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Abstract

Congenital disorders of glycosylation are a continuously expanding group of mono-
genic disorders of glycoprotein and glycolipid glycan biosynthesis. These disorders
mostly manifest with multisystem involvement. Individuals with ALG8-CDG com-
monly present with hypotonia, protein-losing enteropathy, and hepatic involvement.
Here, we describe seven unreported individuals diagnosed with ALG8-CDG based
on biochemical and molecular testing and we identify nine novel variants in ALGS,
bringing the total to 26 individuals with ALG8-CDG in the medical literature. In
addition to the typical multisystem involvement documented in ALG8-CDG, our
cohort includes the two oldest patients reported and further expands the phenotype
of ALG8-CDG to include stable intellectual disability, autism spectrum disorder and
other neuropsychiatric symptoms. We further expand the clinical features in a vari-
ety of organ systems including ocular, musculoskeletal, dermatologic, endocrine,
and cardiac abnormalities and suggest a comprehensive evaluation and monitoring
strategy to improve clinical management.
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1 |

INTRODUCTION

Congenital disorders of glycosylation (CDG) are a
rapidly expanding group of metabolic disorders char-
acterized by multiorgan involvement with variable
phenotypes. CDG are caused by impairment in glyco-
sylation pathways, including N-glycosylation and O-
glycosylation of proteins and lipids, as well as glycosyl-
phosphatidylinositol (GPI) anchor synthesis. Among
the different glycosylation defects, protein N-linked
glycosylation defects are the most common and many
N-glycosylation defects can be screened by analyzing
the glycosylation status of the serum glycoprotein
transferrin.

ALG8-CDG (OMIM #608104) is an autosomal
recessive disorder caused by variants in ALG8 on
chromosome 11q14.1 encoding dolichyl-P-glucose: Glc-1-
Man-9-GIcNAc-2-PP-dolichyl-alpha-3-glucosyltransferase
(ALGS; 608103), an enzyme that attaches the second glu-
cose residue to dolichol-PP-glycans in the endoplasmic

reticulum (ER). Defects in ALGS lead to accumulation of
Glc;MangGlcNAc,-PP-dolichyl (Figure 1). Nineteen
individuals have been described with clinical spectra
ranging from mild symptoms to death within the first
hour of life. We describe an additional seven individ-
uals with ALG8-CDG from six families with nine novel
variants and expand its molecular, biochemical and
clinical spectrum. We further provide recommenda-

tions to optimize the clinical management of
ALGS8-CDG.

2 | MATERIALS AND METHODS

2.1 | Inclusion criteria

A written consent to participate in the research study
was obtained from the families under an IRB-approved
by each institution or, when required, a Sanford Burn-
ham Prebys IRB protocol. Inclusion criteria for this study
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FIGURE 1 Biochemical and genetic disruption in ALG8-CDG.
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required: (1) At least one abnormal biochemical test
result indicating a CDG-I and (2) a molecular test result
identifying homozygous or compound heterozygous vari-
ants in ALGS.

2.2 | Clinical studies

Clinical laboratory analysis and imaging was obtained as
indicated. To evaluate the glycosylation status of secreted
glycoproteins, we studied the N-glycan profile of two indi-
viduals (P3 and P5) using a clinically validated quantita-
tive N-glycan assay.' Seven individuals underwent
carbohydrate deficient transferrin (CDT) testing using a
mass spectrometry approach (LC-ESI-TOF/MS)>* or trans-
ferrin isoelectric focusing. All the individuals had the diag-
nosis confirmed by next generation sequencing using
either gene panel (P3, P6, and P7), exome sequencing (P1,
P2, P4, and P5), or CGH-array testing (P7). LLO analysis
was performed by metabolic labeling with *H-mannose.*

3 | RESULTS

3.1 | Molecular analysis

Nine novel variants were seen in our cohort as shown in
Table 1 and illustrated in Figure 1B. Varsome browser was
used to predict variant pathogenicity” using ACMG guide-
lines for interpretation of sequence variants® along with
transferrin glycosylation studies showing a type 1 pattern.
The ALG8 (UNIPROT: Q9BVK2) variants identified in
our cohort are localized either within predicted transmem-
brane domains (TMD4-p.Leul95Pro; TMD7-p.Trp378Cys;
TMD9-p.Leud45Pro; TMD11-p.Leud94Pro) or within the
cytoplasmic loops between TMDs (p.Arg41Gln, p.Arg41Ter,
p.Arg364Ter, and p.Pro69Leu). Further, a splice acceptor
variant (c.674-2G > A) was identified in P1 and P2, and a
partial gene deletion of the ALG8 Ex3-13 was identified in
P7. In addition to ALGS pathogenic variants, P5 is heterozy-
gous for LDLR (606945): c.178C > T (p. GIn60ter) associ-
ated with familial hypercholesterolemia.

3.2 | Biochemical studies

Fibroblasts from five patients (P1, P2, P3, P4, and P5)
with suspected ALG8-CDG were analyzed for synthesis
of LLO by metabolic labeling with *H-mannose. Each
subject demonstrated accumulations of Man9GIcNAc2
and Glc1Man9GIcNAc2, in contrast to the predominant
glucosylated Glc3Man9GIcNAc2 LLO observed in control
cells, consistent with impairment of ALG8 activity.

WILEY_l %

All of the individuals in the cohort showed a
type 1 serum transferrin pattern. Analysis of total plasma
N-glycans using our recently described and clinically vali-
dated quantitative N-glycan assay in two subjects (P3, P5)
did not show consistent or diagnostic deviations from
control subjects (Table S1).

3.3 | Clinical features

We identified seven individuals (six male and one female)
from six families with varying ethnic backgrounds. The
ages in our cohort range from 6 to 29 years with all seven
individuals currently alive. Members of our cohort had
delayed diagnosis made between the ages of 3 and 9 years.
Patients P4 and P6 had abnormal biochemical testing at
age of 4 months and 23 months but were not molecularly
diagnosed until ages 7 and 9 years, respectively. P6 was ini-
tially diagnosed with CDG-Ix, before molecular testing con-
firmed the diagnosis of ALG8-CDG. Summary of the
clinical features of the seven new ALGS8-CDG individuals
is presented in Table 1 with further phenotypic information
about adult patients included in supplemental material.

Individuals with ALG8-CDG have been reported to
commonly present with hypotonia, protein-losing enter-
opathy (PLE), and hepatic involvement. In our cohort,
hypotonia was noted in 6/7 with all exhibiting delayed
psychomotor development. All seven individuals learned
to walk, albeit with ataxia or otherwise abnormal gait.
Previously unreported neurodevelopmental disorders,
including autism spectrum disorder, were present in our
cohort (5/7). Diagnosis of autism spectrum disorder was
made following formal developmental assessment by a
specialist (P1 and P2). P6 and P7 were assessed by social
communication questionnaire with scores of 22 and
20 respectively (cutoff> = 15), but they did not receive a
formal diagnosis of autism spectrum disorder due to the
presence of autism symptoms in the context of syndromic
intellectual disability. Additional behavioral concerns
included aggressive behavior, oppositional defiant disor-
der, obsessive-compulsive disorder, attention deficit
hyperactivity disorder, insomnia, and hyperphagia. In
contrast to prior reports, PLE was not documented in our
cohort. Hepatic involvement consisted of hypertransami-
nasemia (5/7), abnormal coagulation profile (6/7), and
hypoalbuminemia (3/7).

Additional clinical features in our cohort, which have
not been previously highlighted, include anomalies of the
skeletal system (7/7) with our subjects exhibiting short
stature, scoliosis or kyphosis, hyperextension and sublux-
ation of joints, herniated disk, hip dysplasia, or recurrent
fractures. We also observed previously unreported mus-
cular problems including muscle weakness (4/7) and
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FIGURE 2

elevated creatine kinase during illnesses in one individ-
ual (P4). Endocrinologic issues not previously reported
included low IGF-BP3 (1/7) and transient hyperinsuline-
mia with episodes of hypoglycemia (1/7).

3.4 | Nijmegen scores

Using the Nijmegen Pediatric CDG Rating Scale
(NPCRS),” five individuals were evaluated at their last
clinical assessment. Most of the individuals (P3, P4, P5,
and P6) scored in the moderate range (between 18 and
22) while P7 scored in the mild range (Table 1). NPCRS
scores were not available for P1 and P2.

4 | DISCUSSION

Our description of seven new individuals with
ALG8-CDG brings the total reported patients to 26.%°
Our cohort includes the two oldest patients reported
(29.5 and 27 years). We reviewed the molecular, bio-
chemical, and clinical findings in the 19 previously
reported individuals with ALG8-CDG (Table S2).

Most ALG8 pathogenic variants are family specific.
Previously, 15 different ALG8 pathogenic variants were
identified. Nine novel variants were observed in our
cohort, bringing the total to 24, including a majority pre-
sent in compound heterozygosity (only four variants have
been found in homozygosity: p.Thr47Pro, p.Trp286Gly,
p-Ala282Val, and p.Pro69Leu). These variants were
mostly missense (75%) and scattered throughout the

100% (26/26)

100% (24/24)

100% (15/15)

100% (8/8)

88% (22/25)

87% (20/23)

83% (15/18)

80% (12/15)

77% (13/17)

74% (14/19)

73% (8/11)

71% (10/14)

67% (14/21)

40% 50% 60% 70% 80% 90% 100%

Clinical summary of all reported ALG8-CDG individuals.

gene. The most frequent variant, p.Thr47Pro, is present
in 7/25 patients. Of the 26 patients, 17 were male (65%),
and there were six sibling pairs. We could not identify a
genotype—phenotype correlation among patients, demon-
strating variability in the clinical features, even within
families with identical genotypes.

The frequency of phenotypic features in all patients
with ALG8-CDG is shown in Figure 2. All ALG8-CDG
patients displayed abnormal neurological features (26/26).
Our cohort expands the phenotype of ALGS8-CDG to
include stable intellectual disability, autism spectrum disor-
der and other behavioral concerns. Epilepsy was reported
in six patients with ALG8-CDG*'*'®'%1? and was seen in
five patients in our cohort without consistent seizure semi-
ology. There does not appear to be a clear pattern of
response to a particular antiepileptic drug (AED). In our
cohort, the combination of carbamazepine and lamotrigine
for (P1), levetiracetam and clonazepam for (P6), and leve-
tiracetam for (P3) were required to improve seizure control.
In P5, multiple AEDs were tried, but only ketogenic diet
showed significant improvement in the seizure control.

The second most reported clinical manifestation was
hepatic involvement (24/24). Severe hepatic and gastroin-
testinal involvement include life-threatening edema, asci-
tes, and coagulopathy, leading to significant morbidity and
mortality in 75% of the patients. In our cohort, the hepatic
and gastrointestinal symptoms were less severe, three
patients had hypoalbuminemia, but none of them devel-
oped ascites or edema. In our cohort, one of the six
patients with coagulopathy developed venous thrombosis
of the left transverse and sigmoid sinus and left jugular
bulb. In previous reports, coagulopathy was complicated
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TABLE 2 Suggested guidelines for evaluation and follow-up of patients diagnosed with ALG8-CDG
. First year of life From 1 year to 5 years of age
Baseline After
evaluation at Every Every Every Every 5 years
Evaluation diagnosis 3months 6months 3 months 6months Yearly ofage
CDG testing CDT X X X Yearly*
N-glycan X X X Yearly®
Liver AST/ALT X X2 X2 Yearly®
evaluation PT/INR X X X Yearly®
Albumin X x?* X* Yearly*
US and X X X Yearly®
elastography
Hematological CBC X x* X* Yearly*
evaluation PT/PTT X X2 X2 Yearly®
ATIIL X X? X* Yearly*
FX1 X xX?* xX?* Yearly®
Renal Urinalysis X Xx? X* Yearly®
evaluation Renal US X2
Endocrine TFT X X* x?* Yearly*
evaluation Adrenal axis X xX? X?* Yearly®
Growth factors X X* x? Yearly*
Lipid profile X Yearly®
Bone density X Every
5 years®
Immunological  Hx of X X X Yearly
evaluation recurrent
infections
IgAE,G,M X2
Response to X
vaccines
Cardiology Echo X?* xX* Every
evaluation ECG 5 years”
Neurological Brain MRI x*
evaluation EEG X2
Ophthalmological evaluation X xX* Yearly®
Physical exam for skeletal X Yearly*
anomalies
Nutrition and growth assessment X x* xX* Yearly®
Development PHT/OT/ST X X X Yearly®
assessment

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; ATIII, antithrombin III; CBC, complete blood count; CDT, carbohydrate deficient

transferrin; ECG, electrocardiogram; Echo, echocardiogram; EEG, electroencephalogram; FXI, factor XI; Hx, history; Igs, immunoglobulins; INR, international
normalized ratio; MRI, magnetic resonance imaging; OT, occupational therapy; PHT, physical therapy; PT, prothrombin time; PTT, partial thromboplastin
time; ST, speech therapy; US, ultrasound; WBC, white blood count.

*Minimum interval for evaluation, but more frequent if clinically indicated after this.

dissociation between liver ultrasound and transient
elastography,”’ ALGS8-CDG individuals should have regu-
lar liver ultrasound and liver elastography evaluations.

with vitreous bleeding during cataract operation, thrombo-
sis of the inferior vena cava, hematemesis, and bloody
diarrhea in four patients. Given the previously reported
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Additionally, gastrointestinal problems are frequent in
ALGS8-CDG (20/26) and include poor growth (10/18), feed-
ing difficulties (7/14), PLE (6/13), chronic constipation
(5/7), and gastroesophageal reflux disease (3/6).

Skeletal abnormalities are frequent in ALGS-CDG,
emphasizing the importance of glycosylation in the devel-
opment of cartilage and bone and in skeletal patterning
pathways. Hypoglycosylation leads to defective remodel-
ing resulting in osteopenia and fractures in patients with
CDG.** In our two eldest patients (P1, P2), recurrent frac-
tures and thoracic vertebral stress fracture were noted
respectively. Rickets and generalized osteopenia were
previously reported in one patient each, with low calcium
and magnesium and reduced tubular reabsorption of
phosphate identified in the patient with rickets.”® Meta-
bolic evaluations in our patients identified low vitamin
(25-OH)D in P1, low calcium with normal alkaline phos-
phatase in P4, and elevated urine calcium in P5.

Facial dysmorphism identified in (22/25) may be a diag-
nostic clue for ALG8-CDG but does not demonstrate recog-
nizable features. The most common features include
epicanthal folds and hypertelorism in (6/25) with a wide var-
iation of other dysmorphic features. In contrast to the previ-
ous reports of individuals with microcephaly, our cohort
identified one patient with macrocephaly, and none with
microcephaly. Skin findings were frequently observed with
pale skin and excessive skin wrinkling the most common
features. Inverted nipples were reported in four patients and
abnormal fat distribution in eight patients was noted above
and lateral to the buttocks, arms, axillae, or chest.

The immune pathophysiology of patients with CDG is
explained by the essential and widespread role of glycosyla-
tion in the immune response. Abnormal glycosylation can
affect cell-cell interactions, pathogen recognition, and cell
activation leading to immunological dysfunction.”> Among
the 19 patients previously reported with ALG8-CDG, two
presented with severe infections,'® leading to death in one
patient,* and one had increased inflammatory markers.”
In our cohort, 3/7 patients presented with recurrent infec-
tions. In three patients, infection was identified as a trigger
of clinical features such as developmental regression, wors-
ening hypotonia, and seizures.

Cardiac abnormalities in our cohort further expand
the phenotype and bring the total patients with reported
cardiac involvement to 77% (13/17). Structural abnormal-
ities include ventricular septal defect and patent ductus
arteriosus in two patients and cardiomyopathy in one
patient. In our cohort, other structural abnormalities
include bicuspid aortic valve and narrowing of the aortic
isthmus along with ventricular hypertrophy, enlargement
of aortic root, and proximal ascending aorta and an
S-shaped ventricular septum. Abnormal heart rhythm,
including prolonged QT in three patients, bradycardia,

and ventricular conductive block were noted in two
patients with ALG8-CDG. Among these patients, none
reported requiring a pacemaker.

Fourteen patients with ALG8-CDG had renal involve-
ment, including proteinuria in seven patients, progres-
sing to nephrotic syndrome in two patients, and
tubulopathy with electrolyte disturbance. Renal cysts
were identified in one patient in our cohort, while three
previous patients reported microcystic kidney,"? cortical
microcyst,'® and renal tubular dysgenesis.'® It has been
proposed that reduced heparan sulfate in the glomerular
basement membrane and enterocyte may contribute to
the proteinuria and PLE,**** which may explain this
feature in ALG8-CDG.

Glycosylation is important for the stability and func-
tion of endocrinologic factors. One of our patients had
transient hyperinsulinism and recurrent episodes of hypo-
glycemia at 3 months and again at 6 years despite appro-
priate weight gain. Hypoglycemia was also reported in one
previous patient. Although hyperinsulinism is a known
etiology of hypoglycemia in some CDG, the pathophysiol-
ogy in ALG8-CDG has not been defined clearly. Further,
low IGF-BP3 was seen in one patient consistent with the
in vivo study where the impaired glycosylation leads to
reduction in the levels of IGF system including IGF-BP3.%
Thyroid function tests are frequently abnormal in children
with CDG because of abnormal glycosylation of TSH and
thyroid-binding globulin. Hypothyroidism was identified
in 7/14 patients which highlights hypothyroidism as a
recurring feature of ALG8-CDG.

We also note lipid abnormalities in our cohort. Hypo-
cholesterolemia is frequently described in patients with
CDG-I. The hypercholesterolemia in P5 can be attributed
to the LDLR mutation. However, the adult patients also
demonstrate hypertriglyceridemia with P2 being over-
weight. It is unclear if patients with ALG8-CDG are more
likely to acquire dyslipidemia and this points out the
need to more fully understand the relationships between
specific glycoproteins and their effects on lipoprotein
metabolism across the lifespan®’ and to assess for dyslipi-
demia in patients with ALG8-CDG.

Ocular involvement is common and noted in 67%
(14/21) of ALGS-CDG patients. Cataract, which has been
described previously in six patients, was not present in our
cohort. Retinitis pigmentosa was identified in two previous
patients at the age of 8 years and at 4 months based on low
vision and slight anomalies in the electroretinography
respectively.'>"> Other types of ocular pathology, such as
microphthalmy, optic nerve atrophy, and abnormal eye
movement, have been reported as well.

In summary, in light of commonly reported multisys-
tem involvement in ALG8-CDG which may first manifest
or worsen at any age, and given their significant impact,
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we recommend a thorough evaluation for newly diag-
nosed patients to identify involved organ systems and
establish appropriate care with specialist providers. Clini-
cal evaluation and monitoring should include develop-
mental assessment with the initiation of physical,
occupational, and speech therapies and attention to
behavioral issues in older children with referral for inter-
vention (if needed), careful history to detect the presence
of seizures and perform EEG, liver US and elastrography,
evaluation by a licensed dietitian to monitor nutritional
and growth status, cardiac examination with ECG and
echocardiogram, detailed ophthalmologic exam, renal
US, scoliosis screening, serial bone density measure-
ments, careful history to evaluate for immunological
involvement in the setting of recurrent infections, and
serial laboratory assessments (see Table 2).
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