has been shown to be promising in ALG13-CDG. No ASM stands alone as first line
treatment after the initial epileptic spasms have resolved or developed into other seizure
types. ASM therapy should be managed on an individual basis to minimize side effects and
optimize clinical outcomes.

Behavioral abnormalities

A total of 18 individuals with ALG13-CDG reported one or more behavioral abnormalities
including autism (n=9), self-mutilation (n=3), sleep difficulties (n=7), and aggression (n=2).
The majority of individuals with ALG13-CDG are either non-verbal or only speak a few
words.

Presentation (statement #1: grade of recommendation C): Individuals with
ALG13-CDG can display autism and sleep difficulties.

Diagnosis and follow-up (statement #2: grade of recommendation D): Behavior
abnormalities should be evaluated as a standard of care for ALG13-CDG at diagnosis and
annually thereafter

Management (statement #3: grade of recommendation D): There are no
ALG13-CDG specific management strategies for the behavioral abnormalities. Standard
supportive treatments such as behavioral management therapy and psychological referral are
recommended.

Ophthalmological phenotype

Ophthalmologic involvement has been reported in 30 individuals with ALG13-CDG.
Cortical visual impairment was the most common ophthalmologic abnormality, (n=6),
followed by strabismus (n=4), astigmatism and hyperopia (n=2), nystagmus (n=2), and
delayed visual maturation (n=1). The type of strabismus was only specified for one of the
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individuals as binocular. Ophthalmological abnormalities in 15 of the individuals were not
specified.

Presentation (statement #1: grade of recommendation C): Individuals with
ALG13-CDG have vision impairment due to cortical visual impairment or blindness. Other
abnormalities include strabismus, astigmatism, hyperopia, and nystagmus.

Diagnosis and follow-up (statement #2: grade of recommendation D): Since
vision can be impacted in ALG13-CDG due to eye abnormalities and cortical abnormalities,
thorough ophthalmologic assessment is recommended annually as a standard of care for
individuals with ALG13-CDG.

Management (statement #3: grade of recommendation D): There are no
ALG13-CDG specific management strategies for ophthalmologic abnormalities. Standard
supportive treatments are recommended for strabismus, astigmatism, hyperopia, etc. Further,
individuals with cortical visual impairment could benefit from early intervention and vision
rehabilitation.

Skeletal phenotype

Skeletal abnormalities have been reported in 19 individuals with ALG13-CDG as part of a
multisystem phenotype. Of these, 9 have scoliosis, 4 have joint laxity, 3 have osteopenia, and
3 have skeletal abnormalities that are not specified. Other, more uncommon skeletal findings
that have been described in ALG13-CDG include joint contractures, lordosis, vertebral
anomalies (hemivertebra), plagiocephaly, syndactyly, and adducted thumbs.

Presentation (statement #1: grade of recommendation C): ALG13-CDG can
present with skeletal involvement, including scoliosis, joint laxity, and osteopenia.

Diagnosis and follow-up (statement #2: grade of recommendation D): At
diagnosis, skeletal survey should be made to assess skeletal involvement. Follow-up
investigation should include a regular clinical assessment of scoliosis and possible

joint abnormalities. When individuals with ALG13-CDG have severe spinal deformities,
pulmonary function should be tested.

Management (statement #3: grade of recommendation D): There is no disorder-
specific management for skeletal abnormalities in ALG13-CDG. Unlike other CDG, there
are minimal bleeding risks involved in ALG13-CDG, so scoliosis surgery does not include
any additional risk if the patient’s coagulation function is normal. Scoliosis in individuals
with ALG13-CDG should be treated with standard of care and regular monitoring. Braces
or surgery can be appropriate depending on the severity of the scoliosis. For joint pain,
individuals can be referred to a rheumatologist if necessary.

Gastrointestinal phenotype

Twenty-three individuals with ALG13-CDG were reported with gastrointestinal
involvement. This is mostly attributed to hypotonia. Gastroesophageal reflux and vomiting
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(n=14) are the most common symptoms followed by feeding difficulties (n=6), G-tube
requirement in three, and constipation (n=5). Crohn’s disease has been reported in one
individual.

Presentation (statement #1: grade of recommendation C): The main
gastrointestinal abnormalities in ALG13-CDG include feeding difficulties, gastroesophageal
reflux, and constipation.

Diagnosis and follow-up (statement #2: grade of recommendation D): Body
mass index and electrolytes should be measured at the time of diagnosis and annually
thereafter. GE reflux and swallowing should be evaluated.

Management (statement #3: grade of recommendation D): Nutritional support and
feeding support should be provided to all ALG13-CDG individuals with Gl involvement.
Anti-reflux measures should be taken after eating. Oral motor therapy should be used in
ALG13-CDG individuals with feeding difficulties.

Cardiac phenotype

Cardiac involvement has been reported in 7 individuals with ALG13-CDG. This
involvement includes arrhythmia (n=2), congenital heart defects (n=2), bradycardia (n=1),
mild pulmonary stenosis (n=1), and mitral valve regurgitation (n=1).

Less commonly reported systems involvement (immunological, respiratory, endocrine,
hematological, and hearing)

Immunological abnormalities were reported in one cohort (n=5/26), but details were

not specified. There has not yet been a thorough description of the immunological
involvement in ALG13-CDG. However, atypical and recurrent infections have been reported
in other CDG and ALG13-CDG cases. Recurrent infections have been described in 2

male individuals with ALG13-CDG, one of which was a respiratory infection. No further
immunological work-up was performed in those cases 2921, Respiratory involvement was
reported in the same cohort (n=5/26) but not further specified. There were no reported
endocrine abnormalities in ALG13-CDG individuals. Hematological abnormalities were
reported in 3 individuals: Elevated ATIII, protein C, increased bleeding tendency, and
prolonged APPT. Factor IX and XI were both normal in these individuals. Hearing loss has
been reported in three individuals with ALG13-CDG, two of them presented with unilateral
sensorineural hearing loss, and one presented with asymmetrical hearing loss.

Statement #1 (grade of recommendation: D)—Echocardiography, thyroid function
tests, coagulation profiles, and hearing should be screened in individuals with ALG13-CDG
at the diagnosis and followed accordingly. Screening for immunological dysfunction is
recommended in case of atypical and recurrent infections.

ALG13-CDG diagnosis

If ALG13-CDG is suspected, it should be evaluated by genetic testing. Exome, genome,
and targeted sequencing can be performed to identify variants in ALG13. Individuals
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with ALG13variants in the glycosyltransferase 28domain can be tested for glycosylation
abnormalities via transferrin isoelectric focusing (TIEF) or mass-spectrometry-based
methods for carbohydrate-deficient transferrin or plasms semi-quantitative N-glycan
profiling however, these are likely to be normal, especially in females. Currently, there
are no biochemical tests to confirm ALG13-CDG.

Molecular diagnosis

Genetic testing—ALG13-CDG is diagnosed based on genetic tests such as targeted
sequencing, exome (WES), and genome sequencing (WGS). ALG13is located on
chromosome X and contains 27 exons. So far, eight different variants in ALG13have been
reported spanning across the glycosyltransferase domain of ALG13, which are associated
with ALG13-CDG (Figure 1). The most common variant is ¢.320A>G (p.N107S) (n=73),
followed by ¢.241G>A (p.A81T) (n=4). Seven variants are missense, while one deletion
variant has been reported (c.207_209del AGA). The majority of the variants (75) occurred
de novo, however, familial incidence was also reported!®. There are only 4 males identified
with ALG13-CDG to date with the GTS28 Domain variants.

Statement #1 (grade of recommendation: B): Genetic testing is the main method used to
confirm a clinical diagnosis of ALG13-CDG.

Biochemical diagnosis

Glycosylation studies—Glycosylation abnormalities in suspected CDG can be
assessed in blood by methods including transferrin isoelectric focusing (TIEF) and mass-
spectrometry-based methods for carbohydrate-deficient transferrin or semi-quantitative N-
glycan profiling of total plasma glycoproteins, which have previously been described in
detail 9-50.51.68.69 | jkewise, glycosylation abnormalities couldbe assessed in individuals
with variants in ALG13. Slightly abnormal glycosylation has been found in only 4/83
reported individuals including increased asialo and disialo transferrin suggestive of CDG
type 121, borderline CDG type 19, mild undergalactosylation® and mildly decreased
glycosylation?0, and the majority of the 83 cases had at least one TIEF test. Normal
glycosylation in blood is much more common than abnormal results and does not rule
out ALG13-CDG diagnosis.

Pre-analytical requirements for biochemical testing: Detailed statements on transferrin
analysis sensitivity and the pre-analytical requirements for the biochemical testing are given
in the PMM2-CDG guidelines®®

Statement #1 (grade of recommendation: D): Assessment of glycosylation status in blood
can be done in individuals with ALG13variants in glycosyltransferase domain, but are likely
to be normal, which does not rule out ALG13-CDG.

Enzymatic activity assay—ALG13 forms a heterodimer with ALG14 to form a
functional enzymatic complex that catalyzes the second step in lipid-linked oligosaccharide
(LLO): transfer of GIcNAc from UDP-GIcNAc to GIcNAc1-PP-dolichol to form GlcNAc2-
PP-dolichol?1. ALG13/14 enzymatic activity was measured in the fibroblasts of the first
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individual ALG13-CDG2!, by incubating fibroblasts with non-radioactively labeled UDP-
GlIcNAc and [14C] GIcNAc1-PP-dolichol as an acceptor. Fibroblasts from the single ALG13
case showed significantly reduced elongation [14C] GIcNAc2-PP-dolichol (17%) compared
to healthy fibroblasts. Further, an in-vitor assay to test ALG13 enzymatic assay was
developed and found that pathogenic variants in ALG13 lead to more than 72% reduction in
activity®. However, there is currently no clinically approved test for ALG13/ALG14 enzyme
activity. There is no information in the literature regarding male vs female enzymatic
activity.

Conclusion

Pathogenic variants in the glycosyltransferase 28 domain of the asparagine-linked
glycosylation 13 (AL G13) affect a critical step in endoplasmic reticulum N-linked
glycosylation. Like in other CDG types, multisystem involvement due to the defective
N-glycosylation process is expected in ALG13-CDG individuals. These symptoms are
frequently due to primary central nervous system involvement with highly variable multi-
system involvement across other organ systems. Unfortunately, there are gaps in the
published literature about details of the clinical phenotype of the disease as most of the
reviewed literature was focused on seizure as a predominant presentation. In addition to
the neurological assessment, early screening for other multi-system involvement in all CDG
types including ALG13-CDG is highly recommended to provide the opportunity for early
intervention and optimal management.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgment/Funding

This work was funded by the grant titled Frontiers in Congenital Disorders of Glycosylation (1U54NS115198—
01) from the National Institute of Neurological Diseases and Stroke (NINDS) and the National Center for
Advancing Translational Sciences (NCATS), and the Rare Disorders Clinical Research Network (RDCRN), at the
National Institute of Health. HHF and BGN are supported by The Rocket Fund. All Figures were created through
BioRender.com.

References

Scottish Intercollegiate Guidelines Network (SIGN) methodology (http://www.sign.ac.uk)

1:. Epi4K Consortium; Epilepsy Phenome/Genome Project; Allen AS, Berkovic SF, Cossette P,
Delanty N, Dlugos D, Eichler EE, Epstein MP, Glauser T, Goldstein DB, Han Y, Heinzen
EL, Hitomi Y, Howell KB, Johnson MR, Kuzniecky R, Lowenstein DH, Lu YF, Madou MR,
Marson AG, Mefford HC, Esmaeeli Nieh S, O’Brien TJ, Ottman R, Petrovski S, Poduri A,
Ruzzo EK, Scheffer IE, Sherr EH, Yuskaitis CJ, Abou- Khalil B, Alldredge BK, Bautista JF,
Berkovic SF, Boro A, Cascino GD, Consalvo D, Crumrine P, Devinsky O, Dlugos D, Epstein
MP, Fiol M, Fountain NB, French J, Friedman D, Geller EB, Glauser T, Glynn S, Haut SR,
Hayward J, Helmers SL, Joshi S, Kanner A, Kirsch HE, Knowlton RC, Kossoff EH, Kuperman
R, Kuzniecky R, Lowenstein DH, McGuire SM, Motika PV, Novotny EJ, Ottman R, Paolicchi
JM, Parent JM, Park K, Poduri A, Scheffer IE, Shellhaas RA, Sherr EH, Shih JJ, Singh R, Sirven
J, Smith MC, Sullivan J, Lin Thio L, Venkat A, Vining EP, Von Allmen GK, Weisenberg JL,

Mol Genet Metab. Author manuscript; available in PMC 2025 June 01.


http://BioRender.com
http://www.sign.ac.uk/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shah et al.

10:.

11..

12..

13..

14..

15..

Page 10

Widdess-Walsh P, Winawer MR. De novo mutations in epileptic encephalopathies. Nature. 2013
Sep 12;501(7466):217-21. doi: 10.1038/nature12439. [PubMed: 23934111]

. Huo J,Ren S, Gao P, Wan D, Rong S, Li X, Liu S, Xu S, Sun K, Guo B, Wang P, Yu B, Wu J, Wang

F, Sun T. ALG13 participates in epileptogenesis via regulation of GABA receptors in mouse
models. Cell Death Discov. 2020 Sep 17;6(1):87. doi: 10.1038/s41420-020-00319-6. [PubMed:
33014431]

.. Mitusinska K, Géra A, Bogdanska A, Rozdiyﬁska-éwiqtkowska A, Tylki-Szymanska A, Jezela-

Stanek A. Structural Analysis of the Effect of Asn107Ser Mutation on Alg13 Activity and
Alg13-Alg14 Complex Formation and Expanding the Phenotypic Variability of ALG13-CDG.
Biomolecules. 2022 Mar 4;12(3):398. doi: 10.3390/biom12030398. [PubMed: 35327592]

.. Gao XD, Tachikawa H, Sato T, Jigami Y, Dean N. Alg14 recruits Alg13 to the cytoplasmic

face of the endoplasmic reticulum to form a novel bipartite UDP-N- acetylglucosamine
transferase required for the second step of N-linked glycosylation. J Biol Chem. 2005 Oct
28;280(43):36254-62. doi: 10.1074/jbc.M507569200. [PubMed: 16100110]

.. Lu J, Takahashi T, Ohoka A, Nakajima K, Hashimoto R, Miura N, Tachikawa H, Gao XD.

Alg14 organizes the formation of a multiglycosyltransferase complex involved in initiation of
lipid-linked oligosaccharide biosynthesis. Glycobiology. 2012 Apr;22(4):504-16. doi: 10.1093/
glycob/cwr162. [PubMed: 22061998]

.. Shah R, Johnsen C, Pletcher BA, Edmondson AC, Kozicz T, Morava E. Long-term outcomes in

ALG13-Congenital Disorder of Glycosylation. Am J Med Genet A. 2023 Jun;191(6):1626-1631.
doi: 10.1002/ajmg.a.63179. [PubMed: 36930724]

.. Hamici S, Bastaki F, Khalifa M. Exome sequence identified a ¢.320A > G ALG13 variant

in a female with infantile epileptic encephalopathy with normal glycosylation and random X
inactivation: Review of the literature. Eur J Med Genet. 2017 Oct;60(10):541-547. doi: 10.1016/
j-6img.2017.07.014. [PubMed: 28778787]

. Wang CD, Xu S, Chen S, Chen ZH, Dean N, Wang N, Gao XD. An in vitro assay for enzymatic

studies on human ALG13/14 heterodimeric UDP- acetylglucosamine transferase. Front Cell Dev
Biol. 2022 Sep 19;10:1008078. doi: 10.3389/fcell.2022.1008078.

.. Alsharhan H, He M, Edmondson AC, Daniel EJP, Chen J, Donald T, Bakhtiari S, Amor DJ, Jones

EA, Vassallo G, Vincent M, Cogné B, Deb W, Werners AH, Jin SC, Bilguvar K, Christodoulou
J, Webster RI, Yearwood KR, Ng BG, Freeze HH, Kruer MC, Li D, Raymond KM, Bhoj EJ,
Sobering AK. ALG13 X-linked intellectual disability: New variants, glycosylation analysis, and
expanded phenotypes. J Inherit Metab Dis. 2021 Jul;44(4):1001-1012. doi: 10.1002/jimd.12378.
[PubMed: 33734437]

Paprocka J, Jezela-Stanek A, Boguszewicz £, Sokét M, Lipinski P, Jamroz E, Emich-Widera
E, Tylki-Szymariska A. The First Metabolome Analysis in Children with Epilepsy and ALG13-
CDG Resulting from ¢.320A>G Variant. Children (Basel). 2021 Mar 23;8(3):251. doi: 10.3390/
children8030251. [PubMed: 33807002]

Gao P, Wang F, Huo J, Wan D, Zhang J, Niu J, Wu J, Yu B, Sun T. ALG13 Deficiency Associated
with Increased Seizure Susceptibility and Severity. Neuroscience. 2019 Jun 15;409:204-221. doi:
10.1016/j.neuroscience.2019.03.009. [PubMed: 30872163]

Accogli A, Radenkovic S, Ranatunga W, Ligezka AN, Riviere JB, Morava E, Trakadis Y.

Could distal variants in ALG13 lead to atypical clinical presentation? Eur J Med Genet. 2022
Apr;65(4):104473. doi: 10.1016/j.ejmg.2022.104473.

Datta AN, Bahi-Buisson N, Bienvenu T, Buerki SE, Gardiner F, Cross JH, Heron B, Kaminska A,
Korff CM, Lepine A, Lesca G, McTague A, Mefford HC, Mignot C, Milh M, Piton A, Pressler
RM, Ruf S, Sadleir LG, de Saint Martin A, Van Gassen K, Verbeek NE, Ville D, Villeneuve
N, Zacher P, Scheffer IE, Lemke JR. The phenotypic spectrum of X-linked, infantile onset
ALG13-related developmental and epileptic encephalopathy. Epilepsia. 2021 Feb;62(2):325-334.
doi: 10.1111/epi.16761. [PubMed: 33410528]

Cai T, Huang J, Ma X, Hu S, Zhu L, Zhu J, Feng Z. Case Report: Identification of Two Variants
of ALG13 in Families With or Without Seizure and Binocular Strabismus: Phenotypic Spectrum
Analysis. Front Genet. 2022 Jul 11;13:892940. doi: 10.3389/fgene.2022.892940.

Ng BG, Eklund EA, Shiryaev SA, Dong Y, Abbott MA, Asteggiano C, Bamshad MJ, Barr E,
Bernstein JA, Chelakkadan S, Christodoulou J, Chung WK, Ciliberto MA, Cousin J, Gardiner

Mol Genet Metab. Author manuscript; available in PMC 2025 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shah et al.

16:.

17

18..

19..

20:.

21:.

22..

23..

24,

25:.

Page 11

F, Ghosh S, Graf WD, Grunewald S, Hammond K, Hauser NS, Hoganson GE, Houck KM,
Kohler JN, Morava E, Larson AA, Liu P, Madathil S, McCormack C, Meeks NJL, Miller R,
Monaghan KG, Nickerson DA, Palculict TB, Papazoglu GM, Pletcher BA, Scheffer IE, Schenone
AB, Schnur RE, Si Y, Rowe LJ, Serrano Russi AH, Russo RS, Thabet F, Tuite A, Villanueva
MM, Wang RY, Webster RI, Wilson D, Zalan A; Undiagnosed Diseases Network, University of
Washington Center for Mendelian Genomics (UW-CMG); Wolfe LA, Rosenfeld JA, Rhodes L,
Freeze HH. Predominant and novel de novo variants in 29 individuals with ALG13 deficiency:
Clinical description, biomarker status, biochemical analysis, and treatment suggestions. J Inherit
Metab Dis. 2020 Nov;43(6):1333-1348. doi: 10.1002/jimd.12290. [PubMed: 32681751]

Madaan P, Negi S, Sharma R, Kaur A, Sahu JK. X-Linked ALG13 Gene Variant as a Cause of
Epileptic Encephalopathy in Girls. Indian J Pediatr. 2019 Nov;86(11):1072-1073. doi: 10.1007/
$12098-019-03059-3. [PubMed: 31444733]

Bissar-Tadmouri N, Donahue WL, Al-Gazali L, Nelson SF, Bayrak-Toydemir P, Kantarci
S. X chromosome exome sequencing reveals a novel ALG13 mutation in a nonsyndromic
intellectual disability family with multiple affected male siblings. Am J Med Genet A. 2014
Jan;164A(1):164-9. doi: 10.1002/ajmg.a.36233. [PubMed: 24501762]

Ortega-Moreno L, Giraldez BG, Soto-Insuga V, Losada-Del Pozo R, Rodrigo- Moreno M,
Alarcén-Morcillo C, Sadnchez-Martin G, Diaz-Goémez E, Guerrero-Ldpez R, Serratosa JM; Grupo
Espafiol de Genética de las Epilepsias de la Infancia (GEGEI). Molecular diagnosis of patients
with epilepsy and developmental delay using a customized panel of epilepsy genes. PLoS One.
2017 Nov 30;12(11):e0188978. doi: 10.1371/journal.pone.

Bastaki F, Bizzari S, Hamici S, Nair P, Mohamed M, Saif F, Malik EM, Al-Ali MT, Hamzeh AR.
Single-center experience of N-linked Congenital Disorders of Glycosylation with a Summary
of Molecularly Characterized Cases in Arabs. Ann Hum Genet. 2018 Jan;82(1):35-47. doi:
10.1111/ahg.12220. Epub 2017 Sep 21. [PubMed: 28940310]

Galama WH, Verhaagen-van den Akker SLJ, Lefeber DJ, Feenstra I, Verrips A. ALG13-CDG
with Infantile Spasms in a Male Patient Due to a De Novo ALG13 Gene Mutation. JIMD Rep.
2018;40:11-16. doi: 10.1007/8904_2017_53. [PubMed: 28887793] Kobayashi Y, Tohyama J,
Kato M, Akasaka N, Magara S, Kawashima H, Ohashi T, Shiraishi H, Nakashima M, Saitsu H,
Matsumoto N. High prevalence of genetic alterations in early-onset epileptic encephalopathies
associated with infantile movement disorders. Brain Dev. 2016 Mar;38(3):285-92. doi: 10.1016/
j.braindev.2015.09.011. [PubMed: 26482601]

Timal S, Hoischen A, Lehle L, Adamowicz M, Huijben K, Sykut-Cegielska J, Paprocka J, Jamroz
E, van Spronsen FJ, Kérner C, Gilissen C, Rodenburg RJ, Eidhof I, Van den Heuvel L, Thiel C,
Wevers RA, Morava E, Veltman J, Lefeber DJ. Gene identification in the congenital disorders of
glycosylation type | by whole-exome sequencing. Hum Mol Genet. 2012 Oct 1;21(19):4151-61.
doi: 10.1093/hmg/dds123. [PubMed: 22492991]

Dimassi S, Labalme A, Ville D, Calender A, Mignot C, Boutry-Kryza N, de Bellescize J,
Rivier-Ringenbach C, Bourel-Ponchel E, Cheillan D, Simonet T, Maincent K, Rossi M, Till M,
Mougou-Zerelli S, Edery P, Saad A, Heron D, des Portes V, Sanlaville D, Lesca G. Whole-exome
sequencing improves the diagnosis yield in sporadic infantile spasm syndrome. Clin Genet. 2016
Feb;89(2):198-204. doi: 10.1111/cge.12636. [PubMed: 26138355]

Gadomski TE, Bolton M, Alfadhel M, Dvorak C, Ogunsakin OA, Nelson SL, Morava E. ALG13-
CDG in a male with seizures, normal cognitive development, and normal transferrin isoelectric
focusing. Am J Med Genet A. 2017 Oct;173(10):2772-2775. doi: 10.1002/ajmg.a.38377.
[PubMed: 28777499]

Smith-Packard B, Myers SM, Williams MS. Girls with Seizures Due to the ¢.320A>G Variant
in ALG13 Do Not Show Abnormal Glycosylation Pattern on Standard Testing. JIMD Rep.
2015;22:95-8. doi: 10.1007/8904_2015_416. Epub 2015 Mar 3. [PubMed: 25732998] 19: Berry
GT, Freeze HH, Morava E. Is X-linked, infantile onset ALG13-related developmental and
epileptic encephalopathy a congenital disorder of glycosylation? Epilepsia. 2021 Feb;62(2):335—
336. doi: 10.1111/epi.16817. [PubMed: 33576051]

Hino-Fukuyo N, Kikuchi A, Arai-Ichinoi N, Niihori T, Sato R, Suzuki T, Kudo H, Sato Y,
Nakayama T, Kakisaka Y, Kubota Y, Kobayashi T, Funayama R, Nakayama K, Uematsu M, Aoki
Y, Haginoya K, Kure S. Genomic analysis identifies candidate pathogenic variants in 9 of 18

Mol Genet Metab. Author manuscript; available in PMC 2025 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shah et al.

26:.

27..

28..

29:.

30:.

31.

32.

33..

34..

35..

36:.

37..

38..

39..

40:.

Page 12

patients with unexplained West syndrome. Hum Genet. 2015 Jun;134(6):649-58. doi: 10.1007/
s00439-015-1553-6. [PubMed: 25877686]

Wang J, Zhang J, Yang Y, Gao K, Wu Y, Zhang Y and Jiang Y (2022) Efficacy of Ketogenic Diet
for Infantile Spasms in Chinese Patients With or Without Monogenic Etiology. Front. Pediatr.
10:842666. doi: 10.3389/fped.2022.842666

Chand P, Sulaiman A, Angez M, Kirmani S. Early Infantile Epileptic Encephalopathy In
Asparagine-Linked Glycosylation Thirteen (ALG13) Gene Defect And Dramatic Response
With Ketogenic Diet. J Pak Med Assoc. 2023 Jul;73(7):1521-1523. doi: 10.47391/JPMA.6750.
[PubMed: 37469072]

Paprocka J, Jezela-Stanek A, Tylki-Szymanska A, Grunewald S. Congenital Disorders of
Glycosylation from a Neurological Perspective. Brain Sci. 2021 Jan11;11(1):88. doi: 10.3390/
brainsci11010088. [PubMed: 33440761]

Michaud JL, Lachance M, Hamdan FF, Carmant L, Lortie A, Diadori P, Major P, Meijer 1A,
Lemyre E, Cossette P, Mefford HC, Rouleau GA, Rossignol E. The genetic landscape of infantile
spasms. Hum Mol Genet. 2014 Sep 15;23(18):4846-58. doi: 10.1093/hmg/ddu199. [PubMed:
24781210]

Fung CW, Kwong AK, Wong VC. Gene panel analysis for nonsyndromic cryptogenic neonatal/
infantile epileptic encephalopathy. Epilepsia Open. 2017 May 4;2(2):236—243. doi: 10.1002/
epi4.12055. [PubMed: 29588952]

Nagarajan B, Gowda VK, Yoganathan S, Sharawat 1K, Srivastava K, Vora N, Badheka R, Danda
S, Kalane U, Kaur A, Madaan P, Mehta S, Negi S, Panda PK, Rajadhyaksha S, Saini AG, Saini
L, Shah S, Srinivasan VM, Suthar R, Thomas M, Vyas S, Sankhyan N, Sahu JK. Landscape
of genetic infantile epileptic spasms syndrome-A multicenter cohort of 124 children from India.
Epilepsia Open. 2023 Aug 15. doi: 10.1002/epi4.12811.

Wilmshurst JM, Gaillard WD, Vinayan KP, Tsuchida TN, Plouin P, Van Bogaert P, Carrizosa

J, Elia M, Craiu D, Jovic NJ, Nordli D, Hirtz D, Wong V, Glauser T, Mizrahi EM, Cross JH.

Summary of recommendations for the management of infantile seizures: Task Force Report for the

ILAE Commission of Pediatrics. Epilepsia. 2015 Aug;56(8):1185-97 [PubMed: 26122601]

Wang J, Zhang J, Yang Y, Gao K, Wu Y, Zhang Y, Jiang Y. Efficacy of Ketogenic Diet for
Infantile Spasms in Chinese Patients With or Without Monogenic Etiology. Front Pediatr. 2022
Mar 17;10:842666. doi: 10.3389/fped.2022.842666.

Wang X, Weldeghiorghis T, Zhang G, Imperiali B, Prestegard JH. Solution structure of Alg13: the
sugar donor subunit of a yeast N-acetylglucosamine transferase. Structure. 2008 Jun;16(6):965—
75. doi: 10.1016/j.str.2008.03.010. [PubMed: 18547528]

Niewiadomska M, Janik A, Perlinska-Lenart U, Pitsyk S, Palamarczyk G, Kruszewska JS. The
role of Alg13 N-acetylglucosaminyl transferase in the expression of pathogenic features of
Candida albicans. Biochim Biophys Acta Gen Subj. 2017 Apr;1861(4):789-801. doi: 10.1016/
j.bbagen.2017.01.019. [PubMed: 28130153]

Gao XD, Moriyama S, Miura N, Dean N, Nishimura S. Interaction between the C termini
of Alg13 and Alg14 mediates formation of the active UDP-N- acetylglucosamine transferase
complex. J Biol Chem. 2008 Nov 21;283(47):32534-41. doi: 10.1074/jbc.M804060200.
[PubMed: 18809682]

Guo B, Xia 'Y, Wang C, Wang F, Zhang C, Xiao L, Zhang X, Meng Y, Wang Y, Ding J, Wang L,
Zhu C, Jiang S, Huo X, Sun 'Y, Gao P, Wu J, Yu B, Huo J, Sun T. Decreased cognitive function
of ALG13KO female mice may be related to the decreased plasticity of hippocampal neurons.
Neuropeptides. 2022 Dec;96:102290. doi: 10.1016/j.npep.2022.102290.

Averbeck N, Keppler-Ross S, Dean N. Membrane topology of the Alg14 endoplasmic reticulum
UDP-GIcNAc transferase subunit. J Biol Chem. 2007 Oct 5;282(40):29081-8. doi: 10.1074/
jbc.M704410200. [PubMed: 17686769]

Lu J, Takahashi T, Ohoka A, Nakajima K, Hashimoto R, Miura N, Tachikawa H, Gao XD.
Alg14 organizes the formation of a multiglycosyltransferase complex involved in initiation of
lipid-linked oligosaccharide biosynthesis. Glycobiology. 2012 Apr;22(4):504-16. doi: 10.1093/
glycob/cwr162. [PubMed: 22061998]

Esposito T, De Stefano G, Reccia MG, Di Lorenzo I, Napolitano F, Scalabri F, Lombardi A,
Saleem MA, Griffiths LR, Gianfrancesco F. Dysregulation of the Expression of Asparagine-

Mol Genet Metab. Author manuscript; available in PMC 2025 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shah et al.

41:.

42:.

43..

44,

45:.

46:.

47:.

48:.

49:.

50:.

Page 13

Linked Glycosylation 13 Short Isoform 2 Affects Nephrin Function by Altering Its N-Linked
Glycosylation. Nephron. 2017;136(2):143-150. doi: 10.1159/000455129. [PubMed: 28178702]

Meyer BH, Adam PS, Wagstaff BA, Kolyfetis GE, Probst AJ, Albers SV, Dorfmueller HC. Agl24
is an ancient archaeal homolog of the eukaryotic N-glycan chitobiose synthesis enzymes. Elife.
2022 Apr 8;11:e67448. doi: 10.7554/eLife.67448.

Lombard J. The multiple evolutionary origins of the eukaryotic N-glycosylation pathway. Biol
Direct. 2016 Aug 4;11:36. doi: 10.1186/s13062-016-0137-2. [PubMed: 27492357]

Valderrama-Rincon JD, Fisher AC, Merritt JH, Fan Y'Y, Reading CA, Chhiba K, Heiss C, Azadi
P, Aebi M, DeLisa MP. An engineered eukaryotic protein glycosylation pathway in Escherichia
coli. Nat Chem Biol. 2012 Mar 25;8(5):434-6. doi: 10.1038/nchembio.921. [PubMed: 22446837]

Bickel T, Lehle L, Schwarz M, Aebi M, Jakob CA. Biosynthesis of lipid-linked oligosaccharides
in Saccharomyces cerevisiae: Alg13p and Algl4p form a complex required for the formation
of GIcNAc(2)-PP-dolichol. J Biol Chem. 2005 Oct 14;280(41):34500-6. doi: 10.1074/
jbc.M506358200. [PubMed: 16100113]

Pellegrino F. The trap of genetic tag: The importance of pathogenicity prediction tools in
the correct interpretation of variants of uncertain significance in the era of high-throughput
genome sequencing. Clin Case Rep. 2023 May 3;11(5):e7054. doi: 10.1002/ccr3.7054. [PubMed:
37151944]

Abu Bakar N, Ashikov A, Brum JM, Smeets R, Kersten M, Huijben K, Keng WT, Speck-Martins
CE, de Carvalho DR, de Rizzo IMPO, de Mello WD, Heiner-Fokkema R, Gorman K, Grunewald
S, Michelakakis H, Moraitou M, Martinelli D, van Scherpenzeel M, Janssen M, de Boer L, van
den Heuvel LP, Thiel C, Lefeber DJ. Synergistic use of glycomics and single-molecule molecular
inversion probes for identification of congenital disorders of glycosylation type-1. J Inherit Metab
Dis. 2022 Jul;45(4):769-781. doi: 10.1002/jimd.12496. [PubMed: 35279850]

Noffz C, Keppler-Ross S, Dean N. Hetero-oligomeric interactions between early
glycosyltransferases of the dolichol cycle. Glycobiology. 2009 May;19(5):472-8. doi: 10.1093/
glycob/cwp001. Epub 2009 Jan 7. [PubMed: 19129246]

Xu XX, Li ST, Wang N, Kitajima T, Yoko-O T, Fujita M, Nakanishi H, Gao XD. Structural and
functional analysis of Algl beta-1,4 mannosyltransferase reveals the physiological importance of
its membrane topology. Glycobiology. 2018 Oct 1;28(10):741-753. doi: 10.1093/glycob/cwy060.
[PubMed: 29939232]

Averbeck N, Gao XD, Nishimura S, Dean N. Alg13p, the catalytic subunit of the endoplasmic
reticulum UDP-GIcNAc glycosyltransferase, is a target for proteasomal degradation. Mol Biol
Cell. 2008 May;19(5):2169-78. doi: 10.1091/mbc.e07-10-1077. [PubMed: 18337470]

Altassan R, Péanne R, Jaeken J, Barone R, Bidet M, Borgel D, Brasil S, Cassiman D, Cechova
A, Coman D, Corral J, Correia J, de la Morena-Barrio ME, de Lonlay P, Dos Reis V, Ferreira
CR, Fiumara A, Francisco R, Freeze H, Funke S, Gardeitchik T, Gert M, Girad M, Giros
M, Griinewald S, Herndndez-Caselles T, Honzik T, Hutter M, Krasnewich D, Lam C, Lee J,
Lefeber D, Marques-de-Silva D, Martinez AF, Moravej H, f)unap K, Pascoal C, Pascreau T,
Patterson M, Quelhas D, Raymond K, Sarkhail P, Schiff M, Seroczyiska M, Serrano M, Seta
N, Sykut-Cegielska J, Thiel C, Tort F, Vals MA, Videira P, Witters P, Zeevaert R, Morava
E. International clinical guidelines for the management of phosphomannomutase 2-congenital
disorders of glycosylation: Diagnosis, treatment and follow up. J Inherit Metab Dis. 2019
Jan;42(1):5-28. doi: 10.1002/jimd.12024. Erratum in: J Inherit Metab Dis. 2019 May;42(3):577.
[PubMed: 30740725]

51:. Altassan R, Radenkovic S, Edmondson AC, Barone R, Brasil S, Cechova A, Coman D, Donoghue

S, Falkenstein K, Ferreira V, Ferreira C, Fiumara A, Francisco R, Freeze H, Grunewald S,
Honzik T, Jaeken J, Krasnewich D, Lam C, Lee J, Lefeber D, Marques-da-Silva D, Pascoal C,
Quelhas D, Raymond KM, Rymen D, Seroczynska M, Serrano M, Sykut-Cegielska J, Thiel C,
Tort F, Vals MA, Videira P, Voermans N, Witters P, Morava E. International consensus guidelines
for phosphoglucomutase 1 deficiency (PGM1-CDG): Diagnosis, follow-up, and management. J
Inherit Metab Dis. 2021 Jan;44(1):148-163. doi: 10.1002/jimd.12286. [PubMed: 32681750]

Mol Genet Metab. Author manuscript; available in PMC 2025 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Shah et al.

Page 14

p.N107S

Glycosyltransferase
28 Domain

Figure 1:
AlphaFold Structure of the glycosyltransferase 28 (GTS28) domain of the ALG13 protein.

Pathogenic variants in the GTS28 domain reduce its glycotransferase activity and lead to
ALG13-CDG. Confirmed pathogenic variants are listed.
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Figure 2:
Summary of System’s Involvement in ALG13-CDG
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