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Abstract

ATP6AP1-CDG is an X-linked disorder typically characterized by hepatopathy, immunodeficiency
and an abnormal type Il transferrin glycosylation pattern. Here, we present eleven new patients
and clinical updates with biochemical characterization on one previously reported patient. \We
also document intrafamilial phenotypic variability and atypical presentations, expanding the
symptomatology of ATP6AP1-CDG to include dystonia, hepatocellular carcinoma, and lysosomal
abnormalities on hepatic histology. Three of our subjects received successful liver transplantation.
We performed N-glycan profiling of total and fractionated plasma proteins for six patients and
show associations with varying phenotypes, demonstrating potential diagnostic and prognostic
value of fractionated N-glycan profiles. The aberrant N-linked glycosylation in purified transferrin
and remaining plasma glycoprotein fractions normalized in one patient post hepatic transplant,
while the increases of Man4GIlcNAc2 and Man5GIcNAc? in purified immunoglobulins persisted.
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Interestingly, in the single patient with isolated immune deficiency phenotype, elevated high-
mannose glycans were detected on purified immunoglobulins without glycosylation abnormalities
on transferrin or the remaining plasma glycoprotein fractions. Given the diverse and often tissue
specific clinical presentations and the need of clinical management post hepatic transplant in
ATP6AP1-CDG patients, these results demonstrate that fractionated plasma N-glycan profiling
could be a valuable tool in diagnosis and disease monitoring.

Keywords

ATP6AP1-CDG,; liver failure; immunodeficiency; hyperkinetic movement; dystonia; congenital
disorder of glycosylation

1. INTRODUCTION

ATPase, H+ Transporting, Lysosomal, Accessory Protein 1 (ATP6AP1) deficiency, also
known as ATP6AP1-CDG, CDG lls, and Immunodeficiency 47 (OMIM 300972), is an
X-linked condition where hemizygous males typically present with hepatic dysfunction,
immunodeficiency, and an abnormal type Il transferrin glycosylation pattern affecting
both N- and O-glycosylation.! The clinical and biochemical phenotype of ATP6AP1-
CDG emphasizes the importance of maintaining Golgi homeostasis for glycosylation.?: 3
Glycan assembly is initiated in endoplasmic reticulum (ER), while its further trimming
and processing occur in the Golgi apparatus. Of the over 160 CDG types identified to
date,* many also implicate Golgi structure and ER-Golgi trafficking in addition to Golgi
homeostasis, which are essential for proper glycosylation.2 3 5~ Interestingly, ATP6AP1
presents in both ER membrane and ER-Golgi intermediate compartment membrane.

ATP6AP1-CDG was first identified in 2016 in eleven patients from six families.
Subsequently, eight more ATP6AP1-CDG cases from another six families have been
reported in the literature.8-13 Affected patients frequently exhibit coagulopathy, elevated
liver enzymes, cholestatic jaundice, low immunoglobulins, recurrent infections, and
reduced response to vaccines. Hematologic abnormalities include leukopenia, normocytic
anemia and thrombocytopenia.l: 8- 9: 11 pancreatic insufficiency has been reported with
low trypsin and pancreatic elastase, and reduced fat-soluble vitamins.® Many patients
have laboratory abnormalities, including low serum copper and/or ceruloplasmin and
hypercholesterolemia.l: 813 Neurological manifestations of ATP6AP1-CDG vary among
patients and include epilepsy, sensorineural hearing loss (SNHL), intellectual disability and
developmental delay.1- 9 13

Here we report eleven new patients with ATP6AP1-CDG from eight different families and
four novel ATP6API variants and provide clinical manifestation updates and glycomic
results on a previously reported patient.® Given the striking hepatic dysfunction and
immunodeficiency phenotype of ATP6AP1-CDG and the successful use of liver transplant
as a treatment, we profiled N-glycans from fractionated subsets of plasma proteins including
purified immunoglobulins, transferrin, and the remaining plasma glycoprotein fractions.
Glycosylation abnormalities in different plasma fractions suggest fractionated plasma N-
glycan profiling could serve as a valuable tool in diagnosis and disease monitoring.
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2. MATERIALS AND METHODS:

2.1 Patients:

Our cohort includes a total of twelve patients from nine different families; one of these
patients had been previously reported by Witters et al.8 Written informed consents were
obtained from all patients involved in this study. A PubMed search was performed using the
terms: ATP6AP1 and ATP6AP1-CDG. Data from all published cases are synthesized in this
report (Supplementary table 1).

2.2 Biochemical analysis:

2.2.1 Fractionation of plasma glycoprotein: Total glycoproteins in 15 pl plasma
were fractionated into three groups using affinity columns: 1.) immunoglobulins (1gG), 2.)
transferrin and 3.) the remaining glycoproteins depleted of 1gG, transferrin and albumin
using a protein G (Thermo Fisher Scientific, USA), followed with an 1gG plus albumin

duo depletion spin column (Thermo Fisher Scientific) and an anti-transferrin affinity spin
column as described previously.14 Purified 1gG was eluted from the initial protein G column
and purified transferrin was eluted from anti-transferrin affinity column. The remaining
glycoprotein fraction was collected after passing plasma through a protein G column, 1gG
plus albumin duo depletion column and an anti-transferrin affinity column sequentially.
The purity of intact proteins in each fraction was evaluated by Ultra High-Pressure Liquid
Chromatography Electrospray ionization-Quadrupole Time of Flight (UPLC-ESI-QTOF)
Mass Spectrometry analysis using a SYNAPT G2-Si ™ system from Waters Corporation
(Plymouth Meeting, PA, USA). No cross contamination of glycoproteins in each fraction
was detected. Each fraction is lyophilized and resuspended in 30 ul water. N-glycan from
50-60 pg of 1gG, 15-20 pg transferrin and 50-60 pg remaining glycoproteins were used for
N-glycan analysis respectively.

2.2.2 N-glycan analysis of plasma total and fractionated glycoprotein: N-
glycans were released from each fraction using a rapid PNGaseF digestion, derivatized

and purified using Rapifluor ™ N-glycan preparation kit as described previously.1® Briefly,
an N-hydroxysuccinimide carbamate tag with a modified quinolone is added to the transient
glycosyl amide group at the reducing end of the glycans. The derivatized N-glycans were
purified using a 96 well HILIC plate and analyzed using a flow-injection-ESI-QTOF Mass
Spectrometry method. A glycopeptide standard with isotope labelled disialoglycan was used
as the internal standard. The abundance of each glycan is reported as % total glycans. 40
control plasma collected from 40 identified known non-CDG patients or healthy volunteers
with age ranging from 1 week to 72 years old were used to collect the reference ranges.
More than one age matched controls were used for each patient in our cohort.

3. RESULTS:

Survival:

The youngest patient in this cohort is 5.5 months old, while the oldest one is 67 years
old. Three patients were deceased at the ages of 5.5, 6 and 18 months (P5, P3, and P2,
respectively); other patients are alive at the time of this report. The main cause of death was
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liver failure which was complicated by respiratory syncytial virus (RSV) infection in P2 and
SARS-CoV-2 infection in P3.

3.1 Survival

The youngest patient in this cohort is 5.5 months old, while the oldest one is 67 years

old. Three patients were deceased at the ages of 5.5, 6, and 18 months (P5, P3, and P2,
respectively); other patients are alive at the time of this report. The main cause of death was
liver failure, which was complicated by respiratory syncytial virus (RSV) infection in P2 and
SARS-CoV-2 infection in P3.

3.2 Molecular variants:

Among the newly reported patients, P1, P6-8, P9 and P10-11 are hemizygous for four
novel variants: ¢.25C>T (p.Arg9%*), c.401C>T (p.Prol134Leu), c.294C>A (p.Ser98Arg) and
€.230_232del ACT (p.Tyr77del), respectively. The other patients are hemizygous for the
previously reported recurrent variant: ¢.1036G>A (p.Glu346Lys). The mode of inheritance
was confirmed in 10/11 of the new patients, and de novo variants are reported in six of them.

3.3 Clinical findings:

Clinical manifestations of the patients in this study are summarized in table 1, which

also contains updates of the previously reported patient by Witters et al. (P12).8 Hepatic
dysfunction and immunodeficiency are the most common manifestations in newly reported
patients of this study (9/11 and 9/10, respectively). The hepatic manifestations were evident
during the first year of life, ranging in severity from isolated elevated liver enzymes

to cirrhosis and hepatic failure. Three patients (P6, P10 and P11) received orthotopic

liver transplant at the ages of 9 months, 10 months, and 7 months, respectively. The
post-transplant course for P6 was complicated by hepatic artery thrombosis (HAT) which
required emergent exploration on two occasions, repeat thrombectomies and anastomotic
revision. He also had Klebsiella bacteremia with acute cholangitis and developed long-
term complications of biliary strictures requiring a temporary biliary drain. These three
patients continue to show evidence of exocrine pancreatic insufficiency post-transplant
which is treated with pancrelipase. P6 also continues to have untreated intermittent
hypogammaglobulinemia.

Most patients showed evidence of immunodeficiency in the forms of
hypogammaglobulinemia, inadequate vaccine response and/or recurrent infections such

as otitis media, streptococcal pneumonia and E. coli infections with the exception of

P1. Two patients (P4 and P9) are on immunoglobulin therapy, while other patients

with hypogammaglobulinemia (P6-8, P10 and P11) are on regular monitoring only

with no required therapy. P12 initially presented with recurrent infections in the setting

of normal immunoglobulin levels;8 however, the patient developed chronic cough and
hypogammaglobulinemia on longer term follow-up, and he was managed with subcutaneous
immunoglobulin injections and prophylactic antibiotic.

Neurological involvement has been reported in 6/11 patients. The degree of developmental
delay is variable and improved with age. The twin siblings (P10 and P11) had hypotonia at
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younger ages that later resolved. P1 presented with hyperkinetic movement with no hepatic
dysfunction or immunodeficiency. A comprehensive neurologic, genetic, and metabolic
evaluation excluded other causes of dystonia. P4, who is Caucasian, was found to have
tethered cord and cerebral Moyamoya angiopathy; these findings were not previously
reported in ATP6AP1-CDG and their presence in this patient could be coincidental and

not secondary to the underlying condition. However, the incidence rate of Moyamoya
angiopathy is highest among East Asian population but considered of rare occurrence in
the patient population.1® Late onset sensorineural hearing loss was only identified in the
oldest patient (P8) of this study and he is the only old adult in our cohort.

Dysmorphism (7/12) and cardiac involvement (6/12) were less frequently reported findings.
The identified dysmorphic features were not consistent among the patients with ATP6AP1-
CDG. Maternal inheritance of ATP6API variant was confirmed in 4/10 patients of three
families. Intrafamilial phenotypic variability was noted among the patients. The proband
(P6) of family 6 (Figure 1) presented in early infancy with hepatic dysfunction that required
liver transplantation. The brother (P7) was diagnosed via targeted variant testing, and
evaluation revealed mildly elevated liver enzymes and subclinical hypogammaglobulinemia.
The variant was subsequently detected in their maternal grandfather (P8) who experienced
previously idiopathic chronic diarrhea (5-10 stools a day), hypogammaglobulinemia, and
elevated alkaline phosphatase for over 30 years; and P8’s brother died in infancy with
unknown cause. P10 and P11 are monochorionic diamniotic twins; they presented with
early hepatic involvement and received liver transplant at the 10 and 7 months of age,
respectively. However, P11 demonstrated higher degree of dysmorphism and developmental
delay and more frequent infections than his twin brother, and he continues to require speech
therapy. Liver biopsy findings of these twins were also variable. Six separate nodules of
varying sizes were identified on gross examination of the liver explant of P10, two of these
nodules showed parallel fibrous lamellae, eosinophilic hepatocytes with enlarged nuclei,
and a paucireticulin pattern, with immunohistochemical features consistent with well-
differentiated fibrolamellar hepatocellular carcinoma. P11’s liver biopsy revealed swollen
hepatocytes with intracellular eosinophilic globules and scattered large fat droplets. Electron
microscopy was remarkable for prominent enlarged lysosomes with abnormal storage of
whorled materials. These findings are reminiscent of the changes in sphingomyelin lipidosis
associated with Niemann-Pick disease.

3.4 Biochemical findings:

Given the prominent clinical phenotypes of immunodeficiency and hepatic disease being
common among ATP6AP1-CDG patients, we evaluated N-glycans on fractionated plasma
glycoproteins: Immunoglobulin G, transferrin and the remaining glycoprotein fraction.
Fractionated glycosylation studies were performed on six affected individuals (P1, P4, P6,
P7, P9 and P12). The results are summarized in table 2. We identified elevated N-linked
Man4 and Man5, along with under-galactosylation and/or under-sialyation of complex-type
glycans as consistent abnormalities in the tested samples. Mildly or atypically affected
patients (P1 and P9) demonstrated mild biochemical abnormalities in a subset of protein
fractions, mainly isolated under-sialylation in the transferrin fraction for P1 who presented
with dystonia with no immune deficiency or other cardinal features, and high mannose
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glycan changes in IgG fraction for P9 who in contrast to P1, only manifested with
immunodeficiency. P9 has been on IVIG therapy before he was referred to the genetic
service, and plasma glycosylation studies for P9 were only done on samples obtained 2
weeks and 2 months post-intravenous immunoglobulin therapy. Severely affected patients
with hepatic involvement (P6 and P12) showed significant abnormalities in all three
fractions. In particular, the changes of both high mannose and complex-type glycans

are present in all fractions from P12 before starting the immunoglobulin therapy. P4,
another severely affected patient, received his intravenous immunoglobulin (IVIG) infusion
1 day before the sample was drawn, which likely masked some 1gG abnormalities. P4

also receives packed red blood cell (pRBC) transfusion routinely. Since the plasma was
collected before his next pRBC transfusion, we expect effects on the last transfusion to

be small. Nonetheless, both the transferrin and the remaining glycoprotein fraction of

this patient showed under-galactosylation and significant under-sialylation. Carbohydrate
deficient transferrin (CDT) and apolipoprotein assay performed by mass spectrometry
(LC-ESI- MS) of the intact glycoproteins!4 in both P1 and P4 showed increased under-
sialylated transferrin and essentially normal Apolipoprotein CIII O-glycosylation (Table
3). The siblings, P6 and P7, demonstrated similar severe glycosylation defects which is
consistent with the shared genotype. Interestingly, during P6 initial presentation, Tri-sialo/
Di-oligosaccharide transferrin ratio (a marker for undersialylation) is lower than the ratio
in P7 or P8 with normal Apolipoprotein CIl11-1/ClI1-2 ratio, while CI11-0/Cl11-2 ratio

is increased!?. Post-liver transplantation, these ratios were trending down and totally
normalized within 1.5 months (Table 3). In consistent with this intact glycoprotein analysis,
the PNGaseF released N-glycan abnormalities of his total plasma glycoprotein, transferrin
and remaining glycoprotein fraction resolved, but despite the use of immunosuppressant,
the 1gG glycosylation remains abnormal comparing to either non-CDG patients with status
post-liver transplant or normal population (Table 2). The other tested sibling (P7), who

is clinically milder, however showed similar marked glycosylation changes, although to a
lesser degree in the IgG fraction, including elevated Man4 and Man5. Under-galactosylation
of complex-type glycans were detected in all plasma fractions with under-sialylation being
more obvious than P6. The sample from P8 is not available for fractionation studies.
However, CDT and Apolipoprotein analysis results for P7 and P8 are similar or somewhat
more “severe” than pre-transplant values of P8 despite variable clinical phenotype (Table 3).

4. DISCUSSION:

The V-ATPase is an ATP-dependent proton pump that regulates the pH of many intracellular
compartments. It has important functions in endocytosis, intracellular transport, cell growth
and transformation and entry of certain viruses and toxins into the cell. It is also essential

in targeting newly synthesized lysosomal enzymes from the Golgi to the lysosomes.1’

The V-ATPase complex is composed of two multi-protein domains, peripheral V1 and
integral V0,18 and two accessory proteins ATP6AP1 (also known as Ac45) and ATP6AP2
(also known as (pro)renin receptor).1® ATP6AP1 is ubiquitously expressed with the highest
expression found in the brain, neuroendocrine cells and osteoclasts.1: 20: 21

Several CDG have been associated with pathogenic variants in genes encoding various
subunits of the vacuolar (H+).ATPase (V-ATPase) complex. Mutations in ATP6VOAZ,
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ATP6VI1A and ATP6V1EI genes result in autosomal recessive defects in protein
glycosylation and share cutis laxa as a common clinical feature22 23, Disorders due to
genetic defects of accessory subunits follow an X-linked mode of inheritance. ATP6AP2-
CDG presents with cutis laxa, liver disease, immunodeficiency, cognitive impairment and
ataxia.24 ATP6AP1-CDG was first described in 2016 by Jansen et al. with liver dysfunction
and immunodeficiency as the prominent features.

Including this study, a total of 30 patients with ATP6AP1-CDG are reported. A

summary of the clinical features of all the patients is depicted in figure 2. Hepatopathy

and immunodeficiency are the most commonly documented systemic involvement,
followed by hematological and neurological abnormalities. Interestingly, P1 presented

with developmental delay and dystonic movement in the form of chorea and athetosis of
hands and feet with no cardinal features of hepatic involvement and immunodeficiency.
This is the first report of a hyperkinetic movement disorder occurring in ATP6AP1-

CDG. However, several other CDG types have been reported to involve hyperkinetic
movement disorders.25-28 They are typically non-progressive and of early onset, and they
are also thought to be an underappreciated manifestation in CDG patients.2> Complex
hyperkinesia also characterizes NGLY1-CDDG, which is a disorder impairing the cytosolic
deglycosylation of glycoproteins2® 29 a process that activates essential transcriptional
factors.30 Similarly, V-type ATPass complex and assembly factors are also known to control
transcriptional factors through regulation of cellular ion levels.3!

Connective tissue involvement such as cutis laxa, joint hypermobility, and inguinal hernia
are less frequently observed. These features were thought to be partially related to reduction
of plasma copper and/or ceruloplasmin level® 10 which was identified in 22/25 of ATP6AP1-
CDG patients. Ceruloplasmin is a liver secreted glycoprotein and its reduction has been
reported in other CDGs with hepatic involvement.32 Given that the ceruloplasmin is the
main plasma copper binding protein, the serum copper level will be low if the ceruloplasmin
production is impaired. Lysyl oxidase, a copper-dependent enzyme, is essential for
extracellular elastin and collagen crossing,33 and its activity could be impaired by low
copper level. However, no abnormalities of elastin fibers were detected on skin biopsy of

an ATP6AP1-CDG patient manifested with cutis laxa,® and the exact mechanism needs to
be established. CDG screening via CDT and N-glycans analysis could be considered for
patients with unexplained low copper/ceruloplasmin levels. Progressive hair loss is another
rarely reported finding identified in three patients34 but was not seen in the older patients

of our cohort. The reported dysmorphic features (10/30) are variable among the patients and
have no consistent pattern (% 11.12 and P2, P4, P6-7 and P10-12).

Some features improve with age and include hepatic involvement and cutis laxa® 9 34 as
well as developmental delay (P1, P4, P10 and 11). Improvement of visceral and cutaneous
manifestations has been previously reported in other CDG types.23: 35 36 However, hair

loss and SNHL are apparently progressive over time.34 P8, who is 67 years old at the time
of evaluation, has a history of SNHL with onset at age 65, which could be age-related.
Proteinuria also appeared in older patients with no associated renal dysfunction34, but it was
not documented in this study. Laboratory abnormalities including low plasma copper level
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and hypercholesterolemia of P12 normalized when the cholestasis resolved® but reappeared
on longer term follow up.

All reported patients to date are males. Heterozygous females are generally asymptomatic
and lack the main characteristic manifestations of the disease. The only potential
manifestations from heterozygous females described in a single extended pedigree were
proteinuria and SNHL (possibly age-related) in 2/3 and 1/3 carrier mothers, respectively.l: 34
Their glycosylation studies were reported as normal, 34 although fractionated N-glycan
analysis was not performed. In our study, the de novo variant rate is higher than previously
reported (60% vs 11%), and glycosylation study by routine CDT analysis from the
heterozygous mother of P6 and P7 was normal and her sample was not available for plasma
N-glycan analysis; none of the female carriers had reported significant past medical history.

Given the paucity of the reported cases with this disorder, an evident genotype-phenotype
correlation is hard to establish. The p.Glu346Lys (E346K) is the most commonly reported
variant (de novo or inherited) from 8 families of different ethnicity and associated with
early death in 5 out of 11 patients (* and P2, P3 and P5). Detection of this variant in our
severely affected patients (P2-P5) is also supportive for its severity. The p.Leu74Pro variant
was found in two patients with severe phenotype who died in infancy due to liver failure;
but they were from the same family.10 The p.Leu311GIn variant has been associated with
early mortality in one infant and severe hepatic involvement of his affected brother who
underwent liver transplantation.11: 37 The p.Arg9* variant creates a premature stop codon

in exon 1 of the ATP6API gene. While this transcript appears to be the mostly highly
expressed in all tissues, there is an alternative transcript that excludes a small region of exon
1 for which this variant would be noncoding. Additionally, there are potential alternative
in-frame start sites using methionine at codons 12 and 23 in exon 1, which could bypass
this variant and produce a nearly full length protein with truncated signal peptide, potentially
explaining the milder phenotype and the normal glycosylation in IgG and the remaining
glycoprotein fractions of P1.

Intrafamilial variability was pronounced in family 6 of this study who carry the newly
reported variant (p.Pro134Leu). The proband (P6) presented with severe hepatic involvement
that required liver transplantation. However, his older brother (P7) and maternal grandfather
(P8) were clinically mild, and the variant was detected via targeted molecular testing.
Intrafamilial phenotypic variability has been reported in other types of CDG.38: 39 Although
ATP6API is an X-linked gene, it has a pseudogene ATP6APIL on chromosome 5, which
may contribute to the heterogeneity within families due to several possibilities including
possible mitotic intragenic recombination.*% Overall, the degree of glycosylation changes
between siblings in this family are similar. We suspect that the different clinical severity
among siblings may not be entirely due to the pathogenic variant, but rather it could

be partly triggered by postnatal stresses, such as viral infection. P10 and P11, who are
monochorionic diamniotic twins with de novo p.Tyr77del variant, expressed some degree
of clinical and histologic variability as well. P11 demonstrated a more clinically significant
course and his hepatic biopsy findings revealed lysosomal abnormalities concerning for
storage disorders. In contrast, P10 had more prominent steatosis, and hepatocellular
carcinoma was identified on liver explant. These findings were not previously reported in
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ATP6AP1-CDG and may indicate an increased risk of hepatic neoplasm development in this
disorder.

Including this study, four cases of ATP6AP1-CDG with hepatic involvement who underwent
successful liver transplantation are reported.3’ The patients in this study tolerated the
procedure well with complications of HAT and biliary stricture for P8, and right
diaphragmatic hernia for P10. They also demonstrated long term post-transplant survival

of 19 months for P6, more than 4 years for P10, and 5 years for P11.

A defective Golgi structure has been identified in a previous report.10 Our findings of
under-galactosylation and -sialyation and the increases of small high mannose-type glycans
species in this study support the association of Golgi dysfunction in ATP6AP1-CDG.
However, increases of small high mannose glycans are more commonly seen in patients with
defect in ER associated glycan assembling. In addition, not all the affected patients present
with both hepatic disease and immune deficiency. In our cohort, P1 does not have any
immune deficiency. Consistent with this, the glycosylation of IgG fraction in P1 is normal
(Table 2). Conversely, P9 presents with isolated immune deficiency and does not have

any hepatic dysfunction. In this particular patient, the glycosylation in transferrin and the
remaining glycoprotein fraction, most of which are made in liver, is normal, while increased
Man4 and Man5/6 ratio were detected in the IgG fraction (Table 2). It is interesting that
mildly increased Man4 and Man5 were also detected in the transferrin fraction of P1.

These findings suggest an association between the tissue specific phenotype and glycan
abnormalities, which would potentially help in prognosis and directing individualized care.
Additionally, persistent N-glycan abnormalities in the IgG fraction when the CDT and
transferrin N-glycan fraction normalized after liver transplant in P6 illustrates the diagnostic
utility of fractionated N-glycan analysis in individuals post liver transplant. The use of
immunosuppressant post-transplant often depresses the glycosylation and IgG protein level
in plasma and make it difficult to detect abnormalities even when reference ranges of non-
CDG patients post liver transplant are used. We found that N-glycan analysis of 1gG purified
from patient plasma can overcome this issue by normalize the amount of IgG protein used
and allows us to monitor glycosylation changes in our patients. An essentially normal 1gG
N-glycan fraction one day post IVIG therapy in P4 may indicate a source of false negatives
for this assay. P4 was also on regular pRBC transfusion (pRBC), and we cannot rule out

the possibility that his milder glycosylation changes in transferrin being related to ongoing
therapy. However under-galactosylation is readily detected in the plasma and the remaining
fraction from P4 consistent with the known severe mutation he carries.

In conclusion, we present eleven additional cases of ATP6AP1-CDG, six of them caused

by four novel genetic variants. This study emphasizes the utility of both plasma/serum
carbohydrate deficient transferrin and N-glycan biochemical analysis as well as molecular
genetic analysis. The biochemical studies in this report demonstrated new findings of under-
galactosylation and/or under- sialyation of complex-type glycans and increases of Man4 and
Manb in different fractions of plasma glycoproteins. This new approach provides a sensitive
method of detecting the underlying glycosylation abnormalities and may be useful disease
biomarkers.

J Inherit Metab Dis. Author manuscript; available in PMC 2023 March 28.
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Synopsis:

This study expands the phenotype of ATP6AP1-CDG, including identifying intrafamilial
phenotypic variability in a multi-generational pedigree, and reports novel gene variants.
We also identify glycosylation abnormalities in purified immunoglobulins, transferrin and
remaining glycoprotein fractions correlating with disease phenotypes.
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d. infancy

o n

Figure 1:
Pedigree structure of family 6. The arrow indicates the index patient (P6).
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Hepatopathy

Low serum copper/ceruloplasmin

88% (22/25)

Immun odeficiency

86% (25/29)

Hematological abnormalities

63% (19/30)

Neurological abnormalities 54% (15/28)

Hypercholesterolemia 50% (7/14)

Genitourinary abnormalities

37% (11/30)

Dysmorphic features

33% (10/30)

Cardiac abnormalities

23% (7/30)

Cutis laxa 20% (6/30)

Pancreatic insufficiency 13% (4/30)

o
R

10% 20% 30% 40% 50% 60% 70% 80% 90%

% Affected Patients

Figure 2:
Clinical summary of all reported ATP6AP1-CDG patients (including this study)

demonstrated as percentage of affected patients (number of affected patients/total number of
reported or tested patients).

J Inherit Metab Dis. Author manuscript; available in PMC 2023 March 28.

93% (28/30)

100%



Page 17

Alharbi et al.

Aj[esoreyiq
801 Yy ay1 Jo AjK1oepounjo
‘sa|ddiu paoeds-apim ‘wnyeursed
smoad ‘yosu paggam ‘syeed

AjreIare]ig 801 Yyl ay1 Jo
KiAyoepour)d ‘sejddiu paoeds-spim
‘winjeursed smoad 98U paggam

asou

95 1es-doep 'SOA UBIY ‘splo} eypueards asianul wwm_\ﬂa F,_mmm_so.mu__ww:__mrﬁ_wﬂmu_wﬂ OoN OoN Areydaooyarjop piin S2ayp [In4 oN Jusuiwoud ‘diy Jeddn iyt OoN Areydaoosoin oN
,Mwno_ Emﬂ_an Ui s1es ummﬂo_ siea u.EEm:_ ~__o:.2moa me
J1ouia1s0d pue 18s o] ‘aaey Buo| i -
‘Areydaooifeld fendioso sunpin 1as Moj ‘Ajeydadouobin pii wsiydiowsAq
uawiopge
(abe yym panoduir) ssA SOA SOA ON ON ON pUE 15342 IOLIBIUE UO ‘SSA ON ON ON ON ON
Asdor
MO JJew auoq uo suosnjoul (uejdsuen Jan| (uejdsuen sanr| c%mw%%ﬁ%&mﬁqmn%%g 1O1IED BILLIBSSE[ey] 13 s1s01420.3yds
puUe UOITEZI|ONJ.A YIIM 1s0d panjosal) eruadoikooquioyy 1s0d panjosal) eiuadoihooquuosyy oN aue elwauy m:o_w:w_m:g_mﬁ_ua:__ss SuolsnysUEN om_ru _m_:mm: ‘(suorsnysuen ajdnnw ewuadoyoueg oN
s|jed [eaidAle pue ‘uoisnjsues) Juanbauy ‘uolsnysues) Juanbauy pue eiusdoydwA : a1nbal ‘BiwaLEe INAjoLLaI 1nba; ‘BiadolAoU, palinbai) elwsue *
sabeaul| ploJyike pue Buriinbau elwsue onAjowsH Buriinbai elwsue onAjowsH P “reiuadoyfao E.P__ U pan d ‘eluadorfooquiosy L.
piopAw Jo ese|dsAp bIIS : MAooquiolyL sBuipuyy feoibojorewe H
Adesay yosads aiinbas . yoaads pue
ON 0) S3NUIUO0J INC PBAJOS3I ‘SBA. PBAIOSaI 'SOA ON ON ON OoN ON SoA ON SoA Jojow Ajurew ‘ssA Kep@ [ewewdoprea
syow
¥€ Je aInzias
Ajuo erwsak|bodAy 3|1igay xajdwod
ON (panyosal) eluojodAH (panjosal) eluojodAH ON THNS OoN OoN ON Asdajida jenued xsjdwod OoN 40 BUIES B4} U1 2INZIBS 193} pUe SpURy
10 JuaWanow
anaunadAH Ul (221600 INeN
(smuojuiad
109 '3 puUe BIWaISIIeq
ungojBounwwii [ewsou I ww o
uijngojBounwiwi moj nqo|BoUNUILLI [eULIOU SUOY u | 1IngojBountuw 102 3 ‘elWaII0eq . unngojBounuus moj pue .
'SUONORJUI JUSLINJAI ‘SBA  Suonaajut Je3 pue gluounaud 163 pue s|yN Juanbaiy ‘seA /0] PUE SUOIdaUL O] 'SIA MO ‘SIA eiuownaud 229020}da1ls) SUONBYUL JUALINORI 'SoA SUOI93JUI JUBLINDAI ‘SIA SUOBIBJULIUBLINORL SoA uN N
SIN0IYUOI] ‘S|HN JBNbalj ‘SaA JUBLINDAI 'SIA
Jueydsues Janl-aid
SUOIIB)UI JUBLINDAL 'SIA fouenippounww |
X 11 pUe A X1 X Aunpoe
Juedsuesn-1sod panjosal 'soA Jue|dsuesn-1sod pan|osal ‘soA ON ON ON . . SOA ON SOA O ureload pue ulquoyINUEe ON
10198} J0 85E3.109p WBIIS 1X 510198} M| Ap|Il ‘SA MO “HNI UBIY 'SIA Ayredonbeos
(panjosai)
1D1JNSul Of BayLl Aouaronynsut
t esloued suLIoOX3 AKouarounsur oneasoued auoox3 - - - S8UOIS| D 114 114 sanInaIIp
aU1100Xe ‘ureh JyBem Mmois a1yredoipi o1u0Iyd aneasoued aulI0X3 Buipaa- SBUIpUY 19 BYIO
abe jo sIselsajoyd
(panjosai) abe Jo syjuow QT e Juedsuesy AreBawous|dsoyeday Arefawous|dsoyeday K106
sise1sa|oyd ‘AjeBawous)ds abe Jo stpuow / e ,Em_n_m:m: o 13A1] d/S s1soyu1d ‘Ajebaoreday asejeydsoyd suipexe SaWAZUd JanI| SUIUOL  Je Jue|dSUe) Joni| SISeIS8|0Yo ‘ain|iey ‘uoisuaiadAy [evod _J BLOL 1 P .
b d/S Arebaworeday ‘ainjrey oneday b OoN p b d/S AreBawous|dsoyeday . b B ‘aun|rey oneday an|1e} Janl| ‘sawAzua oN
(ponjosa 1) AreBoworedsy B B aun|rey aneday o1uoIyd Pajenals ‘soA patens|a A|pjiw ‘seA . B oneday aInoe ‘sswiAzua SISOYAIID ‘sawAzua b .
SOWAZUS Jo] PaNEA3[T 'SOA 21UOIYD ‘SBWAZUS JOAI| PRIBA3JD ‘SBA 'SaLLAZUB JOAI] PATEAS] 'SIA 'SISE1S3]0UD ‘SaWAZUB Janl| 13 PAIEA3I3 'SOA 19N| PBIEAII3 ‘SN anoe ‘sawAzus JBNI] Pajena|d ‘SBA
3 Pajenaa ‘ainjiey aneday ‘ssA ¥ . 13AI| PaIRA3JD ‘SBA sonifew Jouqe olfedoH
JeuwoN 20SE PILEIID [euLoN uN [euLION [euLoN ddv wnuas [eusarew yl 201punel ejeuosN [euLIoN aotpunef [ereuoau [euLoN

189 ‘ewolBAY ansAD

‘(panjosal) sAsupry palejia

Klos1y ereutsd

sisdas 1102 '3 | LN/SH9M 2

8a1punel/syuow g

8a1punel/syuow g

Bunsay Jueren

1A pasoubelq

Bunsa) JueLien

[engureqouayd pue

jd ynm payean
sem Jey) aolpunel/sAep gz

ao1punefl ‘Buniwon
q sannouyy
93)/SUIUOW 2

snol
Buip:

Annnoe axi|
2Inz18s 'sISOPIOE 91|0geIaL
‘elwsdA|BodAy/syuow
ot

BIU0JSAD pue
aagysyuow 1T

uolrejussa id jo apo WebY

sieak G ‘BN syjuow g pue sieak G ‘BN syjuow g pue sieak G ‘BNl sieak €T 'aNY sieak 19 ‘aNY sieak G ANy syiuow 8z ‘anllyv syluow §'G ‘paig sieak 6T ‘aNY syuow 9 ‘paig syuow 8T ‘paia sieak ¥ ANy [eAININS
pajayul

pajuayul >__m:‘_w~m_2 0AoU 8@ 0Aou 8@ >__m:_m~m_2 dN paiusyul \ﬂ__mr:mﬁ_\,_ pajusyul >__m:‘_muu_2 paiusyul >__mE®~m_>_ oAou 8g 0AOU 80 0AoU 8@ OAON 8@ oueIBYU|
- SBA SBA SAA SBA SAA SBA ON ON ON ON SBA jueleA pAON
(NLTZA) UsvLT2iALd (19p2LA) 19pLALd (19pLLA) 19pL2ALd (ug6s) buvgpiasd :%_wmmﬁ_wn :mﬂ%ﬁwn (wetd) natvetoid'd (tovea) skigveniod (Move3) sh1gveniord (Move3) shgveniord (ovea) shgreniod («6%) «661v°d JUeLeA UBI0Id
V<1679 1OVI9pzEg 0822 LOVI19pzez 0822 V<062 1<01070 1<0T07°2 1<0T07°0 V<9980 V<99€0T2 V<99€0T2 V<9901 1<052 el fen YNG
6 L 9 S 4 € z 1 Anurey

z1d Tid o1d 6d 8d d _ od Sd vd &d o Td

Author Manuscript

g 'Siusnred papiodas Ajsnoinsid e Joy (papjog) serepdn ayp Buipnjour ‘s108lgns Apnis ays Jo sbuipuly A1ojeioge| pue suomelsajIuew [edIulfd Jo Arewwns

Author Manuscript

‘T algeL

Author Manuscript

Author Manuscript

PMC 2023 March 28.

In

t; available i

p

J Inherit Metab Dis. Author manuscr



Page 18

Alharbi et al.

*J1Yd9S-pIoe d1poniad ‘Sd ‘Uondaul 19e) Aleunn ‘11N ‘uondaul Asojedidsal Jaddn ‘N Aydesbowol paziseindwiod ‘1D ‘eaude das|s aA1INSA0 ‘SO ($s0] Bulleay [eanauiiosuss “THNS ‘1sod sniels ‘d/S ‘punose|n ‘sn ‘uisloidolaj-eydie ‘4 S]189 poojq pal paxded ‘Ogyd
$10848p [B1das [elIe ‘QSY ‘SnJIA [enAduAs Alojelidsal ‘ASY ‘01ed pazijewou [euorieuIBul ‘YN ALY} 01 aunjiey ‘1 14 ‘Bjqearjdde jou ‘wN ‘Buibewi soueuosas onsubew ‘|4IN ‘paliodal Jou “YN ‘Aejap [eluswdojansp ‘@@ ‘aseury aureald ‘M9 ‘feunssuiosed ‘|9 :suoneinalqgy

BWAPA [e1gaIsd

VN VN VN VN VN VN VN pue Auredojeydasus onedaH VN UORIBYUI Z-A\0D-SHVS uonaBul ASYH VN yreep Joasned
(1uBebiop) ajonse) eus. 1yBi H_H\G
eluay onewbelydeip 1J3] Papusdsapun ‘snjeaw oidojoylio ! o m"_E.m eUINBUI ‘010D eulds
Jo1I3ue ‘ejuiay feunbui yum aspioyd ‘sutol uBip feisip - VSO - - - Hal © ! feuinut p. uone|Ip Jajein Ya AKeu-x uo eluadosiso N I
"elUIay [EOIIGWIN e pUE MOGIS 343 JO qowadAY nm_mEE ‘AyyedoiBue eAopy Ppue ureIq [BUWION
p p BAOIN ‘BeIgBMBA [RWIOUGR
wsIpIyoi01dA1d [essreun BIUI3Y [euInbul ya] pue [eaIjiquin M s1soudAx fenuebuod SBYI0
[eLislew pajjoym
pue padwin|a asuap-uoas|a
$9|nqojB aAnIsod-Svd Ureju09 saui0sosi] pabiejua pue ‘_M_mq__:wwmuwmwhwmm_ﬁwﬂﬂwﬂv suiBrew 1139 8y} 0} sajjauebio
SIS0}es]s ‘Uooeal fejnjonp gw_mcﬁ_w_m%n”mmﬂ%w%%&ﬂ%mﬂ paleNUBIRHIP-|3M U}IM S8ZIS uN uN N SISOULID sabeydouoew (Aweoj) SISOYLID N %r%m B om_me_mem__uuhMM N
LPIM SISO JEINPOLIOIIN pate1oosse sajnqo|B a1jiydouisos ,wm_%hﬂ\”wwww_,:%\m: ol ‘3|Npou sAIeIaUaBaI-0I0e N
Je[nyja9-enut yim saykooreday 1SOLUI DI
U3||0MS ‘SISEISB|OU ‘SISOULID fsdoig BAIT
uoIsa|
N 2qo| oneday ys|
BuroueyuaodAy jueuiwop pue
. 5301LeA 3|dn W " - Awowuaboyos 8L} UIYIIM SISOYea)s [ed0) pue
SIS01ea)s [2204 :IHIA yum Jan1| snoauabouwioy :sn mwﬁ_uﬁ__mw_ﬂ_W:“M_%MMN_M%%NHMMMMMML L0 [ewiioN SN [eWION aN aN lewAyouazed oneday SN aN aN sa|npou aneday Bunelauabial [BLLION
YU JBA o_:,wmo;wm SN adninuw M s1so4LID BuiBew! JoA1q
ON dN dN N dN N ON N ON 9SBAIOUI PlIW ‘SBA SBA ON MO paremd|3
A[0S34 AJJUBISUR 1) SOA of of o] of 9, 0| 9, o] elwe|o 18I0y BAAH
PO IS N N N dN 4N N A N A dN N s oy
ulwse|dojniaa unwsedojnisd | ulwse|don e
(Ponjosa. Apusssure ) soA S8A S8A ON aN pue 18ddod moj ‘ssA. Moj ‘Jaddod [ewwiou ‘ssp dN ON uN aN ON /4oddoo wnses mo
(dn mo| o4 uo 3|qeIs) 0. Buipusose pare|ip ‘(pairedal eoe Buipuaose pare|ip ‘(pairedal 0 o o o AydoauiadAy sejnornuan o (2dA) wnpunoas |eAssiul o
©1I0R SNUIS JO Ul Aliea1bins) ASy wnpunoss abie] Aliea16ins) ASy winpunoas abie] N N N N N winiso) AsY |ews 10 pabuojoud aurepiog N sBuipuiy oeip o
cld Tid otd 6d 8d Ld 9d Gd vd ed ed d

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2023 March 28.

in

available

J Inherit Metab Dis. Author manuscript



Page 19

Alharbi et al.

8TT-250 790 770 950900 are 670 o0 | se0 T 90 | /50 I|I|0A”\/\”
(GUeN) ZOVYNXOHGXH
870020 v2°0 LT°0 0£'0-ST0 12T 220 €00 ST'0 290 11°0 v€'0 II.I.\;"l.
(rue N) ZOVYNXeHYXe H
uonoei- utligjsuel ]
€9-¢€L'G 92'C AN 19€-1GT zzeT 16°€ 112 s vLL 652 €17 6Ue N/SUR N
0€T-S0T 180 88°0 2TT-9L0 28 1T €0°T 76'T 02'C er'T €T gue N/GUe N
U18]01d [810] BUISE| — SOIIEY P31Id|8s
BB
G8'0T - ¥T'9 vZTT LT'8 GG'9T-GL'L 19'TT 06°2T €6'ST 87'6T 2LeT SOVT | ozze | momel O e
ofes-N
STT-860 AN 00T 88'T- 190 89'9 vT'T ve'T 02’9 1€'S 4% 8T | == -
mmo e
YS€-86'C 09°C €6'T €T'E- 180 80T €T ST 85°€ oT'Y AN4 €T ~e
@
(GUeIN) ZOYNXOHGXOH
€T 10T 160 €0 02'T-220 YTy 060 09°0 18T 28T 20 880
(PueIN) 2OYNXOHY X H
u19Joid [e10/ ewiseld
Jue|dsue 1| Jue|dsue 1| Ade sy L DIAI OIAI
wedsue | 9IAI-S0d Jue|dsue |
BAIT-150d ©AD BAIT-1850d i abuey ul [ngojBounwiw| -50d -10d i
-UoN aBuey SYIUOW 9< oAl m_n_moa %0 PIPY 21d wE%_ WZ | syomz | 2 _m>_o ._n_m_n_ fep T d (1e10196) sueaA|B-N
20U PPy od Ztd 6d d

"uedA|6 €101 Jo abejusdiad se pajesisuowap ale sanjeA sy sjualed XIs 1oy uisroid ewse|d pajeuonaely pue [e10l Jo ajioid ueak|b-N

Author Manuscript

‘¢ dlgeL

Author Manuscript

Author Manuscript

Author Manuscript

J Inherit Metab Dis. Author manuscript; available in PMC 2023 March 28.



Page 20

Alharbi et al.

uoljorl Bulurewsy
10T -2L0 8T YT LTZ-9£0 8Le 16'0 00T o'z 9Ty 06'0 62T 6URN/SUE N
62'T - 050 08 89T YT T-8T0 95Z 89'T €T 6272 9/¢ 1271 950 gue N/Sue N
uonoeiH 96y — soley paradlas
G8'0- €50 650 160 SLT-870 €8T 880 19T 1.0 290 980 €6°0 .
590~ /20 150 S50 09'0- 20 06'0 Se'0 vL°0 oo o o oo | wom el " -
eo- W
@
080~ 210 970 €0 £E0-800 180 €0 rzo | 8o 6.0 6r0 | zo | HEEEOL @
@
(Gue ) ZOVYNXeHGXeH
TT°0-900 8T°0 97’0 ¥1'0 - %00 70 v1°0 010 9T’0 0€0 100 0T0 .I.I..\.I.
@
(PUeIN) ZOVYNXOHY X H
uonoeiH 96/
6'0L - 699 LLgL 9£'89 9'G/ - 0909 9'9g ££'89 9e'eL | v20S STy veT9 |orzy [ momel o
oes-a
TTL-12S 609 eL'S ZT0T-SL°E 50°02 59’/ 156 0912 SyvT zosT | oLvt -
88'0 - 69°0 ¥9°0 61T 92'T - L¥'0 526 96'0 950 919 09°G YR 180 | wm el u .
oS-
Jue|dsue i e dsue i Ade sy L } 9IAI OIAI
BAIT50d 9d0 | Jeai-wod «%__%M& abuey ut |ngoBountuw| wc_pw w‘om_ -K0d Id u”_%\,_w.m_;c_w__n_F Sod g (re10195) SUROA|B-N
-UoN abuey Syuow 9< ‘od 20U oY 2.d 6d SHOM 2 % RepT o
20UB B PY od 21d 6d d

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Inherit Metab Dis. Author manuscript; available in PMC 2023 March 28.



Page 21

“ulingojBounwiwi SNOUSABAUL ‘DA :SUONRIABIAQY

‘Adesayy uringojBounwiwi 1sod SYIUOW Z pue syoam g 1e sajdwes apnjoul 6d 0 SHNsay ‘siuaired juejdsues) JaAl-1sod HQD-UOU 331y} JO SaNJeA JO SISISU0D abuel 80UaI8)81 & 0) pasedwod Os|e a1am 9d 10}
S)nsal ajdues Jue|dsuBI-1SOd "S|0AIU0D [BUWIOU OF JO SANJBA JO SISISUOD afUel 90UBIaJa] UL "SaN|eA Pasealdsp oy OIfel Ul pue SanjeA pasealoul o) plog Ui pajussald ale synsas abuel-40-1no Jueayiubls Bjon

Alharbi et al.

06'€-8.C 562 19°€ 88'5-¥.'T €8'eT 1G€ 607 69'6 0221 16 'S BUeN/SUE N
92T-10T ITT 160 S6'T-880 s 86'0 T 96'T S6C GLT v8'T 9ue N/SUe N
uoloBIH Bulurewsy — soney paladfes
om0
L'95- €25 8295 R4 TT9-T9€E 692 5205 6685 | LLvE 6.8¢ oesy | 8oLy | momel o
oes-a
6T —T0T 8zt 85, L'SZ-2TT R 86T 8T.T | s8'6T 8v'ST 86'9T | s8'12 -
06'T-50'T o't €80 T7'2- 550 '8 €6°0 90T 16'S LS 1SV 60T | mm el o -
eo- W
mmo " e
€L7-1172 602 08T 00 —EV'T 1507 052 881 59y €S 60 897 ~e~
@
(Gue ) ZOVYNXeHGXOH
T0T-6L0 8.0 590 95T - €50 eL'e 960 89'0 59T 90C 61T 660 Illl.\.l.
@
(pue ) ZOVNXeHY X H
Jue|dsue i e dsue i Ade sy L } 9IAI OIAI
BAIT-80d ©a0 | eniT-s0d u%__o.wﬁ& abuey ut ngojBountuu| mc_pw wom_ -150d Id HW\ﬁm_;cw_n_P -Fod Td (1e10196) SUROAIG-N
-UoN abuey Syuow 9< ‘od 20U oY 2.d 6d SHOM 2 % RepT o
20Us BRY od 21d 6d d

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Inherit Metab Dis. Author manuscript; available in PMC 2023 March 28.



Page 22

Alharbi et al.

800 680 €00 5000 900 6d
€T oy €90 1700 200 8d
290 Ty 6v°0 1000 100 Ld
S20 €e'T 0 €000 v0'0 | v Aeq
S0 77T 800 7000 500 | 94eq
S20 590 rAX) 2000 600 | SAea
(uejdsuel] BAIT-150d) 9d
ST°0 7.0 800 2000 900 | €fea
170 850 900 €000 G00 | €4eq
810 880 70 9000 L00 | zhea
9,0 297 €0 2000 10| Thea
(uejdsue ) oAIT01d) 9d
590 91 120 100 170 | 92 feq
70 ST 810 €000 00 vd
€0 6T 120 €800 9100 Td
870> 167> S00> 100> 900> abuey 20ue BJRY
Z-1112/0-1110-0dY | Z-111D/T-1110-0dy | ap!reyodesobl|O-1q/ofeIS-11L | ap!reyodesobi|O-1a/obijo-y | aplreysoesobi|o-1d/obijo-ouo N Welred

Author Manuscript

"paJ Ul PaJojod a.e s} nsaJ abuel-J0-1no ay | ‘Juejdsues) JaAl| 1sod
pue a1d 94 10 S)UBLLIBINSEALL [1I3S 8U) SMOUS 3]0l 3yl ‘6-9d PUB #d ‘Td 401 |11 uid1oidodijody pue uliiajsuel) Jualoap 81eIpAyoQIed JO sNsal ay |

‘€ 9|geL

Author Manuscript

Author Manuscript

Author Manuscript

J Inherit Metab Dis. Author manuscript; available in PMC 2023 March 28.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS:
	Patients:
	Biochemical analysis:
	Fractionation of plasma glycoprotein:
	N-glycan analysis of plasma total and fractionated glycoprotein:


	RESULTS:
	Survival:
	Survival
	Molecular variants:
	Clinical findings:
	Biochemical findings:

	DISCUSSION:
	References
	Figure 1:
	Figure 2:
	Table 1:
	Table 2:
	Table 3:

