Please cite this article in press as: Wilson et al., Active site variants in STT3A cause a dominant type I congenital disorder of glycosylation
with neuromusculoskeletal findings, The American Journal of Human Genetics (2021), https://doi.org/10.1016/j.ajhg.2021.09.012

ARTICLE

Active site variants in STT3A cause a dominant
type | congenital disorder of glycosylation
with neuromusculoskeletal findings

Matthew P. Wilson,!* Alejandro Garanto,?3.24 Filippo Pinto e Vairo F+°24 Bobby G. Ng,°

Wasantha K. Ranatunga,> Marina Ventouratou,! Melissa Baerenfaenger,” Karin Huijben,8

Christian Thiel,” Angel Ashikov,” Liesbeth Keldermans,! Erika Souche,! Sandrine Vuillaumier-Barrot,!©
Thierry Dupré,© Helen Michelakakis,!! Agata Fiumara,'? James Pitt,!3 Sue White,!3.14 Sze Chern Lim,!3
Lyndon Gallacher,'3.14 Heidi Peters,!> Daisy Rymen,'¢ Peter Witters,'® Antonia Ribes,!”

Blai Morales-Romero,!7 Agusti Rodriguez-Palmero,!8 Diana Ballhausen,!® Pascale de Lonlay,20.21

Rita Barone,2?2 Mirian C.H. Janssen,223 Jaak Jaeken,!'¢ Hudson H. Freeze,6 Gert Matthijs,1.25

Eva Morava,+51525 and Dirk J. Lefeber”.8.25*

Summary

Congenital disorders of glycosylation (CDGs) form a group of rare diseases characterized by hypoglycosylation. We here report the iden-
tification of 16 individuals from nine families who have either inherited or de novo heterozygous missense variants in STT34, leading to
an autosomal-dominant CDG. STT3A encodes the catalytic subunit of the STT3A-containing oligosaccharyltransferase (OST) complex,
essential for protein N-glycosylation. Affected individuals presented with variable skeletal anomalies, short stature, macrocephaly, and
dysmorphic features; half had intellectual disability. Additional features included increased muscle tone and muscle cramps. Modeling of
the variants in the 3D structure of the OST complex indicated that all variants are located in the catalytic site of STT3A, suggesting a
direct mechanistic link to the transfer of oligosaccharides onto nascent glycoproteins. Indeed, expression of STT3A at mRNA and
steady-state protein level in fibroblasts was normal, while glycosylation was abnormal. In S. cerevisiae, expression of STT3 containing
variants homologous to those in affected individuals induced defective glycosylation of carboxypeptidase Y in a wild-type yeast strain
and expression of the same mutants in the STT3 hypomorphic stt3-7 yeast strain worsened the already observed glycosylation defect.
These data support a dominant pathomechanism underlying the glycosylation defect. Recessive mutations in STT3A have previously
been described to lead to a CDG. We present here a dominant form of STT3A-CDG that, because of the presence of abnormal transferrin
glycoforms, is unusual among dominant type I CDGs.

Introduction been reported.* This number is expected to increase
further because at least 2% of the human genome encodes
Congenital disorders of glycosylation (CDGs) are a group proteins involved in glycosylation.” CDGs that affect the
of rare disorders that disrupt protein or lipid glycosylation biosynthesis of the lipid-linked oligosaccharide (LLO) in
and lead to a wide range of often multisystemic clinical the ER and/or the transfer of the N-glycan to recipient pre-
presentations. Over 140 genetically distinct CDGs have cursor glycoproteins are termed type I CDGs.°
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N-glycan transfer to a recipient protein is performed by
the oligosaccharyltransferase (OST) complex. More specif-
ically, the LLO is transferred from a lipid dolichol carrier to
N-X-S/T sequons of nascent proteins. The OST is a multi-
meric protein complex containing either STT3A (OST-A
complex) or STT3B (OST-B complex) as catalytic subunits
and a range of accessory proteins.””® In humans, the
OST-A and OST-B complexes both consist of six subunits
(ribophorin-I, ribophorin-II, DDOST, TMEM258, DAD1,
and OST4). The OST-A also contains the KRTCAP2 and
OSTC subunits and the OST-B multimer either MAGT1 or
TUSC3.”” In humans, the STT3A- and STT3B-containing
OST complexes have slightly different functions and ki-
netic properties. The OST-A catalyzes the co-translational
N-linked glycosylation of the majority of proteins upon
entry into the ER, whereas the OST-B performs the post-
translational glycosylation of sites that are missed by
OST-A, such as those located toward the C terminus of gly-
coproteins.'”

In recent years, pathogenic variants in several OST sub-
units have been shown to result in autosomal-recessive or
X-linked type I CDGs. These are OST48-CDG (MIM:
614507),'! TUSC3-CDG (MIM: 611093),' MAGT1-CDG
(MIM: 301031),"* STT3A-CDG (MIM: 615596), and
STT3B-CDG (MIM: 615597).'* For STT3A-CDG, two
missense variants in STT3A (GenBank: NM_001278503.1,
c.1877T>C [p.Val626Ala] and c.1079A>C [p.Tyr360Ser])
have been reported in a total of nine individuals from
four families in which only homozygous individuals were
affected. In these individuals, STT3A-CDG led to a severe,
mostly neurological phenotype consisting of develop-
mental delay (DD), intellectual disability (ID), micro-
cephaly, hypotonia, and seizures.'*'® Biochemically,
affected individuals had abnormal serum transferrin glyco-
sylation consistent with a type I CDG. Clotting abnormal-
ities caused by factor VIII and vWF underglycosylation
have also been reported in one case.'®

Herein, we describe 16 individuals from nine families with
a total of six dominantly inherited or de novo heterozygous
missense variants in STT3A. Individuals were identified by
a type 1 transferrin isoelectrofocusing pattern and showed
a broad spectrum of clinical features, including facial dys-
morphism, skeletal anomalies, variable DD, ID, speech delay,
muscle cramps, and early onset severe osteoarthritis. In
all cases, the heterozygous missense substitutions identi-
fied (GenBank: NM_001278503.1; c.137A>G [p.His46Arg];
c479G>A [p.A1gl60GIn]; c.985C>T [p.Arg329Cys];
c.1213C>T [p.Arg405Cys]; c¢.1214G>A [p.Arg405His];
c.1589A>C [p.Tyr530Ser]; ¢.1637C>T [p.Thr546lle]) are
located at or surrounding the catalytic site of STT3A.
Together with biochemical studies in fibroblasts and yeast,
our data indicate STT3A-CDG as the only described domi-
nant type I CDG with abnormal N-glycosylation measurable
by the detection of serum transferrin glycoforms. Therefore,
STT3A-CDG presents with two forms of inheritance, auto-
somal recessive'*'® and inherited or de novo autosomal
dominant as we describe in the present manuscript.

Material and methods

Ethics statement

Written informed consent (verbal assent when appropriate) was
obtained from parents of legal guardians of all participants, and
assent was obtained from the participants. Clinical, biochemical,
genetic, and demographic data were collected in affected individ-
uals as part of the CDG natural history study (IRB: 19-005187).
Fibroblast cultures were collected as part of the clinical care. Resid-
ual, de-identified material was used in this study (including pro-
tein expression, mRNA expression, functional measurements)
under ethics agreements from the Mayo Clinic, Rochester, MN,
United States (IRB: 16-004682); University Hospital Leuven,
Belgium (study number: $58358); and Radboud University Medi-
cal Center, the Netherlands (2019-5591; 2020-6588).

In case of research on human material, this was approved by the
ethical committee of the University Hospital Leuven (study num-
ber: S58358; individuals 1.1.1, 1.1I.1, 4.1I.1, 5.11.1, 6.11.1), Radboud
University Medical Center (study numbers: 2019-5591 and 2020-
6588; individuals 1.1.1, 1.IL.1, 1.IL.2, 3.1I.1, 9.1.1, 9.1L.1), or an
IRB-approved protocol (IRB: 16-004682; individual 2.I1.1). This
study was performed in accordance with ethical principles for
medical research outlined in the Declaration of Helsinki. Consent
was obtained with ethical approval in all cases. Individuals were
gathered through the FEuroglycanet and FCDGC networks
following identification of heterozygous variants in STT3A by
exome sequencing (ES) or genome sequencing (GS).

Cell lines

CRISPR/Cas9-engineered HEK293 knockout cell lines for either
STT3A or STT3B were previously described.'” Primary fibroblasts
from affected individuals and controls were grown from skin bi-
opsies. Cell lines were cultured in DMEM/F12 (Life Technologies)
supplemented with 10% FBS (Clone III, HyClones) and antibiotics
streptomycin (100 pg/mL), penicillin (100 U/mL), and amphoter-
icin (0.5 pg/mL) at 37°C under 5% COx.

CDG glycosylation studies

Transferrin N-glycosylation was analyzed by isoelectric focusing,
immunoblot, HPLC, mass spectrometry,'® or high-resolution
quadrupole time of flight (QTOF) mass spectrometry.'” Analysis
of lipid-linked and protein-linked oligosaccharide analysis was
performed as described.?’

Next-generation sequencing

All individuals were investigated via ES and/or GS as part of a
cohort of individuals with biomarkers indicative of type I CDG.
This was performed at several centers, and filtering and variant
curation were prioritized on the basis of the analysis of known
or predicted type I CDG-associated genes. In all individuals, no
other pathogenic or probably pathogenic candidate variants
were identified.

Genetic findings were confirmed by Sanger sequencing of
genomic DNA surrounding each respective variant. When DNA
from family members was available, inheritance patterns were
also confirmed by Sanger sequencing of genomic DNA.

RNA extraction, real-time quantitative PCR (qPCR), and
Sanger sequencing of cDNA

We isolated total RNA from cell lines with the RNeasy Mini kit
(QIAGEN) and performed DNase treatment (Roche Diagnostics)
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to remove contaminating genomic DNA. Subsequently, reverse
transcription was performed on 2 pg of purified total RNA with
the First-Strand cDNA synthesis kit (GE Healthcare).

Transcribed cDNA was used for qPCRs for STT3A (GenBank:
NM_001278503.1) and HPRT1 (GenBank: NM_000194), which
was used as an endogenous control for normalization. PCR
primers were designed via the NCBI primer-BLAST software and
synthesized by Integrated DNA Technologies. PCR primer se-
quences can be found in Table S1. qPCRs were performed with
the 2 x LightCycler 480 SYBR Green I Master. Data were analyzed
with the LightCycler 480 Software (both Roche Applied Science).

Sanger sequencing of cDNA was performed by PCR amplifica-
tion of the areas surrounding each respective variant, and primers
used can be found in Table S1.

Immunoblotting

Protein lysates from affected and age-matched control fibroblasts
were prepared by the addition of RIPA buffer (10 mM Tris-HCI
[pH 7.4], 150 mM NacCl, 0.5% sodium deoxycholate, 0.1% SDS,
and 1x cOmplete protease inhibitor cocktail [Sigma Aldrich]) at
4°C, mechanical lysis and incubation for 30 min followed by
centrifugation at 4°C (15,000 rcf, 10 min). Supernatant was taken
for analysis and the total protein concentration was calculated
with the Pierce BCA protein assay kit (Thermo Fisher Scientific).
Ten micrograms of protein lysate were analyzed by SDS/PAGE
and immunoblotted onto a nitrocellulose membrane (Thermo
Fisher Scientific) with the indicated antibodies. Signal detection
was performed by autoradiography with ImageQuant LAS 4000
(GE Healthcare), and quantification was performed with the Im-
ageJ] software. All antibodies used for immunoblotting can be
found in Table S2. §. cerevisiae protein lysates were prepared iden-
tically, with the exception that lysis was performed by the addition
of 0.5 mm glass beads (Sigma Aldrich) followed by 4 X 1 min vor-
tex cycles, alternating with 1 min on ice.

Yeast culture and preparation

Yeast strains were purchased from Euroscarf (Germany) and are re-
ported in Table S3. Plasmids containing mutant and wild-type
S. cerevisiae STT3 cDNA were based on the pESC-URA cloning vec-
tor and purchased from GenScript, NL. Briefly, STT3 cDNA was
inserted downstream of the GAL10 inducible promoter and up-
stream of a FLAG-tag (DYKDDDDK). Complete sequences are
available on request.

For transformation, yeast strains were first precultured over-
night in YPED medium (2% glucose). Wild-type yeast was cultured
at 30°C. The temperature-sensitive stt3-7 strain was cultured at
22°C. We then diluted cultures to 0.3 OD600 and incubated
them for 4-6 h to ensure log phase conditions before their under-
going lithium-acetate transformation via a commercial Yeast
Transformation Kit (Sigma Aldrich). We plated transformed yeast
strains onto SD medium (2% glucose) lacking uracil (-URA) to
allow selection of transformed colonies. Galactose induction of
transformed yeast was performed by culturing colonies in SD me-
dium (-URA) containing 2% galactose overnight before harvesting
lysates for immunoblotting (see above).

Statistical analysis

All analyses were carried out via GraphPad Prism version 9.20 for
Mac (GraphPad Software, La Jolla, CA). Statistical analysis was per-
formed via one-way ANOVA followed by Tukey’s multiple compar-
isons test.

Results

Clinical description

We report on 16 affected individuals from nine families
(eight females and eight males, age range 3-55 years)
with variable dysmorphic features, short stature, musculo-
skeletal, and joint involvement. Ten individuals had vari-
able degrees of developmental delay and/or intellectual
disability (Table 1; Figures 1A-1H; Figure 2A).

All children were born at term. Two had intrauterine
growth retardation. Six individuals had macrocephaly
and one had progressive microcephaly. Dysmorphic fea-
tures were subtle in most individuals and included high
anterior hairline, short palpebral fissures, thin upper lip,
broad base of the nose, and prognathism. Protruding ears
were noted in four affected individuals (Figures 1A-1H).
Three children had abnormal fat distribution and fat
pads around the hips and four had inverted nipples. One
child had hypertrichosis.

The children were generally healthy up until young
adult age. There was a mild to moderate motor develop-
mental delay in six individuals who were able to stand
and walk around the age of 2 to 3 years. One child
(6.11.1) developed severe motor delay with spasticity and
ataxia. This individual was later diagnosed with retinal dys-
trophy, spastic diplegia, and an enlarged posterior fossa
with an arachnoid cyst. This child, and one other, had
strabismus. Increased muscle tone was noted in five
individuals, while two had hypotonia. Speech delay was
documented in seven children, and two of them developed
no speech. One (3.11.1) was obese at the age of 10 years
with a BMI of 29.1 (99" percentile). Gastrointestinal
abnormalities were not significant. No cardiac, renal, or
pulmonary symptoms were noted. Two children had
spherocytosis.

A short stature was present in eight individuals and skel-
etal abnormalities in ten. Out of the ten individuals with
skeletal abnormalities, three had mild metaphyseal flaring
(in one affected individual [4.I1.1] in combination with
epiphyseal abnormalities), two had vertebral abnormal-
ities, and one (1.I1.3) had tibial and ulnar epiphyseal defor-
mity and scoliosis on X-ray (Figures 1A-1H). Three chil-
dren had a (late closing) large anterior fontanel. Four
young adults had early signs of arthritis from the age of
30 years, necessitating bilateral hip replacement in one
of the individuals (2.1.1) at the age of 40 years. Muscle
cramps were present in seven individuals. Intellectual
disability (ID) was diagnosed in nine individuals (one adult
had a history of subtle learning difficulties but no ID).

Laboratory abnormalities were uncommon. Transami-
nase levels were normal. Decreased coagulation factors
were detected in two individuals. Decreased testosterone
levels were present in one child, and increased thyroid-
stimulating hormone (TSH) level in another child, without
clinical symptoms of hypothyroidism. Delayed puberty
was detected in two cases. One child received growth hor-
mone therapy.
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Table 1. Summary of genetic, laboratory, and clinical data for individuals with aut domi t STT3A-CDG
Family 1 Family 2 Family 3 Family 4 Family 5 Family 6 Family 7 Family 8 Family 9
Individual 1.1.1 1.IL1 1.11.3 211 2111 311 4.11.1 S.IL1 6.11.1 7.11.1 8.1.1 (father) 8.IL.1 8.11.2 8.11.3 9.1.1 (mother) 9.1L.1
(mother) (father)
Sex F M M M F F F F F M M M M F F M
Current age 55 years 30 years 27 years 42 years 3 years 15 years 24 years 18 years 12 years 27 years 39 years 11 years 7 years 3 years 30 years 3 years
Consanguinity - - - - - no no No no no no no no no no no
Ancestry European European European European European European Turkish Anglo-Australian European European
Genetic and biochemical data
Variant cDNA  ¢.1637C>T c.1589A>C c.137A>G c.479G>A c.1213C>T ¢.1213C>T c.1213C>T c.1214G>A  c.1214G>A  c.1214G>A  c.1214G>A ¢.985C>T c.985C>T
(GenBank: NM_
001278503.1)
Variant protein p.(Thr546lle) p-(Tyr530Ser) p.(His46Arg) p.(Argl60Gln) p.(Arg405Cys) p.(Arg405Cys) p.(Arg405Cys) p.(Arg405His) p.(Arg405His) p.(Arg405His) p.(Arg405His) p.(Arg329Cys) p.(Arg329Cys)

Mode of inherited
inheritance

Age at CDG 45 years 20 years 17 years
diagnosis

Under- ~25% (IEF) ~25%  38%
glycosylation (IEF) (QTOF)

inherited

39 years 3 months

~12% ~18%
(MS) (IEF)

de novo

10 years

8% (HPLC)

de novo

22 years

WSB profile
CDG-1

no parental
DNA

8 years

WB profile
CDG-1

de novo

7 months

~21% (CE)

no maternal
DNA

14 years

56%

no parental  inherited
DNA

28 years 9 months

18% (HPLC)  15%-18%
(HPLC)

inherited

7 months

13%-15%
(HPLC)

inherited

3 weeks

13% (HPLC)

no parental inherited
DNA

30 years 3 years

8.5% 11.1%

Clinical symptoms and signs according to age

Prenatal

Intrauterine - - -
growth
restriction

Pediatric age

Dysmorphic features

Head >95"™ pc normal 95™ pc
circumference

Long face - - -

High anterior + - +
hairline

Short palpebral - + -
fissures

Wide nasal + - -
bridge

Long/ - - +
protruding
ears

>95% pe 75% pe

normal

normal

normal

3" pe

25 pe

>98™ pc >>99"™ pc

>>99™" pc

>99t™" pe

normal normal

(Continued on next page)
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Table 1. Continued

Family 1 Family 2 Family 3 Family 4 Family 5 Family 6 Family 7 Family 8 Family 9
Thin upper lip + - - + + + - - + - - + + + - -
vermilion
Prognathism + + + + - - - - - - - - - - -
Inverted - - - - - + - - - - + + - = -
nipples
Abnormal fat- - - - - + + - - + - - - - - -
distribution
Neurological
Motor +(mild) - + (mild) - - -4 +(mild) ~+(mild) ~+(severe) - not known +(mild) + moderate  +(mild-mod.) not known not known
developmental
delay
Speech delay - - - - + (mild) - +(nonverbal) - not known +moderate +(nonverbal) +(mild-mod.) not known not known
Learning + - - - + + + + + —+ + (autism) —+ - not known
problems
Increased + + + - - - - - + (spastic + N/A - —(hypotonia) —-(hypotonia) - -
muscle tone diplegia)
Behavior - - - - - - - - aggressivity - aggressivity - - - not known not known
abnormalities
Strabismus - - - - - - - - +(retin. - - - + - not known not known
dystrophy)
Brain MRI N/A N/A N/A N/A N/A persistent N/A N/A arachnoid N/A N/A N/A perinatal N/A N/A N/A
cavum cyst, large subdural
septum posterior hematoma
pellucidum fossa
Other - - - - - obesity - - failure to - - constipation - - jaundice jaundice
thrive
Adolescence/adulthood
Musculoskeletal involvement
Short stature -3SD -28D -3sD  -2SD - - -3SD -2SD -2SD <-2SD - - - - - -
Skeletal + (meta-  + + (short — - - + (epi- + + (spondylo-  + (scoliosis, - + (delayed + (delayed + (large - -
abnormalities ~ physeal arms) metaphyseal metaphyseal dysplastic closure closure of anterior
dysplasia) dysplasia) dysplasia L5 vertebra) of large large fontanelle)
brachydactyly) anterior anterior
fontanelle) fontanelle)
Osteoarthritis - - - - - - - - - - not known -
Muscle cramps  + - - + - + - - - - - + -
Muscle - - - - - N/A + (biceps / + (biceps / - - - - - -
hypertrophy quadriceps) quadriceps)

(Continued on next page)
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Table 1. Continued

Family 1 Family 2 Family 3 Family 4 Family 5 Family 6 Family 7 Family 8 Family 9
Intellectual development
Intellectual + (mild) - + (mild) - N/A + (mild) + (moderate) + + (severe) - + (mild) + (moderate) + (severe) N/A - N/A
disability
Other - - - - - eczema, normal - mastoid easy bruising delayed delayed - - spherocytosis spherocytosis
hyper- pregnancy granulomatosis puberty puberty
trichosis dysarthria
Laboratory abnormalities
Increased PT/ - - - - - - - - + N/A - - +/— - - -
APTT
Decreased - - - + + (protein — + (EXL, v, - + (FXI, - N/A - - N/A - -
coagulation (ferritin) C) 1X) VII) +
factors/ (protein C)
inhibitors
Increased - - - - - - - - - - - - - - _ _
serum
transaminases
Altered - - - - - increased - - decreased decreased - - - - - -
hormone dehydroepi prolactin GH (on GH
levels androsterone and elevated  therapy)

TSH
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Figure 1. Clinical images of affected individuals

(A) Individual 1.11.2; inverted nipples, long arms, shorter lower extremities, significant lordosis. Scoliosis and winged scapulae. Pseudo-

hypertrophy of the calves.

(B) Individual 3.11.1; wide nasal base, low hairline, narrow nasal tip. Highly arched eyebrows.

(C) Individual 6.11.1; wide nasal base, bitemporal narrowing, low hairline, prominent nose, narrow nasal tip. Low-set ears, deeply set
eyes, highly arched eyebrows.

(D and E) Individuals 8.I1.1 and 8.11.3; macrocephaly, high anterior hairline, low-set ears, midface retrusion in both male siblings, down-
slanted palpebral fissures, short nose, and tented upper lip vermilion in younger brother.

(F) Individual 8.11.2; macrocephaly, high anterior hairline, narrow forehead, midface retrusion, short nose, low-set and posteriorly
rotated ears, micrognathia, and down-turned corners of the mouth

(G) Individual 1.1I1.2; skeletal survey at age 16 years. Sclerotizing lesions of the sacroiliacal region, scoliosis. Bowing of the tibia and irreg-
ular shape of the ulna. Larger 2"¢ and 3™ metacarpals.

(H) Individual 6.11.1; brain MRI at ages 2 (T1) and 12 years (T2). Supratentorial, interhemispheric, non-progressive arachnoid cyst in the

pyneal region having the same signal intensity as CSF. Slightly enlarged posterior fossa.

Glycobiological findings

All affected individuals underwent metabolic testing,
including screening for CDGs. In four out of nine families,
CDG screening was abnormal in two generations, sugges-
tive of dominant inheritance. All individuals showed a
type 1 transferrin glycosylation profile. High-resolution
mass spectrometry of intact transferrin indicated an in-
crease of monoglycosylated transferrin in all individuals
analyzed and a minor increase of nonglycosylated trans-
ferrin in some (Figure 3 and Table 1; Figure S1B). These re-
sults point to a biochemical defect in the synthesis of the
LLO or its transfer to nascent proteins in the endoplasmic
reticulum.

Analysis of lipid-linked oligosaccharides and protein-
linked oligosaccharides in fibroblasts from individuals
4.11.1, 5.11.1, and 6.1I.1 showed that both these analytes
were the same in affected individuals and control individ-
uals (Figure S2). This suggests that the defect causing a type

I CDG was not causing the accumulation of truncated LLO
species, such as is seen in some CDG-I disorders upstream
of the OST.*"

Identification of heterozygous STT3A variants in all
affected individuals

All individuals included in the study were investigated via
ES or GS. No potentially pathogenic homozygous candi-
date variants were identified in any of the known or sus-
pected CDG-associated genes. because affected individuals
were present in multiple generations (families 1 and 2, five
individuals in total), filtering was expanded to heterozy-
gous variants in known type I CDG-associated genes, re-
sulting in the identification of heterozygous missense var-
iants in STT3A (Table 1; Figure 2B). On further analysis of
other unsolved CDG-I cases, an additional 11 individuals
were identified with potentially damaging heterozygous
variants in STT3A. Only one of the variants (family 8)
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Figure 2. Heterozygous variants in
STT3A lead to variable clinical features,
including facial dysmorphia and skeletal
abnormalities

(A) Selected clinical features in individuals
with dominant STT3A-CDG; N/A, not
applicable. Features present in only single
individuals are not shown. For a further
summary of clinical features, see Table 1.
(B) Pedigrees of affected families showing
presence of the variant in each family

Family 5
(Figure 4A). The same analysis was

also performed for individuals 3.1I.1
and 7.I1.1 In these cases, both alleles
were also shown to be expressed
equally (data not shown).
Heterozygous carriers of variants

Parents’ genotypes are unknown

e Pl Fel P Pl known to cause autosomal-recessive
STT3A-CDG (c.1877T>C [p.Val626Ala]

c.1213CF>aT';T::Xrge4050ys) C_1213;a{';i_:x,g74oscys) c.1214:>a}\r;n(;l./y\r98405His) c.98505$;’:;i.1\yrg?29cy5) and c¢.1079A>C [p.Tyr360Ser]) are
Mother's genotype s unknown asymptomatic. However, these variants

! ! ' ! cause protein instability and lead
P8..1 PO to reduced steady state levels of

STT3A.'*'® We therefore sought to

. g <g @ i @ Il i i ‘ I elucidate whether the variants in indi-
P61 Pelli Pall2 PBIL3 PO.L1 viduals in our cohort cause haploinsuf-

had been identified in population databases such as gno-
mAD:*' ¢.1214G>A (p.Arg405His), which has an allele fre-
quency of 2/282,294. All the variants are conserved among
species and predicted to be deleterious by in silico algo-
rithms such as REVEL** and CADD.?* No other candidate
variants were identified in known CDG-associated genes.
The heterozygous missense variants segregated with the
inheritance patterns observed in our cohort. The variants
in family 1 (p.Thr546lle), family 2 (p.Tyr530Ser), family 8
(p-Arg405His), and family 9 (p.Arg329Cys) were only
present in affected individuals. In other affected individ-
uals from which parental material was available, the
variants were de novo (family 3 [p.His46Arg], family 4
[p.Arg160GlIn], and family 6 [p.Arg405Cys]). The parents
of probands in these cases were accordingly unaffected.

Effect of STT3A variants on RNA and protein expression
and stability

In view of the recessive inheritance of known CDGs, we
first embarked to exclude potentially undetected intronic
variants affecting the expression of STT3A. RT-cDNA
from individuals 1.I.1, 1.I1.2, 4.1I.1, 5.1I.1, and 6.1I.1 was
produced from mRNA extracted from cultured primary
dermal fibroblasts. qPCR analysis showed that expression
in all individuals was similar to controls (Figure S3). In
addition, Sanger sequencing at the location of the respec-
tive STT3A variants showed that the reference and mutant
alleles were expressed at similar levels in all individuals

ficiency of STT3A and whether this
could lead to a CDG.

Having proven in fibroblasts that STT3A RNA is expressed
at similar levels as controls, and that both the WT and
mutant alleles are expressed similarly, we also investigated
STT3A steady state levels in cultured fibroblasts from indi-
viduals 1.1.1, 1.11.2, 2.1.1, 4.1I.1, 5.1.1, and 6.11.1 by immu-
noblotting and found them to be normal (Figure 4B).
STT3A was undetectable in an STT3A~/~ HEK293 cell line
and reduced by 74% and 53% in two fibroblast lines from
individuals with autosomal-recessive STT3A-CDG, con-
firming previous findings.'*'® In addition, the protein
steady state levels of KRTCAP2 were also measured from
the same fibroblasts. The OST-A subunit KRTCAP2 requires
STT3A for stability within the OST-A and in the absence of
STT3A, KRTCAP2 levels are greatly reduced.’ Indeed, in
autosomal-recessive STT3A-CDG fibroblasts, KRTCAP2
levels were lowered by 61% and 68% (Figure 4B). In fibro-
blasts from individuals in our cohort, KRTCAP2 levels
were found to be at least 80% those found in control fibro-
blasts. These data indicate that the intact OST-A complex is
present in fibroblasts from individuals in our cohort and are
present at the same or similar levels to those in controls.
Together with results showing that expression of both al-
leles at RNA level was equal, this implies that both wild-
type and mutant STT3A are present in the intact OST.

Abnormal glycosylation in affected fibroblasts
In order to confirm that the glycosylation abnormalities in
fibroblasts were specific to OST-A (STT3A) dysfunction, we
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Figure 3. Mass spectrometry analysis confirms N-glycosylation

defect consistent with a type | CDG

performed immunoblotting of LAMP1 from fibroblast
lines derived from individuals 1.I.1, 1.II.2, 4.11.1, 5.II.1,
and 6.II.1. LAMP1 is a heavily glycosylated lysosomal
membrane protein that is underglycosylated in STT3A~/~
HEK293 cells but not in STT3B~/~ HEK293 cells. In affected
individuals, all showed an intermediate LAMP1 hypogly-
cosylation pattern indicative of a partial deficiency of
OST-A activity. The same pattern was not identified in pre-
viously described autosomal-recessive STT3A-CDG cases,
indicating an alternate pathomechanism (Figure 4C). Simi-
larly, immunoblotting for LAMP1 in fibroblasts of individ-
ual 2.1.1 showed a 58% reduced expression via an antibody
that recognizes a glycosylated region of the protein. In the
same individual, a similar reduction (49%) was seen in the
levels of ICAM1, another heavily glycosylated membrane
protein used as a marker of hypoglycosylation.

Molecular modeling of the mutations in STT3A and the
OST complex

Molecular modeling of STT3A within the OST complex pre-
dicts that each of the substituted amino acids are localized
at or near the catalytic site and are thus important for the
transfer of the N-glycan to recipient glycoproteins
(Figure SA). This is supported by cryo-electron microscopy

of the human OST-A complex,” as well as recent work in
yeast and bacteria showing the deleterious effect of active
site STT3 substitutions.”*** All variants identified in our
cohort are in conserved regions of at least six amino acids
in all eukaryotes (Figure 5B). Indeed, several of these resi-
dues (Arg®?, Arg*®, and Tyr>3°) have previously been
experimentally determined as essential for OST function
in a yeast model. Arg*® is known to stabilize dolichol-py-
rophosphate (DolPP) during the nucleophilic substitution
reaction while LLO transfer occurs, and Tyr>** forms a
hydrogen bind with the reducing-end GIcNAc moiety.”**
Indeed, multiple mutations induced at the yeast STT3
active site (p.Asp47Ala, p.Aspl66Ala, p.Glul68Gln,
p-Glu350Ala, p.Arg404Ala, and p.LysS586Ala) have been
shown to affect metal ion, LLO, or protein substrate bind-
ing without affecting stability of the OST complex.**

§. cerevesiae modeling of substitutions homologous to
STT3A heterozygous variants found in humans produces
a dominant negative effect on N-glycosylation

The conservation in eukaryotes of the amino acid posi-
tions of the variants in our cohort allowed their study in
yeast. WT (BY4741) S. cerevesiae were transformed with a
galactose-inducible plasmid vector containing cDNA of
either WT S. cerevesiae STT3 (transcript ID: YGLO22W)
or STT3 containing mutations corresponding to the
conserved loci found in our cohort (Table S4). WT and
mutant STT3 were also transformed into the previously
studied stt3-7 strain containing the p.Ser552Pro substitu-
tion in STT3.?° The p.Ser552Pro variant leads to deficient
oligosaccharyltransferase activity, measurable by immuno-
blotting as underglycosylation of carboxypeptidase Y
(CPY), a marker of yeast N-glycosylation defects with
four N-linked glycosylation sites (Figure 6A).2%%°

Expression in WT yeast of STT3 containing substitutions
at each locus corresponding to those found in our cohort
induced clear underglycosylation of CPY ranging from
27%—-40% of total CPY, whereas <3% is underglycosylated
in WT yeast (Figure 6B). This indicates a dominant nega-
tive effect on N-linked glycosylation. Furthermore, expres-
sion of STT3 containing a variant homologous to that
known to cause autosomal-recessive STT3A-CDG (human,
p-Val626Ala; yeast, p.Val616Ala) had no effect on the
glycosylation of CPY, supporting evidence that the patho-
mechanism of this variant is due to instability of STT3A
containing p.Val626Ala.

In stt3-7 S. cerevesiae, expression of WT STT3 was able to
partially rescue underglycosylation of CPY (2% galactose
stt3-7 CPY = 80% underglycosylation; 2% galactose
stt3-7 + WT STT3 CPY = 35% underglycosylation),
whereas expression of the variants of the affected individ-
uals in our cohort were unable to do so (Figure 6C). In fact,
all but one of these variants (p.Tyr521Ser) worsened the
observed N-glycosylation defect to 91%-94% underglyco-
sylation. As well as providing further evidence of a domi-
nant negative effect on N-glycosylation, this indicates
that these variants are more detrimental to OST activity
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Figure 4. Characterization of OST stability and glycosylation defects in fibroblasts from affected individuals

(A) Sequencing analysis of total mRNA from fibroblasts showed that both variant and wild-type alleles are expressed at similar levels in
individuals 1.1.1, 1.I1.2, 4.I.1, 5.IL.1, and 6.1I.1.

(B) Immunoblot analysis of STT3A and KRTCAP2 in whole cell protein lysates collected from fibroblasts of individuals 1.1.1, 1.11.2, 2.1.1
(STT3A only), 4.11.1, 5.11.1, and 6.11.1 shows levels of STT3A and KRTCAP2 are normal in affected individuals but reduced in previously
identified AR STT3A-CDG individuals. Error bars indicate SEM of three repeated immunoblot analyses from three separate whole cell
lysates from affected fibroblasts or controls. Average of controls is the mean of three immunoblot analyses from three whole cell lysates
collected from three separate control fibroblast lines. STT3A levels of individual 2.1.1 were measured with a different antibody (invitro-
gen, see Table S2), resulting in altered immunoblot appearance. Representative immunoblot is shown.

(C) Analyses of fibroblasts from individual 2.1.1 via antibodies that recognize glycosylated epitopes show reduced signals for ICAM1 and
LAMP1. Immunoblot analysis of fibroblasts from individuals 1.1.1, 1.I1.2, 4.1I.1, 5.IL.1, and 6.I1.1 show underglycosylation of LAMP1
indicated by increased electrophoretic mobility, similar to that seen in a STT3A—/— HEK293 cell line. No underglycosylation of
LAMP1 was visualized in previously identified AR STT3A-CDG individuals

than p.Ser552Pro, previously found to cause a 98% reduc-
tion in oligosaccharyltransferase activity.”®

Discussion

We report a dominant CDG caused by variants in a subunit
of the OST complex caused by de novo and autosomal-

dominantly inherited heterozygous missense variants
close to the active site of STT3A. Because STT3A is the
essential and catalytic subunit of the OST-A, this is likely
to disrupt transfer of N-glycans onto recipient glycopro-
teins, causing a type I CDG. Most CDGs are autosomal-
recessive disorders. However, recently several types caused
by heterozygous variants have been identified, or
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dominant forms of existing recessive CDG. Several of these
are closely linked to the biosynthesis or transfer of N-gly-
cans to nascent glycoproteins (i.e., ALG8-CDG [MIM:
617874],°° ALG9-CDG [MIM: 263210],> DHDDS-CDG
[MIM: 617836],° and NUS1-CDG [MIM: 617831]%%).
Others have less well-defined mechanisms leading to the
dysregulation of trafficking or homeostasis in the ER and
Golgi. These include SLC37A4-CDG (MIM: 619525)%*
and dominant COG4-CDG (Saul-Wilson syndrome;
[MIM: 618150]).>> Until now, only autosomal-recessive
variants have been identified as leading to STT3A-CDG
(MIM: 615596).

A combination of factors provides conclusive evidence
for pathogenicity of the heterozygous STT3A variants iden-
tified in our cohort. First, the clustering of multiple variants
at highly conserved amino acids around the catalytic site of
STT3A, several of them de novo, in individuals with bio-
markers indicative of type I CDG and a coherent shared
phenotype. All individuals in this study have undergone
ES or GS without the identification of further candidate var-
iants in genes known or suspected to have a link to CDGs.

demonstrates a dominant negative ef-
fect of these mutant forms of STT3
upon N-glycosylation.

Clinically, autosomal-dominant STT3A-CDG is charac-
terized by a variable phenotype consisting of intellectual
disability, dysmorphic features, short stature, skeletal
dysplasia, and muscle cramps. This expands the pheno-
typic spectrum of STT3A-CDG. The presence of muscle
hypertrophy and muscle cramps have so far not been re-
ported in other N-glycosylation defects. We detected these
features in half of our cohort and mostly in adults. Another
suggestive feature for the syndrome is the presence of oste-
oarthritis. Autosomal-recessive STT3A-CDG has been re-
ported in association with failure to thrive, microcephaly,
developmental delay, optic atrophy, and seizures, symp-
toms that were not common in the autosomal-dominant
form. Unfortunately, because of the broad spectrum of
clinical features, we could not delineate a genotype-pheno-
type correlation of the dominant versus recessive forms of
STT3A-CDG.

Out of the twelve OST subunits, a CDG has been re-
ported as caused by variants in only five of them. This is
in contrast to steps upstream of the OST complex within
the N-glycan and dolichol biosynthesis pathways. For
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(A) Schematic of the S. cerevisiae carboxypeptidase Y (CPY) protein showing the locations of four glycosylation sites found underglyco-

sylated in the stt3-7 mutant S. cerevisiae strain.

(B) Immunoblot analysis of whole cell protein extracts from WT (BY4741) S. cerevisiae expressing STT3 containing missense substitutions
found in affected individuals show an induced underglycosylation of CPY. Expression of WT and p.Val616Ala STT3 had no effect on CPY
glycosylation. Culture conditions and plasmids used for transformation are indicated. Variants indicated correspond to those altered
from the WTS. cerevisiae STT3 (Table S4). Average number of glycans and percentage underglycosylation were calculated from three repli-
cate immunoblots; representative blot is shown. Error bars represent SEM.

(C) Immunoblot analysis of whole cell protein extracts from stt3-7 (STT3 p.Ser552Pro; BY4741) S. cerevisiae expressing STT3 containing
missense substitutions found in affected individuals show increased underglycosylation of STT3. Culture conditions and plasmids used
for transformation are indicated. Variants indicated correspond to those altered from the WT S. cerevisiae STT3 (Table S4). Average num-
ber of glycans and percentage underglycosylation were calculated from three replicate immunoblots; representative blot is shown. Error

bars represent SEM.

example, pathogenic recessive variants have been identi-
fied at almost every known step of the Dolichol-P-P-
GlcNAc,ManoGles biosynthesis pathway.'*° This could
be due to the critical importance of the OST complex for
glycan transfer. The previous missense variants identified
in STT3A (leading to p.Val626Ala and p.Tyr360Ser) are
both far from the catalytic site and pathogenicity is
thought to be due to instability causing reduced protein
levels rather than complete loss of the catalytic sub-
unit.'* We have shown that in cases of dominant STT3A-
CDG, the mutant protein is stable but most likely inactive.
Probably, homozygous variants that fully ablate the activ-
ity of the OST complex are lethal in utero and only those
that cause a partial perturbation of OST activity are
compatible with life.

Mechanistically, it is important that all variants identi-
fied in this cohort are located at the catalytic region of
STT3A. Some variants are predicted to alter the shape of
the active site in a manner that could alter catalytic activity
(c.137G>A [p.His46Arg], c.1589A>C [p.Tyr530Ser], and
c.1637C>T [p.Thr546lle]), whereas others are predicted
to lead to the substitution of amino acid residues directly
in contact with the LLO (c.479G>A [p.Argl60GlIn],

c.985C>T [p.Arg329Cys], c.1213C>T [p.Arg405Cys], and
€.1214G>A [p.Arg405His]). Steady-state protein levels of
STT3A were normal in all affected subjects, and cDNA
showed similar expression of both the WT and mutant al-
leles. This indicates that the mutant forms of STT3A are
conserved in an intact but catalytically dysfunctional
OST-A.

One inherited variant identified in the cohort
(c.1214G>A [p.Arg405His]; family 8) was identified in
the gnomAD?' population database with an allele fre-
quency of 2/292,294. One of these individuals is Swedish
and the other is Estonian, and one of the two was 45-50
years old when genomic data was generated. Unfortu-
nately, further detail on these two individuals is not
available. However, it is possible that mildly affected indi-
viduals are present in gnomAD.?' In our cohort, several
adults with no neurological phenotype or only mild
learning disabilities are present.

Most enzyme deficiencies are recessive because of the
active allele’s ability to compensate for the defective allele
in cases of heterozygosity. However, as for the specific
dominant mechanism in cases of dominant STT3A-
CDG, it is possible that the abnormal OST-A complex
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successfully receives peptides through the ER translocon
but is unable to catalyze the attachment of N-glycans, sim-
ply leading to underglycosylated proteins’ being released
into the ER lumen. Because this translocation into the ER
lumen is unidirectional, there is no way for the glycosyla-
tion of these proteins to be “rescued” (although partial
rescue could be performed by the STT3B-containing
OST-B'). In this way, the dominant effect could be caused
by an increase of underglycosylated proteins in the ER
lumen and further downstream in the Golgi and as
secreted proteins that are dysfunctional. This offers an
explanation as to why in cases of autosomal-recessive
STT3A-CDG, heterozygous carriers are unaffected because
the WT allele is able to perform adequate glycosylation to
compensate for the reduced stability of the protein derived
from the mutant allele.

As for the dominant form of STT3A-CDG described here,
there are other possibilities as to the mechanism. For
example, a change in active site conformation could
exclude the nascent glycoprotein from entering the cata-
lytic site altogether, thus “blocking” translocation. This
explanation would however be difficult to reconcile with
a dominant mechanism. Perhaps a more likely possibility
is derived from the fact that the OST complex in both yeast
and humans is known to hydrolyse the LLO and produce
free oligosaccharides in the absence of a recipient aspara-
gine for N-glycosylation. Indeed, upon destabilization of
the OST complex caused by dominant C-terminal trun-
cating mutations in TREX1, increased LLO hydrolysis
and subsequent free glycan release occurs.’’ Perhaps
several of the variants in our cohort lead to increased
LLO hydrolysis, inducing an N-glycosylation defect
through this means.

The reported cases of recessive STT3A-CDG are charac-
terized by a relatively severe disorder with mostly central
nervous system involvement. Dominant STT3A-CDG ap-
pears to cause a more broad phenotype that includes mus-
cle cramps and skeletal abnormalities and also causes
underglycosylation of LAMP1 measured by immunoblot-
ting; in recessive individuals, LAMP1 is normally glycosy-
lated (Figure 4C).

It is therefore interesting to consider whether the patho-
mechanisms of the two forms of STT3A-CDG could differ
and how this could explain the alternate biochemistry
and phenotypes. It is possible that this difference lies in
the fact that in the cases of dominant STT3A-CDG studied
here, levels of OST complex proteins (including STT3A) in
fibroblasts were normal, whereas in the two recessive indi-
viduals studied, levels appeared reduced. This would indi-
cate that in the case of dominant STT3A-CDG, glycopro-
teins pass through the OST complex (and the translocon)
but enter the ER lumen hypoglycosylated because of the
pathogenic substitutions around the STT3A active site.
Or, as mentioned above, the mechanism is in fact linked
to hydrolysis of the LLO by mutant STT3A. If there is sim-
ply inadequate amounts of active OST to perform N-glyco-
sylation in autosomal-recessive STT3A-CDG, this could be

important. Quite simply, different glycoproteins could be
underglycosylated in each of the two forms of the disorder,
leading to alternate phenotypes and biochemistry.

However, when considering these differences, it should
also be noted that recessive STT3A-CDG has only been
identified in two families, which had a total of two
different pathogenic variants. It is possible that the identi-
fication of additional affected individuals will expand the
phenotypic spectrum.

To conclude, we describe a dominant form of STT3A-
CDG caused by heterozygous missense variants at or sur-
rounding the active site of STT3A that lead to a stable
and intact OST complex but ablate oligosaccharyltransfer-
ase activity. Affected individuals have consistent bio-
markers indicative of an N-linked glycosylation defect
and a broad clinical presentation including variable intel-
lectual disability, facial dysmorphisms, and musculoskel-
etal abnormalities. Further biochemical studies will reveal
the precise dominant effect of the variants identified at
the active site of STT3A.
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