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Abstract

ATP6AP1-CDG is an X-linked disorder typically characterized by hepatopathy, immunodeficiency 

and an abnormal type II 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 Man4GlcNAc2 and Man5GlcNAc2 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 IIs, and Immunodeficiency 47 (OMIM 300972), is an 

X-linked condition where hemizygous males typically present with hepatic dysfunction, 

immunodeficiency, and an abnormal type II transferrin glycosylation pattern affecting 

both N- and O-glycosylation.1 The clinical and biochemical phenotype of ATP6AP1-

CDG emphasizes the importance of maintaining Golgi homeostasis for glycosylation.2, 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,4 many also implicate Golgi structure and ER-Golgi trafficking in addition to Golgi 

homeostasis, which are essential for proper glycosylation.2, 3, 5–7 Interestingly, ATP6AP1 

presents in both ER membrane and ER-Golgi intermediate compartment membrane.1

ATP6AP1-CDG was first identified in 2016 in eleven patients from six families.1 

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.1, 8, 9, 11 Pancreatic insufficiency has been reported with 

low trypsin and pancreatic elastase, and reduced fat-soluble vitamins.9 Many patients 

have laboratory abnormalities, including low serum copper and/or ceruloplasmin and 

hypercholesterolemia.1, 8–13 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 ATP6AP1 variants and provide clinical manifestation updates and glycomic 

results on a previously reported patient.8 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 μl plasma 

were fractionated into three groups using affinity columns: 1.) immunoglobulins (IgG), 2.) 

transferrin and 3.) the remaining glycoproteins depleted of IgG, transferrin and albumin 

using a protein G (Thermo Fisher Scientific, USA), followed with an IgG plus albumin 

duo depletion spin column (Thermo Fisher Scientific) and an anti-transferrin affinity spin 

column as described previously.14 Purified IgG 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, IgG 

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 μl water. N-glycan from 

50–60 μg of IgG, 15–20 μg transferrin and 50–60 μg 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.15 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 

Alharbi et al. Page 4

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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: c.25C>T (p.Arg9*), c.401C>T (p.Pro134Leu), c.294C>A (p.Ser98Arg) and 

c.230_232delACT (p.Tyr77del), respectively. The other patients are hemizygous for the 

previously reported recurrent variant: c.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.16 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 ATP6AP1 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 IgG 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 glycoproteins14 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 CIII-1/CIII-2 ratio, while CIII-0/CIII-2 ratio 

is increased14. 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 IgG 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.17 

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).19 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 ATP6V0A2, 
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ATP6V1A and ATP6V1E1 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.1

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.25 Complex 

hyperkinesia also characterizes NGLY1-CDDG, which is a disorder impairing the cytosolic 

deglycosylation of glycoproteins28, 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.31

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 level9, 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,8 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 (9, 11, 12 and P2, P4, P6–7 and P10–12).

Some features improve with age and include hepatic involvement and cutis laxa8, 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 resolved8 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.1, 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 (1 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.Leu311Gln 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 ATP6AP1 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 

ATP6AP1 is an X-linked gene, it has a pseudogene ATP6AP1L on chromosome 5, which 

may contribute to the heterogeneity within families due to several possibilities including 

possible mitotic intragenic recombination.40 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.37 The patients in this study tolerated the 

procedure well with complications of HAT and biliary stricture for P6, 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 IgG 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 IgG 

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 

Man5 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.
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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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Figure 1: 
Pedigree structure of family 6. The arrow indicates the index patient (P6).

Alharbi et al. Page 15

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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).
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