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Abstract
ALG3‐CDG is one of the very rare types of congenital disorder of glycosylation (CDG)
caused by variants in the ER‐mannosyltransferase ALG3. Here, we summarize the
clinical, biochemical, and genetic data of four new ALG3‐CDG patients, who were
identified by a type I pattern of serum transferrin and the accumulation of
Man5GlcNAc2‐PP‐dolichol in LLO analysis. Additional clinical symptoms observed in
our patients comprise sensorineural hearing loss, right‐descending aorta, obstructive
cardiomyopathy, macroglossia, and muscular hypertonia. We add four new
biochemically confirmed variants to the list of ALG3‐CDG inducing variants:
c.350G>C (p.R117P), c.1263G>A (p.W421*), c.1037A>G (p.N346S), and the intron
variant c.296+4A>G. Furthermore, in Patient 1 an additional open‐reading frame of
141 bp (AAGRP) in the coding region of ALG3 was identified. Additionally, we show
that control cells synthesize, to a minor degree, a hybrid protein composed of the
polypeptide AAGRP and ALG3 (AAGRP‐ALG3), while in Patient 1 expression of this

*Nastassja Himmelreich and Bianca Dimitrov are joint first authors.
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hybrid protein is significantly increased due to the homozygous variant c.160_196del
(g.165C>T). By reviewing the literature and combining our findings with previously
published data, we further expand the knowledge of this rare glycosylation defect.
KEYWORDS

AAGRP, ALG3, CDG‐I, congenital disorders of glycosylation, hybrid protein,
mannosyltransferase

1 | INTRODUCTION

three glucose residues from the sugar donor dolichol‐phosphate‐glucose
(Dol‐P‐Glc) to form the mature dolichol‐linked oligosaccharide (LLO),

The biosynthesis of oligosaccharide moieties attached to glycopro-

Glc3Man9GlcNAc2‐PP‐Dol, whose oligosaccharide moiety is finally

teins is a complex functional interaction of numerous reactions

transferred to nascent glycoproteins by the OST complex.

occurring in the cytosol, endoplasmic reticulum (ER), and Golgi

Accordingly, ALG3 deficiency leads to the accumulation of

apparatus. Deficiencies in the process of glycosylation lead to

Man5GlcNAc2‐PP‐dolichol and subsequently to a reduction of the

congenital disorder of glycosylation (CDG) which are an expanding

Glc3Man9GlcNAc2‐PP‐dolichol pool in the ER. As a consequence,

group of inherited metabolic diseases with a predominant multiorgan

N‐glycosylation consensus sites that are usually occupied fail to be

phenotype. Over the last 20 years, more than 140 different

glycosylated, and/or in some cases are glycosylated with truncated

molecular CDG defects have been described (Ferreira, van Karne-

oligosaccharides. The clinical phenotype of ALG3‐CDG patients is

beek, Vockley, & Blau, 2018; Ng & Freeze, 2018). Due to enhanced

consistently severe and encompasses predominantly abnormalities of

genetic analyses, such as exome or whole genome sequencing, the

the brain (e.g. microcephaly, epilepsy, axial hypotonia), eye (e.g.

number of newly identified glycosylation defects is expected to

strabismus, optic atrophy), and skeleton (e.g. arthrogryposis, club-

increase further.

feet) combined with dysmorphic features (e.g. dysplastic ears, broad

Based on the glycosylation pattern of serum transferrin, N‐

flat nasal bridge, hypoplastic nipples; Péanne et al., 2017).

glycosylation defects are subdivided in CDG‐I and CDG‐II. CDG‐I

In this study, we describe four new ALG3‐CDG patients, who

comprise deficiencies in the early steps of the N‐glycosylation

expand our knowledge of this rare CDG. We also present data on a

process occurring in the cytosol and ER that either affect the

previously unknown ORF within the ALG3 locus (AAGRP; alanine and

biosynthesis of dolichol‐linked oligosaccharides or their transfer onto

glycine‐rich protein), which is partially used for the synthesis of the

newly synthesized glycoproteins by the oligosaccharyltransferase

hybrid protein AAGRP‐ALG3.

(OST) complex. CDG‐II include defects in the subsequent trimming
and elongation of the sugar moieties bound to proteins in the ER and
Golgi apparatus.
ALG3‐CDG (formerly CDGS‐IV and subsequently CDG‐Id) is a
type I CDG and was the fourth CDG defect identified in 1999
(Körner et al., 1999; Stibler, Stephani, & Kutsch, 1995).

2 | M A T E R I A L S AN D M E T H O D S
2.1 | Patient material
The study was performed in accordance with the Declaration of

By contrast to PMM2‐CDG (~900 reported patients) and ALG6‐

Helsinki and approved by the Ethics Committee of the Medical

CDG (~90 reported patients), who were first described at about the

Faculty Heidelberg. Written informed consent was obtained from the

same time as ALG3‐CDG, only 19 cases of ALG3‐CDG have been

parents of the patients for sequencing analysis. Parents of Patient 1

reported. ALG3 is a 50.1 kDa mannosyltransferase (NP_005778.1;

and 3 also consented to molecular testing (Sanger sequencing) of

MIM# 601110) composed of 438 amino acids (aa). It is an integral ER

their own ALG3‐status. Written informed consent was also obtained

membrane protein with its catalytic activity site oriented towards the

for the use of clinical information.

ER lumen. The acceptor substrate of ALG3 is Man5GlcNAc2‐PP‐dolichol,
which is initially synthesized on the cytosolic side of the ER by the N‐
acetylglucosaminyltransferases DPAGT1 and ALG13/ALG14, followed
by the action of mannosyltransferases ALG1, ALG2, and ALG11.

2.2 | Isoelectric focusing and SDS‐PAGE of serum
transferrin

Man5GlcNAc2‐PP‐dolichol is then flipped onto the luminal face of the

Isoelectric focusing (IEF) of serum transferrin was carried out as

ER membrane by a process involving the RFT1 gene product, before

described by Niehues et al. (1998).

being mannosylated by the dolichol‐phosphate‐mannose (Dol‐P‐Man)
requiring ALG3 to form Man6GlcNAc2‐PP‐dolichol. This is further
elongated by the stepwise addition of three mannose residues catalysed

2.3 | Cell lines and cell culture

by the mannosyltransferases ALG9 and ALG12 to form Man9GlcNAc2‐

Patient and control fibroblasts were cultured in Dulbecco's modified

PP‐dolichol. The glucosyltransferases ALG6, ALG8, and ALG10 add

Eagle's medium (high glucose; Life Technologies, Karlsruhe, Germany)
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containing 10% fetal calf serum (PAN Biotech, Aidenbach, Germany)

Genomic DNA for ALG3 exon analysis (NG_008924.2) from

and 1% Pen/Strep at 5% CO2 at 37°C. Growth medium was changed

control and patient fibroblasts was isolated with the genomic DNA

every 72 hr.

Isolation Kit (Sigma‐Aldrich, Munich, Germany). Hundred nanograms
of genomic DNA were used for exon amplification. The PCR for

2.4 | Analysis of dolichol‐linked oligosaccharides

variant g.165C>T was carried out with the following primers ALG3‐
Ex1‐F (5′‐GATCGGCGCTTAGCCTGGT‐3′) and ALG3‐Ex1‐R (5′‐AGT-

1 × 106 fibroblasts derived from controls and the patients were

GAGTGGATACAGAGTCTG‐3′). For the variants c.286G>A and

cultured and labeled with [2‐3H]mannose for 30 min. Dolichol‐linked

c.350G>C

oligosaccharides (LLO) were extracted and analyzed by high pressure

CATGGG‐3′) and ALG3‐Ex3‐R (5′‐AGGTACAAGGTCAGCTCAGC‐3′)

liquid chromatography (HPLC) or thin‐layer chromatography (TLC)

were used. PCR for variant c.1263G>A was carried out with ALG3‐

(Chantret et al., 2003; Thiel et al., 2012).

the

primers

ALG3‐Ex2‐F

(5′‐GATGGTCTGGAGG-

Ex9‐F (5′‐CTGCTCAGGTACCAGCTGG‐3′) and ALG3‐Ex9‐R (5′‐CAGAGTCCAACCAACCCCAG‐3′). For variant c.296+4A>G in Intron 2

2.5 | Quantitative real‐time polymerase chain
reaction

we used primers D2Sb (5′‐ TTTGATGGTCTGGAGGCATGG‐3′) and
D4R

(5′‐GAAAACGAG

AGGGGACCAGAA‐3′).

For

variant

c.1037A>G PCR was carried out with primers D8Sb (5′‐GCATCAAG-

RNA was extracted from 1 × 106 cells using the MasterPure RNA

GAATGGCAGAGC‐3′) and D9R (5′‐GAAGGGCAGAGTCCAACCAA‐

Purification Kit (Epicentre Biotechnologies, Madison). Total RNA

3′). cDNA and exon PCR products were separated on 1% agarose gels

(1 µg) was reverse‐transcribed using random hexamer primers

and fragments were isolated with the peqGOLD (PeQLab, Erlangen,

(Invitrogen, Karlsruhe, Germany) and the RevertAid Reverse Tran-

Deutschland) Gel Extraction Kit. The variant analysis was performed

scriptase (Thermo Fisher Scientific, Karlsruhe, Germany) (5 min at

by Sanger sequencing. Variants were uploaded to ClinVar Submission

25°C, 60 min at 42°C, and 5 min at 70°C).

Wizard (www.ncbi.nlm.nih.gov/clinvar/).

Quantitative real‐time polymerase chain reaction (qRT‐PCR) was
performed with SensiFAST SYBR No‐ROX‐Mix (Bioline, Luckenwalde,
Germany) with 50 ng cDNA in a CFX Connect Real‐Time System

2.7 | SDS‐PAGE and Western blot analysis

(Bio‐Rad; Munich, Deutschland) with the following parameters: Step

Western blots were done using standard procedures with 20 µg

1: 95°C, 15 s; Step 2: 95°C, 15 s; Step 3: 60°C, 1 min; Step 4: 72°C

protein derived from patients and control fibroblasts. Samples were

10 s; Step 5: 25°C‐100°C, 5 min; Step 6: hold on 4°C. Steps 2–4 were

mixed with 6x Laemmli buffer (375 mM Tris–HCl, pH 6.8, 6% SDS,

repeated 35 times. For total ALG3 messenger RNA (mRNA) analysis,

48% glycerol, 9% 2‐mercaptoethanol, 0.03% bromophenol blue) and

we used primers ALG3‐F1 (5′‐970TCCAAAAGGAAGGTTCCACCC990‐

denatured for 5 min at 95°C. Extracts were analyzed on a 10% SDS

3′) together with ALG3‐R1 (5‐ 1259AGCTGCAGCAGGATGACGG1241‐

gel and blotted onto a nitrocellulose membrane (GE Healthcare,

3′). To measure the residual ALG3 wild type mRNA level of Patient 1,

Munich, Germany) by semi‐dry electrophoretic transfer. The mem-

we used primers ALG3‐F2 (5′‐170CCTTCTGGGTCATTCACAGG189‐3′)

brane was blocked for 2 hr at room temperature (RT) with 5% milk

together with ALG3‐R2 (5′‐ 409GCAAGGTAGCCAGGTAGAGC390‐3′).

powder either in TBS‐T (0.1% Tween in tris‐buffered saline) for

Primers for amplification of the reference gene RAB7A were RAB7A‐F

detection using the ALG3 antibody (Sigma HPA045103) or PBS‐T

(5′‐46GATTCTGGAGTCGGGAAGACAT67‐3′) and RAB7A‐R (5′‐235

(0.1% Tween in phosphate buffered saline [PBS]) for β‐actin (antibody

TGTAGAAGGCCACACCGAGA216‐3′). Expression levels were nor-

Sigma A5441) detection. After blocking, the membrane was washed

malized to RAB7A and set in relation to the results from control

and incubated overnight with the primary antibody in a dilution of

fibroblasts.

1:1000 at 4°C. Washing steps were repeated three times and the
membranes were incubated for 1 hr at RT with a secondary antibody.

2.6 | Variant analysis

Either anti‐rabbit IgG‐conjugated with horseradish peroxidase (HRP)
(for ALG3 detection) or anti‐mouse IgG‐HRP (for β‐actin; Santa Cruz,

Total RNA was extracted from control and patient fibroblasts using

Dallas, Texas; 1:10,000) were used. Protein signals were detected by

the RNAeasy Kit (Qiagen, Hilden, Germany). First strand cDNA of

light emission with Pierce™ enhanced chemiluminescence reagent

ALG3 (NM_005787.5) was synthesized from 0.5 µg of total RNA with

(ECL) Western blot analysis substrate.

Omniscript reverse transcriptase (Qiagen) and the primer ALG3‐R1
(5′‐GCACAGAGTTGGACTTAGCAAG‐3′). In a first round of PCR the
cDNA was amplified with the primers ALG3‐F1 (5′‐AAGCGGCG

2.8 | Transfection

CACCGTTAAGATG‐3′) and ALG3‐R1 using the HotStar‐Taq‐Poly-

Twelve hours before transfection, 4 × 105 COS‐7 cells were plated

merase Kit (Qiagen): Step 1: 95°C, 15 min; Step 2: 28 cycles, 1 min,

onto 6‐cm dishes and cultured in Dulbecco's Modified Eagle's

94°C; Step 3: 0.5 min, 55°C; Step 4: 4 min, 72°C. Further amplifica-

Medium (high glucose; Life Technologies) supplemented with 5%

tion was carried out with nested PCR primers ALG3‐F2 (5′‐ATG

fetal calf serum (FCS) (PAN Biotech) at 5% CO2 and 37°C. COS‐7

GCGGCTGGGGCTGCGG‐3′) and ALG3‐R2 (5′‐AGGTCCTGAGGG

cells were transiently transfected using the FUGENE Transfection Kit

GAGAACTCAG‐3′).

(Promega) with 0.5 µg of AAGRP‐ALG3‐MYC cloned into the pCIneo
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vector (Promega). Twenty‐four hours after transfection the medium

and delayed myelination (Figure 1b). Further evaluation of ear, nose,

was changed and cells were incubated for another 48 hr.

and throat showed a bilateral sensorineural hearing loss. Despite the
use of different combinations of anticonvulsants (vitamin B6,

2.9 | Immunofluorescence analysis for
AAGRP‐ALG3
Transfected COS7 cells (2 × 104) were grown on glass coverslips in 24‐

prednisolone, vigabatrin, levetiracetam, valproic acid) epilepsy could
not be controlled. Spastic tetraplegia developed. At the age of 2 years
and 7 months, the patient was still not able to sit or crawl and did not
use spoken language. Spontaneous movements were limited.

well plates for 24 hr and treated as described (Hanßke et al., 2002). Cells
were stained with antibodies against MYC (Cell Signaling Technology,

3.1.2 | Patient 2

Leiden, Netherlands; mouse anti‐human or Sigma‐Aldrich; rabbit anti‐
human) together with PMM2 (Proteintech, Manchester, UK; rabbit anti‐

The female patient was born spontaneously after an uneventful

human), Protein disulfide isomerase (PDI) (Santa Cruz; rabbit anti‐

pregnancy in the 39th week to consanguineous parents (1st‐degree

human), GM130 (BD Transduction Laboratories, Heidelberg, Germany;

cousins) of Iraqi ancestry. Weight and height at birth were above the

mouse anti‐human), LAMP2 (Sigma‐Aldrich; mouse anti‐human) in a

97th centile, head circumference was within normal limits. At 2 months of

dilution of 1:350. As secondary fluorochrome‐conjugated antibodies, we

age, the first episode of obstructive bronchitis occurred, necessitating

used Alexa Fluor 488 (Thermo Fisher Scientific; goat anti‐rabbit, 1:500)

hospitalization. Progressive secondary microcephaly was observed. The

and Alexa Fluor 568 (Thermo Fisher Scientific; goat anti‐mouse, 1:500).

girl exhibited dysmorphic features including descending eyelid axes,

After washing with PBS, the cells were mounted in Fluoromount (DAKO

dysplastic and low set ears and hairline. Disease progress was

Diagnostika GmbH, Hamburg, Germany) and analyzed using a confocal

characterized by repeated episodes of obstructive bronchitis. At the

laser scanning microscope (LSM3; Leica, Wetzlar, Germany).

age of 6 months, the infant was readmitted to hospital due to a first
prolonged generalized febrile convulsion. The girl exhibited axial muscular
hypotonia associated with increasing peripheral muscular hypertonia and

2.10 | Statistics
All experiments have been repeated a minimum of three times. Data
were analyzed using Student's t test for single comparisons or one‐
way ANOVA followed by Bonferroni's test for multiple comparisons.
Significances of p values: *p ≤ 0.05; **p ≤ 0.005; ***p ≤ 0.001. Data are
displayed as means ± standard deviation (SD).

reduced head control. She was neither able to sit nor to roll over
independently. EEG at that time was unremarkable. Echocardiography
revealed a right‐sided descending aorta without any associated cardiac
malformation. EEG examinations at an age of 10 months showed
pathological delta/theta activity with generalized beta‐waves. Anticonvulsant treatment with phenobarbital was initiated, which alleviated
the seizure frequency over the following months. Repeated MRI scans of
the brain were unremarkable. At 11 months of age, feeding difficulties

3 | RES U LTS

with emesis and subsequent weight loss were evident. Under regular
physical and occupational therapy her development slowly progressed,

3.1 | Clinical presentation

although at 14 months old, development still remained severely delayed.

3.1.1 | Patient 1
The male patient was born spontaneously after an uneventful

3.1.3 | Patient 3

pregnancy to healthy consanguineous parents (second degree cousins)

The female patient was delivered after an uneventful pregnancy at

of Turkish ancestry. Growth parameters at birth (e.g. weight, height,

the 39th week by cesarean section to healthy non‐consanguineous

head circumference) were normal. Soon after birth, severe feeding

parents of Albanian ancestry. Perinatal adaptation was complicated

difficulties associated with weight loss occurred. Clinical examination

by respiratory distress and pneumonia. Multiple dysmorphic features

revealed facial dysmorphism, including low‐set ears, wide‐rooted nose,

were apparent directly after birth, which consisted of hypertelorism,

and descending eyelid axes. Furthermore, hypospadias was present.

dysplastic and low set ears, retrognathia, volar flexed hands with

Recurrent myoclonic jerks started at the age of 2 months and were

adducted thumbs and increased thoracic diameter. At an age of 4

considered epileptic. Ocular fixation and sound reactions were not

months, the infant exhibited repeated episodes of myoclonic jerks

evident. The neurological examination at 4 months of age was

and involuntary movements, suggestive of West‐Syndrome. EEG

dominated by secondary microcephaly, significantly decreased head

examination showed discontinuous hypsarrythmia. Anticonvulsant

control and axial muscular hypotonia associated with increased limb

treatment with vitamin B6 and sultiame did neither improve seizure

stiffness. Frequent episodes of hyperextension were observed. Due to

frequency nor intensity. Severe truncal muscular hypotonia, reduced

epileptic seizures with semiology suggestive of West syndrome, an

head control and peripheral muscular hypertonia with subsequent

electroencephalogram (EEG) was performed, which showed discontin-

hyperreflexia were noted. Development was significantly delayed.

uous hypsarrhythmia (Figure 1a). Repeated MRI scans of the brain

The MRI scan revealed severe brain atrophy with consecutive

demonstrated marked cerebral atrophy with subsequent e vacuo

enlargement of inner and outer subarachnoid spaces and delayed

enlargement of the subarachnoid spaces, bilateral subdural hygroma

myelination. Echocardiography confirmed hypertrophic obstructive
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F I G U R E 1 Clinical and biochemical abnormalities in ALG3‐CDG. (a) EEG of Patient 1 at 4 weeks of age showing hypsarrhythmia. (b) MRI
scans of the brain from Patient 1 with cerebral atrophy. Isoelectric focusing (IEF) of Patient 1 serum transferrin revealed a type I pattern (c). (d)
Analysis of lipid‐linked oligosaccharides showed an accumulation of Man5GlcNAc2‐PP‐dolichol. Patient 1 served as a paradigm for all four
patients. EEG: electroencephalogram; MRI: magnetic resonance imaging
cardiomyopathy. Nephrocalcinosis was substantiated by abdominal

Growth parameters were normal, except for the small head

ultrasonography. Despite short‐term therapy with dexamethasone

circumference (34.5 cm; −2 SD). He was reported to have swallow-

and initiation of vigabatrin treatment, epilepsy remained refractory

ing difficulties in the first 2 months and poor eye pursuit although

with only limited effects on seizure frequency and intensity,

reacting to sounds, and often throwing himself backward. At 3.5

respectively. There was increasing muscular hypertonia with recur-

months old, he presented with multiple symptoms including

rent episodes of hyperextensions. Regular physical therapy and early

macroglossia, permanent horizontal nystagmus which was difficult

fostering had no beneficial effect on the developmental outcome. At

to fix at stimulation, slight dysmorphism with a furrowed forehead

13 months of age, the infant was still not able to roll over, sit or crawl

and an occipitally flattened skull. Furthermore, a jerky, disordered

and spontaneous movements remained reduced. The girl died at age

gesticulation with a discreet tendency to axial and peripheral

3.5 years due to pneumonia.

hypertonia was observed.
MRI showed left and bifrontal cortical and sub‐cortical atrophy
with ventricular enlargement. The EEG was well organized without

3.1.4 | Patient 4

comitial elements. At an age of 10 months, he presented with

The male patient was born at term after an uneventful pregnancy

abnormal jerky motions and numerous absences (more than 10 per

to healthy non‐consanguineous parents of French ancestry.

day) as well as an increase in generalized muscular hypertonia, treated

HIMMELREICH
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with anticonvulsant (levetiracetam), anticholinergic (trihexyphenidyl),
and muscle relaxant (baclofene) drugs. At 11 months of age, he was
subject to significant tremor when waking‐up; did not sit, nor react to
his name despite the absence of deafness. He was able to vocalize, roll
on his side, pick up objects and put them into his mouth. In spite of the
muscle relaxant treatment, hypertonia persisted. MRI of the optical
pathways showed hypogenesis of the anterior optic pathways (optic
nerve and chiasma), and funduscopic examination revealed small
papillae. At 16 months old, he was able to sit up. The vision stabilized;
he could see and grasp smaller objects. Stereotypical movements such
as hand wringing and foot abduction appeared. Following up at 21
months of age, he was able to walk a few steps with help but had no
thumb‐index pinch, and at an age of 27 months, he could walk alone a
few meters, take and throw objects onto the ground, say 2 words and
vocalize. He did not answer simple instructions. At the age of 6 years,
he was hospitalized due to generalized seizures.

943

3.5 | Sequence analysis
Targeted Sanger sequencing for ALG3, DPM1–3, and RFT1 was
initiated. While no variants were found in the coding regions of
DPM1–3 and RFT1, all patients showed pathological variants for
ALG3.
In Patient 1, a homozygous deletion of 37 bp (c.160_196del) was
detected in the cDNA. We ascribe this deletion to the silent variant
g.165C>T found in exon 1, which may produce an alternative splice
site (Denecke et al., 2005). We confirmed the deletion at the
transcript level in 10 independent cDNA samples. The parents
showed heterozygosity for the mutation. Due to the deletion, a
premature stop codon arises, whereby a protein of 65 aa with a
predicted size of 7.5 kDa would be synthesized.
In Patient 2, a new homozygous variant c.1263G>A was detected,
whereby 16 aa at the ALG3 C‐terminus (p.W421*) are lost. The
variant was confirmed in exon 9. No sequencing was performed with
parent samples.

3.2 | Clinical synopsis of ALG3‐CDG

Analysis of Patient 3 revealed compound heterozygosity for the
novel variant c.350G>C on the maternal allele and variant c.286G>A

Summaries of the clinical manifestations of the four patients from

on the paternal allele, resulting in the missense variants p.R117P and

this study are presented alongside those of the 19 previously

p.G96R, respectively. The variants were confirmed in exon 3 and

reported ALG3‐CDG patients in Table 1. The main clinical symptoms

exon 2. The amino acid substitutions are located in conserved regions

which were observed in more than 50% of all patients comprise

within ALG3. The glycine residue at position 96 is highly conserved

developmental delay (20/21 patients), muscular hypotonia (20/21),

and can be found in human, cattle, rat, mice, frog, fish, cnidaria down

cerebral malformations (22/22), several neurological features such as

to yeast, whereas arginine 117 is conserved in mammals only (data

epileptic seizures (14/22), craniofacial abnormalities like microce-

not shown).

phaly (18/19), facial dysmorphism affecting ears, eyes and nose (22/

Patient 4 is compound heterozygous for the new variants

23) as well as dysmorphic body features such as limb abnormalities

c.296+4A>G and c.1037A>G (p.N346S). In silico analysis for the

(16/21).

intron variant predicted an alteration of the wild type donor site
most probably affecting splicing. This was confirmed on cDNA level,

3.3 | Glycosylation status of serum transferrin

where a deletion of 100 bp (c.197_296del) was detected which is

Alerted by the multisystemic phenotype, CDG was suspected and

stop codon, the ALG3 protein would have a length of 107 aa with a

serum protein hypoglycosylation was analyzed by IEF (Figure 1c) or

predicted size of 11.9 kDa. The asparagine residue at position 346 is

capillary electrophoresis (CE) of transferrin. In contrast to the

highly conserved and is predicted to be pathogenic by all software

control, all patient samples showed a type I pattern. In Patients 1–3

used (AlignGVGD, Polyphen2, SIFT, and MutationTaster).

equivalent to the loss of exon 2. Due to the deletion and a premature

we detected elevated disialotransferrin (24.12 ± 0.41%; ref. val.,
5.0−13.5%) and reduced tetrasialotransferrin (26.9 ± 1.24%; ref. val.,
30.0−55.0%). By contrast to the situation noted within PMM2‐CDG

3.6 | Protein analysis

(lane 2, 12.25 ± 0.21%), asialo‐transferrin is only mildly increased

The ALG3 protein level was analyzed by Western blot analysis with

(2.5 ± 0.4%; ref. val., 0.0−2.0%) in ALG3‐CDG. CE analysis of

homogenates derived from Patients 1–4 and control fibroblasts

transferrin for Patient 4 revealed elevated disialo‐ and asialotrans-

(Figure 2a). Values were normalized against β‐actin (Figure 2b).

ferrin (18.5%; ref. val., <1.3%).

Remarkably, although the ALG3 antibody recognition site (p.I69 to
p.A114) was expected to be lost in the shortened protein of Patient

3.4 | Dolichol‐linked oligosaccharides

1, a signal band around 45 kDa (wild type mannosyltransferase
50 kDa) was detected, albeit at a significantly reduced level

PMM activity in fibroblasts was measured and found to be normal in

(63.0 ± 9.6%).

all patients (data not shown). We next investigated the synthesis of

(35.5 ± 18.3%) in combination with a slight decrease in size,

In

Patient

2,

the

ALG3

level

was

reduced

LLOs. In contrast to the controls, Man5GlcNAc2‐PP‐dolichol accu-

corresponding to the loss of the ALG3 C‐terminus. Patient 3

mulated at the expense of the mature Glc3Man9GlcNAc2‐PP‐dolichol

presented with an elevated signal of the 50 kDa ALG3 protein

in cells from the four patients (Figure 1d) suggesting either ALG3‐,

(122.4 ± 6.5%), whereas Patient 4 showed reduced expression of

DPM1–3‐ or RFT1‐CDG.

ALG3 at 50 kDa (14.3 ± 11.6%). Due to the loss of exon 2 and
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F I G U R E 2 ALG3 Protein, mRNA and cDNA expression. (a) ALG3 Western Blot analysis of control and Patients 1–4 with protein
quantification (b). (c) The expression level of total ALG3 mRNA of Patients 1–4 detected with primers specific for the ALG3‐3′‐terminus. For
Patient 1 also the expression of his residual full‐length wildtype ALG3 mRNA was determined which was significantly reduced (d). Expression of
both, the WT and mutated ALG3 cDNA of Patient 1 on an agarose gel (e) and by quantification (f). mRNA: messenger RNA; WT: wild type
herewith the antibody's epitope, we assume that the residual ALG3

hybrid protein (named AAGRP‐ALG3) is composed of 403 aa with a

proteins all carry the p.N346S variant.

predicted size of 45.4 kDa. Protein structure prediction with
PROTTER (http://wlab.ethz.ch/protter/start) and Octopus (http://
octopus.cbr.su.se) revealed that compared to wild type ALG3

3.7 | ALG3 open reading frame analysis

(Figure 4a,c) AAGRP‐ALG3 does not possess the first transmem-

Due to the contradictory results of Patient 1 for DNA sequencing

brane domain and its N‐terminus is oriented to the ER lumen

and protein analysis, a closer examination of the ALG3 open reading

instead of the cytosol (Figure 4b,d). Most strikingly, after 32 aa the

frame (ORF) was performed. In addition to the first start codon (c.1–

sequence of this protein is identical to ALG3 (from p.T67 to p.H438)

3ATG) seven alternative in‐frame start codons, all located after

and carries the ALG3 antibody recognition motif which would

variant c.160_196del, are present (c.223–225ATG, c.325–327ATG,

explain the 45 kDa signal in Western blot analysis in case of Patient

c.367–369ATG, c.469–471ATG, c.535–537ATG, c.625–627ATG, and

1. In principal, also in case of Patient 4, a hybrid protein of 382 aa

c.1123–1125ATG). Since all these alternative ORFs would lead to

and 42.9 kDa might arise if the ORFs for AAGRP and for ALG3

proteins much smaller than 45 kDa, we excluded in‐frame ALG3

(shortened by 100 bp) are combined. Regrettably, we could not

ORFs as possible explanations for the detected protein signal found

further specify whether it is really expressed since the commercially

by Western blot analysis.

available ALG3 antibodies all use an epitope which recognizes a

We next searched for alternative ORFs within the ALG3 coding

sequence in exon 2.

region not in‐frame with the first start codon. Six alternative ORFs
(c.69–209, c.248–424, c.255‐424, c.338‐424, c.519‐622, and c.627‐
823) were found, of which the first (c.69‐209) turned out to be the

3.8 | mRNA level analysis of ALG3 by qRT‐PCR

most interesting. Here the coding region comprises 141 bp (Figure 3)

In a first experiment, primers binding at the 3′‐end of the ALG3

that encode for a protein of 46 aa (N‐MAAARLARAAPAAAGAAL

coding region were used for quantitative RT‐PCR studies (Figure 2c).

HAAGGRLPLPGGGGHHLLGHSQGGIHRD‐C)

We

Here mild reductions of ALG3 mRNA were measured for Patient 1

termed this protein AAGRP (alanine and glycine rich protein), as it

(90.0 ± 4.0%; n = 4; **p < 0.005) and Patient 2 (92.0 ± 12.0%; n = 4),

consists 50% alanine (13 of 46 aa) and glycine residues (10 of 46 aa).

whereas for Patient 4, a strong reduction (44.5 ± 6.0%; n = 4) was

At the genomic level, the first 128 bp of the coding region of AAGRP

detected. Patient 3 showed a 162.0% (±28.0%; n = 3; **p < 0.005)

are located in exon 1 (from the middle to the end) and the final 13 bp

increase of the ALG3 transcript level.

and

4.4 kDa.

display the beginning of exon 2 of the ALG3 gene.

With respect to Patient 1, we were also interested in quantifying

The 37 bp deletion of Patient 1 also affects the AAGRP‐cDNA

the levels of wild type ALG3 in comparison to the mutated transcripts

after base c.93, and interestingly, AAGRP is thereby extended by

and performed an alternative approach by using a primer binding

1119 bp of the ALG3 coding region (c.199‐1317). The resulting

within the deletion (c.160_196del) together with an oligonucleotide
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F I G U R E 3 Open reading frames found in the ALG3 gene locus. Due to the 37 bp deletion (in green and underlined) the AAGRP protein (in
red) is extended by the main part of ALG3 leading to the hybrid protein AAGRP‐ALG3. The triplet GAC (for aspartic acid; in yellow) links the
different gene parts. AAGRP: alanine and glycine rich protein
binding after it. We detected a significant loss of 2.0% (±1.0%; n = 4;

colocalize with the Golgi luminal protein GM130 (Figure 5g–i), but

***p < 0.001) of the wild type transcript (Figure 2d).

did colocalize with the GDP‐fucose transporter (SLC35C1), which is

It is important to note that in standard RT‐PCR analysis we also

an integral membrane protein of the Golgi apparatus. Inconsistent

identified the 37 bp shortened ALG3 transcript in controls (Figure

results were obtained when we looked for co‐localization of AAGRP‐

2e). Here, the ratio of wild type to mutated transcripts was 74.6%

ALG3 with the mitochondrial protein cytochrome C (data not shown).

(±12.3%) to 25.4% (±5.8%) whereas in the patient the ratio was 5.2
( ± 4.9%) for wild type and 94.8% (±22.4%) for the mutated
transcripts (Figure 2f), which correlates with the qRT‐PCR results.

3.9 | Immunofluorescence analysis in COS‐7 cells

4 | D I S C U SS I O N
Only 23 ALG3‐CDG patients, including the four patients from this
study, can be found in the literature (Denecke, Kranz, Kemming,

MYC‐tagged AAGRP‐ALG3 was expressed in COS7 cells and its

Koch, & Marquardt, 2004; Kranz et al., 2007; Rimella‐Le‐Huu et al.,

localization was analyzed by immunofluorescence studies. The hybrid

2008; Schollen et al., 2005; Stibler, Westerberg, Hanefeld, &

protein was stable and colocalized with PMM2 (cytoplasm), PDI (ER),

Hagberg, 1993; Sun et al., 2005; Riess S, 2013; Lepais et al., 2015).

and LAMP2 (lysosome; Figure 5a–f, j–l). AAGRP‐ALG3 did not

Typical clinical characteristics of ALG3‐CDG include neurological
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F I G U R E 4 Protein structure prediction for ALG3 and AAGRP‐ALG3. Note that in contrast to ALG3 (a,c) AAGRP‐ALG3 (b,d) does not possess
the first transmembrane helix. Besides, the N‐terminus of the hybrid protein is predicted to be located to the ER Lumen. Prediction was
performed by using PROTTER (a,b; Version 1.0; http://wlab.ethz.ch/protter/start/; extra = extracellular; intra = cytoplasmic) and alternatively by
Octopus (c,d) (http://octopus.cbr.su.se/; Inside = cytoplasmic, Outside = extracellular). Compartment nomenclature is according to TOPO2
documentation. ER: endoplasmic reticulum

symptoms (such as developmental delay, microcephaly, and epileptic

found to lead to the deletion of exon 2, and p.N346S is potentially

seizures) and facial dysmorphias (like low‐set ears, wide‐rooted nose,

destructive to protein stability. Regarding Patient 1, who carried the

and descending eyelid axis), clubfeet and failure to thrive as well as

homozygous silent variant g.165C>T (allele frequency of 1.9 × 10−5)

ophthalmologic impairment including strabism or optic atrophy

in exon 1 of the ALG3 gene, we detected 2% of wild type ALG3

(Table 1). We identified spastic tetraparesis, brain atrophy, refractory

transcripts only, whereas the residual ALG3 cDNAs showed the 37 bp

epilepsy due to an underlying West‐Syndrome, right‐descending

deletion (c.160_196del). This is in accordance with the former study

aorta, and obstructive cardiomyopathy as additional clinical symp-

by Denecke et al. (2004). Further, the variant g.165C>T is causative

toms.

for the enhanced alternative 5′‐splicing event in this patient. It

Ten of these 23 patients died (43%). Hereof eight individuals

should be pointed out that we also found the spliced ALG3 transcripts

of a single family carried the homozygous variant c.512G>A

in control cells. Here the ratio was about 75% of wild type ALG3 to

(p.R171Q; Alsubhi et al., 2017). Furthermore, compound‐heterozyg-

25% of AAGRP‐ALG3 transcripts, whereas in Patient 1 AAGRP‐ALG3

osity for c.564_566del/c.1125G>A+c.1127del (p.L189del/p.M375I

was highly elevated to nearly 95%. Concerning ALG3, a premature

+p.P376Lfs*92; Fiumara, Barone, Del Campo, Striano, & Jaeken,

stop codon is initiated by the 37 bp deletion leading to a shortened

2016) as well as for the variants c.350G>C/c.286G>A (p.R117P/

protein with an expected size of 7 kDa only. As no antibody against

p.G96R; Patient 3 of this study) must be considered as life‐

this small protein is commercially available, we could not further

threatening. Variant c.1263G>A (p.W421*; Patient 2 of this study)

specify whether it is actually expressed in Patient 1. However, since

impacts ALG3 size and expression level, whereas in case of variant

86% of the overall ALG3 protein would be lost, we assume that all

combination c.286G>A/c.350G>C a significantly increased ALG3

the normal biochemical properties of this highly shortened manno-

mRNA and protein level were detected. We did not further address

syltransferase would be absent. It remains questionable whether the

whether this effect was due to one of the variants or both. Variants

remaining 2% of wild type ALG3 are sufficient for ensuring the

c.296+4A>G and c.1037A>G (p.N346S) of Patient 4 affected

residual protein glycosylation seen in Patient 1 or if the hybrid

transcript and particularly protein level. Besides, c.296+4A>G was

AAGRP‐ALG3 functions as a kind of enzymatic backup, a hypothesis
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F I G U R E 5 Expression studies of AAGRP‐ALG3 in COS‐7 cells. Colocalization of the MYC‐tagged AAGRP‐ALG3 was tested together with
PMM2 (a–c), PDI (d–f), GM130 (g–i), SLC35C1 (j–l), and LAMP2 (m–o). Cell nucleus in blue; bar: 20 μm

which merits consideration. Depending on the protein prediction

AAGRP‐ALG3 apart from its role in the ER. Recently and in line with

software used, ALG3 possesses 10–11 transmembrane domains.

this, ALG3 was also detected in cellular compartments apart from the

Here, we used PROTTER and octopus and both calculated 10

ER, albeit the function of this protein in the cytosol and nucleus

transmembrane (TM) domains for ALG3 with its N‐ and C‐terminus

remains unclear (Hacker, Schultheiss, & Kurzik‐Dumke, 2018b;

oriented to the cytosol (Oriol, Martinez‐Duncker, Chantret, Molli-

Hacker, Schultheiss, Doring, & Kurzik‐Dumke, 2018). Furthermore,

cone, & Codogno, 2002). In contrast, the N‐terminus of AAGRP‐ALG3

ALG3 seems to be associated with cervical cancer (Yang et al., 2018)

is oriented to the ER lumen and the C‐terminus to the cytosol.

and was also found to affect drug‐resistance in acute myeloid

Nevertheless, AAGRP‐ALG3 still possesses 9 of the 10 TM helices

leukemia cells (Liu et al., 2018).

(TM1 of ALG3 is lost), shares 372 of its 403 aa residues with ALG3

For AAGRP‐ALG3 the considerable accumulation of alanine

and colocalizes with PDI in the ER. Since the protein can also be

residues and alanine repeats in the N‐terminus is noteworthy

found in the cytosol, lysosome, and at the Golgi membrane but not

because polyalanine stretches are known as a disease mechanism in

within the Golgi, we suspect an alternative but a yet unknown task of

congenital malformations, skeletal dysplasia, and nervous system
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anomalies (Amiel, Trochet, Clement‐Ziza, Munnich, & Lyonnet,

research within the scope of transcriptomics and proteomics is

2004). The function of polyalanine repeats is still largely unclear,

required.

but they are thought to form coiled‐coil supersecondary structures
which can then regulate the oligomerization, interactions and
functions of proteins (Pelassa & Fiumara, 2015). Regrettably, our

AC KNO WL EDG EM E NT S

immunofluorescence studies concerning the localization of AAGRP‐

For CT this study was supported by the Deutsche Forschungsge-

ALG3 in mitochondria were inconclusive as polyalanine stretches

meinschaft (FOR2509: TH1461/7‐1) and by the European Union's

were also found to induce mitochondrial dysfunction (Toriumi et al.,

Horizon 2020 research and innovation program under the ERA‐NET

2008).

Cofoundation No. 643578–EURO‐CDG 2 in association with the

Although in‐depth characterization of the role of AAGRP‐ALG3

“Bundesministerium für Bildung und Forschung” under the frame of

remains outside the scope of this study, the hybrid protein can

E‐Rare‐3, the ERA‐Net for Research on Rare Diseases. Exome

be assumed to be necessary in metabolism as we detected it

analysis of Patient 4 was supported by Fondation Maladies Rares

in fibroblasts from control subjects as well, although at a much lower

(High throughput sequencing and Rare Diseases Project, September

level than in Patient 1. Besides, the mRNA for AAGRP‐ALG3

2013). We thank Juliane Reichel for literature evaluation.

was also identified in several primates as for example, Gorilla gorilla
gorilla (XM_019023056.1), Pongo abelii (XM_002814353.3) or Colobus
angolensis palliates (XM_011945838.1). Moreover, in organisms
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