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Abstract

ALG11-Congenital Disorder of Glycosylation (ALG11-CDG, also known as congenital disorder
of glycosylation type Ip) is an inherited inborn error of metabolism due to abnormal protein and
lipid glycosylation. We describe two unrelated patients with ALG11-CDG due to novel mutations,
review the literature of previously described affected individuals, and further expand the clinical
phenotype. Both affected individuals reported here had severe psychomotor disabilities and
epilepsy. Their fibroblasts synthesized truncated precursor glycan structures, consistent with
ALG11-CDG, while also showing hypoglycosylation of a novel biomarker, GP130. Surprisingly,
one patient presented with normal transferrin glycosylation profile, a feature which has not been
reported previously in patients with ALG11-CDG. Together, our data expand the clinical and
mutational spectrum of ALG11-CDG.
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Introduction

There are two main categories of glycosylation: N-glycosylation and O-glycosylation.
Genetic defects in N-glycan assembly, i.e., the synthesis and attachment of glycans to
glycoproteins and glycolipids, belong to the large family of Congenital Disorders of
Glycosylation (CDG) [Peanne and others 2017]. Approximately 130 human disorders have
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been associated with defects in glycosylation causing protein or lipid dysfunction [Freeze
and others 2015]. Abnormalities associated with CDG affect nearly every organ system. N-
glycosylation defects are usually classified into two types. Type | CDG patients are deficient
in either the synthesis or transfer of a lipid (dolichol) linked oligosaccharide (LLO) to
proteins in the endoplasmic reticulum, while type Il results from primarily Golgi-dependent
processing of protein bound N-glycans [Dhamija and Chambers 2016].

Most CDG show autosomal recessive inheritance, and are characterized by broad
multisystem effects ranging from developmental disability and hypotonia with multiple
organ system involvement to hypoglycemia and protein-losing enteropathy [Freeze and
others 2012; Freeze and others 2015; Ng and others 2016]. ALG11 (asparagine-linked
glycosylation 11) (OMIM# 613666) is located on chromosome 13 and encodes the
mannosyltransferase that uses GDP-mannose to sequentially add the fourth and the fifth of
the nine mannoses to the LLO on the outer leaflet of the endoplasmic reticulum (ER). LLO
biosynthesis is highly conserved among eukaryotes and is catalyzed by fourteen
glycosyltransferases in an ordered stepwise manner [Rind and others 2010].

To date, only ten patients have been described with ALG11-CDG (OMIM# 613661) [Al
Teneiji and others 2017; Pereira and others 2017; Regal and others 2015; Rind and others
2010; Thiel and others 2012]. We report two additional unrelated patients to expand the
ALG11-CDG phenotype to include normal transferrin glycosylation as determined by mass
spectrometry in one individual, together with functional studies supporting the pathogenicity
of their novel ALG11 mutations. The characterization of these patients’ disease phenotype
broadens the clinical and mutational spectrum of ALG11-CDG.

Informed consents were obtained from the patients’ parents.

Case reports:

Patient 1 (CDG-0455)

This patient is a 29-month-old girl of mixed European ancestry with global developmental
disability, central and peripheral hypotonia, slow/poor weight gain, and a history of infantile
spasms (See Figure 1A). She was born at term, weight 3402 g. At examination at 26 months
her head circumference was 45 cm, (-1.9SD); weight had fallen between 18-24 months to
between (-3.05SD) and (-3.5SD), but had returned to 10.6 kg, (-1.57SD) by 26 months due
to G-tube placement at 21 months; length was 87.5 cm, (-0.32SD). She was non-
dysmorphic and had inverted nipples on physical examination. Her EEG was abnormal due
to the presence of a modified hypsarrhythmia with repeated spikes bilaterally, and consistent
with infantile spasms. Brain MRI showed subtly reduced diffusion along the periventricular
parietal and temporal white matter tracts as well as the splenium of the corpus callosum
(supplemental data). Oligo+SNP array CGH found her to be a heterozygous carrier of a
124bp interstitial deletion at 14g31.3 that involves the GALC gene (OMIM# 606890), which
was inherited from her asymptomatic father. Galactocerebrosidase activity was lower than
the normal range, but not in the affected range, consistent with her being a carrier for Krabbe
disease (OMIM# 245200), and unrelated to her clinical phenotype. Mitochondrial DNA
sequencing and deletion testing was normal. Whole exome sequencing (WES) results
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revealed that she was compound heterozygous for variants in ALG11 that were found to be
in trans. Both variants were predicted to be pathogenic, resulting in a diagnosis of ALG11-
CDG by the performing lab: ¢.935A>G, p.E312G was paternally inherited, and ¢.1223T>G,
p.M408R, was inherited from the mother (See Figure 1C). /n silico modeling of the variants
was carried out using the Combined Annotation Dependent Depletion (CADD) (https://
cadd.gs.washington.edu) scoring method [Kircher and others 2014] and predicted both
variants to be in the top 0.5% of deleterious variants (p.E312G CADD score 28.9; p.M408R
CADD score 29.9). The p.E312G and p.M408R variants were both absent from the Genome
Aggregation Database (gnomAD) (http://gnomad.broadinstitute.org) of 125,748 exomes and
15,708 genomes (Ver2: accessed 12.13.2018), indicating the rarity of these three variants.
Baseline ECG and echocardiogram at 26 months were both negative.

Due to the rarity of this disorder, carbohydrate-deficient transferrin (CDT) analysis was
performed by electrospray ionization mass spectrometry (ESI-MS) to verify the
pathogenicity of the mutations; however, the pattern was normal. Repeat analysis six weeks
later was also normal. Skin fibroblasts were obtained and cultured to biochemically confirm
the pathogenicity of the variants. Results showed that the size of LLO glycans from the
patient’s fibroblasts were truncated and the size was consistent with a diagnosis of ALG11-
CDG (supplemental data). Fibroblasts from the skin punch biopsy also yielded abnormally
truncated GP130 isoforms on western blot (See Figure 2), in comparison to the isoform seen
in an unaffected control fibroblast sample [Chan and others 2016]. This was consistent with
the aberrant forms seen in at least one sample from a patient with previously confirmed
ALG11-CDG, and similar to those seen in a sample from a patient with a different
confirmed CDG. It appears that neither missense variant affected protein levels.

Patient 2 (CDG-0358)

This is a 14-year-old Hispanic male with a past history of myoclonic epilepsy who presented
with global developmental disability, hypertonia, visual inattention and microcephaly (See
Figure 1B). He was born at term to healthy parents after an unremarkable pregnancy. The
birth weight was 4,39kg (+2SD) and length was 54.61cm (+1.8SD). Both MRI and CT scan
of the brain were within normal limits, but the EEG was abnormal. He was diagnosed with
severe myoclonic epilepsy of infancy, epileptic encephalopathy, visual immaturity, myopia,
and global developmental disability. Physical examination was otherwise unremarkable,
except for long ears. Biochemical screening of plasma very long chain fatty acids, TPP1/
PTT1 enzyme activity for ceroid lipofuscinosis, urine organic acids, plasma amino acids,
and serum transaminases were normal. Microarray (44k oligo) was normal.

CDG screening by ESI-MS revealed an abnormal profile suggestive of a diagnosis of a type
I congenital disorder of glycosylation. PMM2 and PMI enzyme activities were normal. WES
identified an apparently homozygous novel ALG11 variant, ¢.127T>C p.L46P (See Figure
1C). CADD scoring modeling of the variant’s pathogenicity predicted this variant to be in
the top 0.5% of deleterious variants (CADD score of 26.8). The Genome Aggregation
Database (gnomAD) of 125,748 exomes and 15,708 genomes (Ver2: accessed 12.13.2018)
showed that the p.L46P had a single carrier in 251,448 alleles, indicating its rarity.
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Though the mother was found to be heterozygous for the same mutation, the father did not
have this mutation. Subsequent AL G11 gene deletion/duplication analysis found a paternally
inherited whole gene deletion of ALG11 in the patient. LLO analysis also showed a
truncated structure consistent with ALG11-CDG (data not shown). As seen in patient 1,
fibroblasts from patient 2 were shown to have significant hypoglycosylation of GP130,
supporting the presence of a glycosylation defect. As expected, patient 2 had slightly less
ALGL11 protein due to the paternally inherited whole gene deletion (Figure 2).

Discussion

Overall, finding a consensus phenotype for CDG can be difficult since there can be
significant phenotypic overlap with other disorders, including mitochondrial disorders,
lysosomal storage diseases, and other rare inborn errors of metabolism. Delineating common
features associated with ALG11-CDG patients can be diagnostically challenging given the
limited number of published cases. The most common features reported in patients with
ALG11-CDG are summarized in Table 2. Intellectual disability and epilepsy are universally
present, and all had visual problems, except our patient 1 (this information was not available
for one patient). Strabismus and poor visual tracking were the most common
ophthalmological findings. Dysmorphic features (such as long philtrum, retrognathia) and
hypotonia were common, but not universal. Poor feeding, recurrent vomiting, and instability
of body temperature were also present in several individuals.

Previous publications [Regal and others 2015; Rind and others 2010] commented on verbal
ability, but our patients are both nonverbal. Sensorineural deafness has been described as a
frequent feature. Hearing loss data are missing or are not available for some patients. No
audiologic test result is available for our patient 1, though she passed newborn hearing
screen and routine pediatric office hearing screens. Sensorineural deafness is highly unusual
in other types of CDG, except RFT1-CDG. This could be a clue feature to differentiate
ALG11-CDG from the others. A plausible mechanism for sensorineural hearing loss may be
that the cytoplasmic accumulation of one or more of the substrates of ALG11 and RFT1 has
an otoneurotoxic effect.

All the previously reported ALG11-CDG patients have epilepsy. A recent paper by Pereira
[Pereira and others 2017] describes that CDG can be associated with epileptic seizures
showing particular features, such as absence of hypsarrhythmia, posterior EEG anomalies,
and an unusual combination of epileptic seizures with myoclonus. Their patient with
ALG11-CDG presented with typical epileptic seizures that were either in very long-lasting
clusters or isolated, but also had focal clonic seizures and rare isolated massive jerks with a
combination of myoclonus and spasm. Our two patients both have epileptic seizures. The
parents of patient 1 noticed at age of 4 months that she has sudden onset of startling that was
associated with eye rolling. EEG was markedly abnormal due to the presence of a modified
hypsarrhythmia with repeated spikes in temporal and central regions bilaterally and infantile
spasms with jerking arm extension. A couple of bursts of generalized epileptiform activity
was noted. Patient 2 had his first seizures at age of 3—-4 months. Seizures were initially
startling or freezing episodes and then became grand mal seizures, involving all four limbs.
The seizures occurred typically in the morning. At age of 4 years his seizures were the most
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severe and he was admitted twice with status epilepticus. With current medication he has
been seizure free for 7 years.

While many confirmed CDG patients have abnormal CDT results, our patient 1 had two
rounds of apparently normal CDT (Table 1). While this has been described on occasion for
individuals with identified mutations and biochemically confirmed PMM2-CDG, it has not
been previously reported in any ALG11-CDG patients. Also, it has not been observed in
unpublished, but affected, individuals with ALG11-CDG screened by Mayo Medical
Laboratories at the time patient 1 was evaluated [private communication]. We do not have a
clear explanation for this, but note that because any potential mutation in ALG11 could
show an inconsistent transferrin glycosylation pattern, analysis of fibroblast LLO and/or a
cellular glycoprotein is important to confirm pathogenicity. We speculate that additional
limitations of transferrin glycosylation analysis will become apparent as more individuals
with rare CDG are identified.

Biochemical analysis of primary fibroblasts from both our patients showed the hallmarks of
ALG11-CDG, an accumulation of a N2M3 and N2M4 (N=N-acetylglucosamine,
M=Mannose) LLO glycans. Importantly, we utilized a novel biomarker for CDG fibroblasts,
GP130, and show that both affected individuals had hypoglycosylation.

Our 14-year-old patient (patient 2) is the oldest reported patient to date, with all others
ranging between 2 months to 8 years. This patient is also the only one without hypotonia.
While other reported cases are either homozygous or compound heterozygous for point
mutations or indels, our patient is the only individual with a missense mutation /n transto a
whole gene deletion. It is possible that partial residual activity of his protein, with
haploinsufficiency of the other allele, results in a milder phenotype for our patient than
would result from being compound heterozygous or homozygous for null or less functional/
more severe mutations, or that the neurological phenotype may change over time to include
more spasticity as patients age.

We advocate screening for CDG in any child with severe psychomotor impairment,
microcephaly, and epileptic seizures, in the absence of characteristic features of an otherwise
phenotypically recognizable disorder. On the other hand, whole exome sequencing will play
an increasingly important role in the molecular diagnosis of CDG.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure1A.
Patient 1 at age 2
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Figure 1B.
Patient 2 at age 14
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Patient 1 (CDG-0455) Patient 2 (CDG-0358)
p.E312G /+ +/p.M408R Deletion / + +/p.LA6P

O

+/ p.L46P +/p.L46P Deletion / p.L46P

p.E312G / p.M408R

Figure 1C.
Pedigrees for Patient 1 and Patient 2, showing the segregation of ALG11 variants in the

families.
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130kD

GP130
75kD — — —  —— Non-Specific
55kD : — ALG11

Control Patient Patient
2 1
Figure 2.

Western blot analysis of GP130 and ALG11 protein

(Upper panel) Western blot analysis of the biomarker GP130 in a representative control and
the two ALG11-CDG patients 1 and 2.

(Lower panel) western blot analysis showing the expression of ALG11 protein in patient 1

and in patient 2 compared to a control. The non-specific band shows equal protein loading.
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