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ABSTRACT

Congenital disorders of glycosylation (CDG) are genetic defects in the glycoconjugate biosynthesis. > 100 types
of CDG are known, most of them cause multi-organ diseases. Here we describe a boy whose leading symptoms
comprise cutis laxa, pancreatic insufficiency and hepatosplenomegaly. Whole exome sequencing identified the
novel hemizygous mutation ¢.542T > G (p.L181R) in the X-linked ATP6API1, an accessory protein of the
mammalian vacuolar H*-ATPase, which led to a general N-glycosylation deficiency. Studies of serum N-glycans
revealed reduction of complex sialylated and appearance of truncated diantennary structures. Proliferation of
the patient's fibroblasts was significantly reduced and doubling time prolonged. Additionally, there were al-
terations in the fibroblasts' amino acid levels and the acylcarnitine composition. Especially, short-chain species
were reduced, whereas several medium- to long-chain acylcarnitines (C14-OH to C18) were elevated.
Investigation of the main lipid classes revealed that total cholesterol was significantly enriched in the patient's
fibroblasts at the expense of phophatidylcholine and phosphatidylethanolamine. Within the minor lipid species,
hexosylceramide was reduced, while its immediate precursor ceramide was increased. Since catalase activity and
ACOX3 expression in peroxisomes were reduced, we assume an ATP6AP1-dependent impact on the (3-oxidation
of fatty acids. These results help to understand the complex clinical characteristics of this new patient.

Abbreviations: CDG, Congenital Disorders of Glycosylation; CE, cholesterol ester; Chol, cholesterol; DAG, diacylglycerol; PC, phosphatidylcholine; -O, lipid containing ether/odd
numbered fatty acyl; -P, plasmalogen; PE, phosphatidylethanolamine; PI, phosphatideylinositol; PS, phosphatiylserine; SM, sphingomyelin; TAG, triacylglycerol; Cer, ceramide; HexCer,
hexosylceramide; PA, phosphatidic acids; PG, phosphatidylglycerols

* Corresponding author.

E-mail address: christian.thiel@med.uni-heidelberg.de (C. Thiel).
1 Bianca Dimitrov and Nastassja Himmelreich contributed equally and are co-first authors.

https://doi.org/10.1016/j.ymgme.2018.01.008

Received 30 November 2017; Received in revised form 18 January 2018; Accepted 18 January 2018
Available online 31 January 2018

1096-7192/ © 2018 Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/10967192
https://www.elsevier.com/locate/ymgme
https://doi.org/10.1016/j.ymgme.2018.01.008
https://doi.org/10.1016/j.ymgme.2018.01.008
mailto:christian.thiel@med.uni-heidelberg.de
https://doi.org/10.1016/j.ymgme.2018.01.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymgme.2018.01.008&domain=pdf

B. Dimitrov et al.

1. Introduction

The maintenance of pH homeostasis is essential for almost all cel-
lular processes in an organism as structure, function and solubility of
numerous proteins depend on a particular pH-value [1,2]. A variety of
regulatory mechanisms control the pH, e.g. direct proton transport,
indirect proton coupling to other ion transports or vacuolar H*-AT-
Pases (V-type H*-ATPase, V-ATPase). The 1000 kDa V-ATPase is a
multi-subunit complex which belongs to the family of VOV1-ATP syn-
thases [3].

It is organized in the membranous VO and the cytosolic V1 domain
[4,5]. In mammals the VO domain consists of nine subunits (al, a2, a3,
a4, d1, d2, c, ¢” and e) while the V1 domain is composed of 13 subunits
(A, B1, B2, C1, C2, D, E1, E2, F, G1, G2, G3 and H) [3]. Also accessory
proteins are involved. The V-ATPase complex uses a V1-mediated and
ATP-hydrolyzing rotor mechanism to transport protons across the cell
membrane which then enter the VO domain through a cytoplasmic
hemichannel.

In recent years, a number of defects have been identified in different
subunits of the V-ATPase in humans, as e.g. infantile malignant auto-
somal recessive osteopetrosis caused by mutations in ATP6V0OA3 (VO
subunit a3, also named TCIRG1) or the autosomal recessive renal tub-
ular acidosis due to mutations in ATP6V1B1 or ATP6V0OA4, respectively
[6,7,8,9]. Furthermore, mutations in the accessory subunit ‘(Pro)renin
receptor’ (M8-9 encoded by ATP6AP2) result in X-linked intellectual
disability, epilepsy and parkinsonism [10,11]. Moreover, several de-
fects of V-ATPase subunits influence the protein glycosylation ma-
chinery leading to distinct subtypes within the group of rare and het-
erogeneous metabolic diseases, called Congenital Disorders of
Glycosylation (CDG) [12]. Deficiency of the VO subunit a2 leads to
ATP6VOA2-CDG [13], whereas ATP6V1A-CDG and ATP6V1E1-CDG are
defects of the V1 subunits A and E1 [7]. These defects belong to CDG-II
that affect the structure of N- and often also mucin-type O-glycans. In
2016 eleven male CDG-II patients with hemizygous mutations in the V-
ATPase accessory subunit AC45 (ATP6AP1) were identified. The pa-
tients show mainly immunodeficiency (including hypogammaglobuli-
nemia), hepatopathy and a spectrum of neurocognitive abnormalities
[14].

Here we describe an ATP6AP1-CDG patient with a new hemizygous
mutation and additional features such as rapidly improving cutis laxa,
exocrine pancreatic insufficiency, treatable diarrhea as well as changes
in the amino acid and lipid metabolism.

2. Material and methods
2.1. Patient material

The study was performed in accordance with the Declaration of
Helsinki and approved by the Ethics Committee of the Medical Faculty
Heidelberg. Written informed consent was obtained from the parents of
the patient for whole-exome sequencing. The parents also consented to
molecular testing (Sanger sequencing) of their own ATP6AP1-status.
Written informed consent was also obtained for use of photographs and
clinical information.
2.2. Isoelectric focusing of serum transferrin

IEF of serum transferrin was performed as described by Niehues
et al. [15].

2.3. Isoelectric focusing of apolipoprotein-CIIT

IEF of ApoCIII was performed as described by Wopereis et al. [16].
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2.4. Western blotting

Western blotting was performed as described by Liibbehusen et al.
[17]. An HRP-coupled secondary antibody in a dilution of 1:10,000 in
PBST was used for 1 h at RT. Visualization was performed by adding a
chemiluminescence reagent (Pierce). Primary antibodies against
ATP6AP1 (Sigma-Aldrich, rabbit anti-human, 1:500), HiFla (Thermo-
Fisher, mouse anti-human, 1:1000), ACOX3 (Atlas Antibodies, rabbit
anti-human, 1:1000), BiP (Cell Signaling, rabbit anti-human, 1:1000)
and LC3 (Novusbio, rabbit anti-human, 1:500) were used. Secondary
antibodies used for Western blots were horseradish peroxidase (HRP)-
conjugates (Dianova, goat anti-rabbit; Santa Cruz, goat anti-mouse).

2.5. Glycan analysis

N-glycans derived from patient and control fibroblasts were ana-
lyzed as described by Reiding et al. [18].

2.6. Whole exome sequencing (WES)

Trio-based WES (Agilent SureSelect target enrichment and Illumina
HiSeq 2000 paired end sequencing) and analysis of the sequence data
were performed at the German Cancer Research Center (DKFZ) at
Heidelberg (Germany) using the previously described Heidelberg
exome data analysis bioinformatics pipeline. Variants with a minor
allele frequency (MAF) > 1% in the Exome Aggregation Consortium
(ExAC) and 1000 genome phase III database were considered common
alleles and removed from the candidate list. Local control samples were
used to remove the recurrent technical artifacts and common alleles
that were not seen in the above databases. Only non-synonymous
exonic variants and variants = 2 bases around the intron-exon junc-
tion, classified as splice-site variants, nonsense variants and indels were
further considered [19]. Variants were assessed by 7 different variant
effect prediction tools (SIFT, PolyPhen2, LRT, MutationTaster, Muta-
tionAssessor, FATHMM, and PROVEAN) from dbNSFP v2.0 and CADD
scores. Sequence validation of the detected mutation was performed on
c¢DNA and exon level by using Sanger sequencing (see below). The
mutation was uploaded to ClinVar Submission Wizard (SUB2942359;
www.ncbi.nlm.nih.gov/clinvar/).

2.7. Reverse transcriptase PCR

Using random hexamer primers (Invitrogen) and Maxima™ Reverse
Transcriptase (Thermo Fisher) 500 ng of total RNA were reverse tran-
scribed into cDNA. PCR was performed with 50 ng of cDNA as template
using ATP6AP]1 specific primers ATP6AP1-Fw (5-CCCAGTACATGACC
TTATGGG-3) and ATP6AP1-Rev (5-GGTTAGTTCAAATAAGGCA
CAG-3’) with Pfu-Turbo-Polymerase (Stratagene).

2.8. Quantitative real-time PCR

Quantitative real-time PCR was carried out by SensiFAST SYBR No-
ROX-Mix (Bioline) with 50 ng of reverse transcribed RNA in a CFX
Connect Real-Time System (BioRad) with the following parameters:
step 1: 95 °C, 2 min; step 2: 95 °C, 15 s; step 3: 60 °C, 10 s; step 4: 72 °C,
10 s; step 5: 100 °C to 25 °C, 5 min; step 6: 4 °C, forever. Steps 2—-4 were
repeated 35-times. Primers used were ATP6AP1-qPCR-Fw (5-GAGTG
ACCGGGACTTGTGG-3"), ATP6AP1-qPCR-Rev (5-CAGGAAGCACCAGT
GAGGAG-3’), RAB7A-qPCR-Fw (5-TGGGAGATTCTGGAGTCGGG-3’)
and RAB7A-qPCR-Rev (5-CACACCGAGAGACTGGAACC-3’). Expression
levels were normalized to Ras-related protein (RAB7A).

2.9. Sanger sequencing

ATP6AP1-cDNA (RefSeq NM_001183.5) was analyzed on a 1%
agarose gel and extracted with the QIAquick gel extraction kit (Qiagen).
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Sequence analysis was performed by dye-terminator cycle sequencing
with primers ATP6AP1-Fw and ATP6API1-Rev. Exon 4 of genomic DNA
from control and patient fibroblasts (QIAamp DNA Mini Kit, Qiagen)
was amplified with primers ATP6AP1-Ex4-Fwl (5-GAGCAGAGACGCT
GGCTTTG-3"), ATP6AP1-Ex4-Revl (5’-GCTCAGTGCTAGGCACC
AAC-3’) and ATP6API1-Ex4-Fw2 (5-GCCTTTATGGGTATGGCTTGC-3"),
ATP6AP1-Ex4-Rev2 (5-GGAGTACTGGCATCTTTAGCC-3") from 100 ng
template using Pfu-Turbo-Polymerase (Stratagene). After preincubation
at 95 °C for 1 min followed by 30 cycles with 1 min at 94 °C, 0.5 min at
55°C and 1 min at 68 °C, PCR products were extracted from a 1.5%
agarose gel and sequenced with the secondary primers.

2.10. Cell lines and cell culture

Fibroblasts from the patient and controls were cultivated at 37 °C
under 5% CO, in DMEM-high glucose (PAA) containing 10% FCS (PAN
Biotech GmbH) and 100 U/ml Penicillin/Streptomycin (PAA).

2.11. Cell proliferation studies by live cell monitoring

Cell proliferation was assessed by following the manufacturer's
guidelines using the XCelligence device (ACEA Biosciences). We seeded
1000 cells to the measuring cavities culturing them under standard
conditions for 120 h. Cell density was computer-based recorded every
30 min. Quantification was carried out with slope values (1/h) mea-
sured during the logarithmic growth phase.

2.12. Immunofluorescence

One day before preparation, 5 X 10* fibroblasts were seeded on
glass cover slips. Immunofluorescence was carried out as described
[20]. Cells were stained with antibodies against ATP6AP1 (Sigma-Al-
drich, rabbit anti-human, 1:300) and GM130 (BD Transduction La-
boratories, mouse anti-human, 1:500) or ERGIC-53 (Enzo Life Sciences,
mouse anti-human, 1:500). After incubation with fluorochrome-con-
jugated secondary antibodies, Alexa Fluor 488 (ThermoFisher, goat
anti-rabbit, 1:500) or Alexa Fluor 568 (ThermoFisher, goat anti-mouse,
1:500), cells were mounted with Mowiol and analyzed by confocal
fluorescence microscopy.

2.13. Amino acid and acylcarnitine analyses

Amino acid and acylcarnitine contents of patient and control fi-
broblast homogenates (100 pg) were analyzed as described by Okun
et al. [21].

2.14. Electron microscopy

Fibroblasts were fixed, dehydrated and embedded. Resin ultrathin
sections were examined using a ZEISS transmission electron microscope
[22].

2.15. Lipid analysis

Quantitative lipid analysis was performed with 100 pg from control
and patient fibroblasts according to Ozbalci, Sachsenheimer and
Briigger [23].

2.16. Lipid oil analysis

The detection of neutral lipids within cultured cells was carried out
with the Lipid (Oil Red O) staining kit (Abnova). One day before pre-
paration, 5 X 10* cells were seeded on a 24 well plate. The cell staining
was assessed according to the manufacturer's guidelines.
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2.17. Determination of catalase activity

0.5 x 10° fibroblasts in the logarithmic growth phase were used for
the assay. Further procedure was conducted with the catalase activity
assay kit (Abcam).

2.18. Statistics

All experiments were repeated at least three times. Data were ana-
lyzed using the Student's t-test for single comparisons or one-way
ANOVA followed by Bonferroni's test for multiple comparisons.
Significances of p-values: * < 0.05; ** < 0.005; *** < 0.001. Data are
displayed as mean * SD.

3. Results
3.1. Clinical characteristics

The family history is unremarkable regarding metabolic and neu-
rological disorders. Abnormalities during pregnancy comprised patho-
logical nuchal fold, mild intrauterine tricuspid insufficiency and ara-
chnoid cyst. The patient was born in the 39th week of pregnancy with a
birth weight of 3270 g (40th percentile), length of 50 cm (25th per-
centile) and head circumference of 35.5 cm (70th percentile). Directly
after birth a remarkable cutis laxa predominantly at the abdomen, arms
and legs (Fig. 1, A) was observed. In the 3rd month of life the patient
was diagnosed with splenomegaly and in the 6th month it was found
that the small fontanelle was bigger than the large fontanelle. A turri-
cephalus, high forehead, small interocular distance, pseudostrabismus,
exocrine pancreatic insufficiency (trypsin < 2.5ug/l, ref. wval.
10.0-57.0 pg/l; pancreas elastase < 15.0 pug/g, ref. val. > 200.0 ug/
g) and joint hypermobility of fingers, elbows and knees were observed,
as well. Further symptoms included muscular hypotonia and hepato-
megaly (midclavicular length 8 cm) with hepatopathy without choles-
tasis. In relation to this, investigations showed elevated AST (110 U/],
ref. val. < 40U/1) and ALT (69 U/, ref. val. < 45 U/1). The patient
also presented with developmental disability, failure to thrive, diarrhea
and glomerular and tubular dysfunction. He began to speak, slightly
delayed, with the age of 1 Y% years. The severe diarrhea due to pan-
creatic insufficiency was successfully treated with Kreon (25,000 U/
day) and the decreased blood fat-soluble vitamins A, D, E and K were
substituted. Additionally, hematological abnormalities comprised nor-
mocytic anemia (hemoglobin 8.7 g/dl, hematocrit 24.1%), thrombo-
cytopenia (83,000/ul) and coagulant dysfunction (e.g. PTT 60.3 s, ref.
val. < 37 s; ATIII 38%, ref. val. 80-120%; fibrinogen 1.3 g/dl, ref. val.
1.8-3.5 g/dl). Laboratory investigations showed elevated total choles-
terol (207 mg/dl, ref. val. < 170 mg/dl) as well as reduced copper
(5.5 umol/1, ref. val. 12.6-19.0 umol/1) getting along with reduced
ceruloplasmin (0.15 g/1, ref. val. 0.2-0.6 g/1). Recurrent infections and
reduced amounts of antibodies after vaccinations (e.g. measles, mumps,
rubella, varicella) pointed towards immunodeficiency and laboratory
results revealed reduced immunoglobulin (IgG 474.0 mg/dI, ref. val.
572.0-1474 mg/dl; IgA 14 mg/dl, ref. val. 34-305 mg/dI). Psycho-
motor development was grossly normal. At the age of 5 he learned to
bike and swim. He joined a regular preschool till the age of 6 and then
changed to elementary school. Furthermore the spleen was enlarged
(120 mm X 40 mm) but showed a normal echographic pattern. The
accessory spleen which had already been noticed at age 6 with a dia-
meter of 1.5cm x 1.8 cm had a size of around 16 mm. No signs of
ascites were found. At age 8 8/12 his height was 135.7 cm (between
50th-75th percentile) with a body weight of 27.8 kg (50th percentile).
The right liver lobe was enlarged (77 mm x 110 mm) and showed two
hyperechogenic alterations in segment II and segment V, without signs
of cirrhosis. Electrocardiography, electroencephalography and motoric
nerve conduction velocity (tibial nerve) were normal. His skin looked
fair with sheer veins and mild cutis laxa still persisting around the
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Fig. 1. Symptoms of cutis laxa and confirmation of an N-
glycosylation deficiency by serum transferrin IEF of patient
and control samples. (A) Patient at one week of age with
cutis laxa most noticeable around the thighs and the ab-
domen (arrows). (B) Consecutive improvement of cutis laxa
with patient growth. Residual wrinkly skin between chest
and abdomen at the age of 14 months (arrows). (C) Serum
samples of a control (lane 1) and the patient (lanes 2-3)
were investigated by serum transferrin IEF. Numbers 0 to 4
indicate asialo-, monosialo-, disialo-, trisialo- and tetra-
sialotransferrin, respectively. Please note that the serum
sample used in lane 2 was from the year of birth (2008) and
that of lane 3 was taken in 2017 showing a mild improve-
ment of hypoglycosylation. Quantification of transferrin
isoforms can be found in the text. (D) Core-1 mucin-type O-
linked glycans of ApoCIII of a healthy control (lane 1), a
CDG-II positive control (COG6-CDG, lane 2) and the
ATP6AP1-CDG patient (lane 3) were investigated by IEF.
ApoClIIl,, ApoCIll; and ApoClll, indicate the amount of
sialic acid residues linked to ApoCIIL

abdomen. Nevertheless, cutis laxa improved significantly over time at
arms and legs, and persisted mainly in a milder form around the ab-
domen (Fig. 1, B). Blood coagulation normalized. Meanwhile (2018) he
is visiting a regular high school.

3.2. Hypoglycosylation of serum transferrin but control-like apolipoprotein-
CIII pattern

The patient was tested for CDG by isoelectric focusing (IEF) of
serum transferrin (Fig. 1, C). In 2008 a CDG type II pattern was found:
tetrasialotransferrin 28.4%, ref. val. 30.0%-55.0%; trisialotransferrin
21.3%, ref. val. 4.0%-17.5%; disialotransferrin 14.7%, ref. val. 5.0%-
13.5%; monosialotransferrin 7.9%, ref. val. 0.0%-3.0% and asialo-
transferrin 6.1%, ref. val. 0.0%-2.0%. In 2017 the quantity of tetra-
sialo-(38.4%) and asialotransferrin (1.6%) reached normal values.
Trisialo-(31.3%) and disialotransferrin (21.3%) were slightly more
pronounced, whereas monosialotransferrin (7.3%) was slightly dimin-
ished. An IEF of serum apolipoprotein-CIII (ApoCIII; Fig. 1, D) to in-
vestigate core 1 mucin type O-glycans revealed normal values for the
three different ApoCIII isoforms (ApoCIll, 45.3%, ref. val.
27.4%-60.0%; ApoCIIL; 38.7%, ref. val. 33.1%-66.9%; ApoCIIl, 15.9%,
ref. val. 0.0%-11.6%).

3.3. N-glycan analysis revealed reduction of complex sialylated and
emergence of truncated diantennary structures

Serum glycans were measured on reflectron positive MALDI-TOF-
MS after sialic acid stabilization (Fig. 2, A). In contrast to the controls
(n = 6; age-matched) our patient (serum from 2008) showed increased
truncated diantennary structures (Fig. 2, B). Aside from the most pro-
minent peak for MansGlcNAc, (H5N2, m/z 1257.42; H = hexose,
N = N-acetylhexosamine) which presented with a 4.6 times higher
value, the core fucosylated truncated (i.e. non-galactosylated) dia-
ntennary glycan (H3N4F1, m/z 1485.54, 3.78-fold higher; F = fucose)
and the not fucosylated GlcNAc,ManzGlcNAc, glycan (H3N4, m/z
1339.48, 2.96-fold higher) as well as Man,GlcNAc, species (H7N2, m/z
1743.58, 2.94-fold elevated) were considerably elevated. In parallel, we
detected a general reduction of complex sialylated structures from
H5N4E2 (m/z 2355.82; E = 2,6-linked N-acetylneuraminic acid) to
H7N6E1L3 (m/z 3532.23; L = 2,3-linked N-acetylneuraminic acid)
with values ranging from 0.93 for HGN5F1E1L1 (m/z 2766.96) to 0.26
for H6NSF1E2L1 (m/z 3086.09). Next to the shorter complex-type
sugar moieties the overall distribution of N-glycans in the ATP6AP1-
CDG patient revealed a shift from complex type to more mannose-rich
and hybrid type glycans in comparison to controls. While in controls the
ratio between complex type, mannose-rich and hybrid type N-glycans
was about 96.6% =+ 0.6% to 2.1% * 0.4% to 0.7% = 0.2%, in the
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Fig. 2. Glycan acylcarnitine and amino acid analyses by mass spectrometry. (A) Mass spectrometry N-glycan profile of a patient and control sera. (B) Quantification of N-glycans relative
to the controls (mean set to 1). The symbols for sugar residues used are indicated in (B). In (C) electrospray ionization tandem mass spectrometry (ESI-MS/MS) of amino acids and in (D)
of acylcarnitines from fibroblast homogenates of patient and controls was performed. Patient results (vertical blue bar) were compared to control results, set to 100% (horizontal red bar).
(C) Most amino acids are reduced with the exception of Met and Trp which are slightly upregulated. (D) In general, short-chain acylcarnitines are decreased, and medium- to long-chain

acylcarnitines increased.
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Fig. 3. Characterization of the mutated ATP6AP1 on DNA, protein and cellular level. (A) Sanger sequencing confirms the hemizygous mutation ¢.542 T > G in exon 4 of the patient's
ATP6AP1 gene on the X-chromosome. The father is unaffected whereas the mother is the heterozygous carrier. (B) The ATP6AP1 mutation p.L181R affects a highly conserved amino acid
within species. (C) Quantification of patient's ATP6AP1 by Western blot analysis revealed a reduction in comparison to controls. (D-I) Inmunofluorescence studies in patient-derived
fibroblasts showed a reduced signal for ATP6AP1 in comparison to the control, but a control-like co-localization with ERGIC-53. Magnification 63 X, bar: 10 pm.

patient values of 94.2% to 4.0% to 1.2% were measured. Although the
complex types (minus of 3%) were not significant, a significant plus of
93% for the mannose-rich and 80% for the hybrid structures was de-
tected (Suppl. Table 1).

3.4. Whole exome sequencing identified a mutation in the ATP6AP1 gene

Whole exome sequencing showed the new hemizygous mutation
¢.542T > G in exon 4 of the X-linked (Xq28) ATP6AP1 gene. This was
confirmed by Sanger sequencing (Fig. 3, A). The patient's father is
unaffected while the mother is the heterozygous carrier of the mutation
leading to the amino acid exchange p.L181R. As leucin 181 is located in
a highly conserved stretch of ATP6AP1 (NP_0011774.2) across species
(Fig. 3, B), a significant role of this amino acid for the protein's function
is assumed.
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3.5. Reduced amount of ATP6API1 protein due to mRNA depletion but
normal protein localization in the cell

On Western blot analysis, ATP6AP1 of the patient was reduced to
48.9% =+ 1.9% (Fig. 3, C). As this could either be due to instability of
the mutated protein or the patient's ATP6AP1 mRNA, qRT-PCR studies
were initiated which revealed that the quantity of the patient's
ATP6AP1 mRNA was reduced to 57% = 1%. Immunofluorescence
studies further showed that the mutated protein is located in a control-
like manner in the cell characterized by co-localization of ATP6AP1
with ERGIC-53 (Fig. 3, D-I), though presenting with a weakened
fluorescent signal. No co-staining of ATP6AP1 with GM130 was seen
(data not shown).

3.6. Retarded cell growth with prolonged doubling and reduced proliferation
time

As the patient's fibroblasts grew much slower than control cell lines,
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Fig. 4. Analysis of cell growth. (A) XCelligence device analysis of cell proliferation of a control (green) and the patient (blue) measured over 5 days. (B) ATP6AP1-deficient cells needed
about three times longer for doubling compared to control fibroblasts and showed a significantly reduced cell proliferation (C). (D) Western Blot analysis of BiP (HSP70, normalized to -
actin) in the patient's fibroblasts detected a slightly elevated but significant difference between control and patient, whereby the expression of HiFla was not affected in the patient (E).

we measured the cells” doubling time and proliferation. Comparison of
the slope values measured during the logarithmic growth phase (be-
tween ~58 h to 84 h; Fig. 4, A) showed that the patient's fibroblasts
needed 2.7 times longer (65.2h *+ 8.1 h; controls 24.2h + 0.5h;
Fig. 4, B). Besides, the proliferation of the patient's fibroblasts was se-
verely reduced to 9.4% * 1.1% in contrast to the control (Fig. 4, C).
To investigate whether ER stress or hypoxia-mediated apoptosis was
causal, we determined the level of BiP and HiF1-a by Western blotting
and found a small but significant upregulation of BiP (110.4% = 5.1%,
*p < 0.028; Fig. 4, D), whereas HiFl-a remained control-like
(105.9% = 6,4%; Fig. 4, E). Morphological investigations by electron
microscopy could not reveal consistent abnormalities in the patient fi-
broblasts (data not shown).

3.7. ATP6AP] deficiency impacts the amino acid and acylcarnitine
composition in fibroblasts

Next we investigated if the ATP6AP1 deficiency influences the
amino acid and acylcarnitine composition, as well as cellular lipid
homeostasis. Tandem mass spectrometry analysis of homogenates de-
rived from patient and control fibroblasts (set to 100%) showed that the
patient's amino acid levels were at borderline or even reduced (Fig. 2,
C) with alanine (59.6% =+ 24.7%), threonine (72.2% =+ 21.6%), as-
partic acid (65.1% =+ 9.1%), ornithine (73.2% =* 26.6%), arginine
(71.3% * 19.3%), citrullin (60.9% * 11.1%), homocitrulline
(54.9% =+ 24.3%) and argininosuccinate (47.1% =+ 20.0%) as lowest-

rated metabolites. Acylcarnitine analysis showed an overall reduction
of short-chain as well as accumulation of several medium- to long-chain
acylcarnitines in the patient fibroblasts (Fig. 2, D). Regarding the short-
chain metabolites, carnitine (CO, 3.0-fold), propionylcarnitine (C3, 4.7-
fold), butyrylcarnitin (C4, 2.3-fold) and isovalerylcarnitine (C5, 3.6-
fold) were strongly reduced, whereas 3-hydroxyisovalerylcarnitine + -
hydroxymethylbutyrate (C50H + HMB, 1.1-fold) and the medium-
chain acylcarnitines octanoylcarnitine (C8, 1.3-fold), decenoylcarnitine
(C10:1, 1.2-fold) and decanoylcarnitine (C10, 1.0-fold) were increased.
Most notably, several long-chain acylcarnitines were elevated, pre-
dominantly 3-hydroxy-3-methylglutaric- (3HMG, 1.6-fold), tetra-
decenoyl- (C14:1, 1.4-fold), 3-hydroxytetradecenoyl- (C140H, 1.6-
fold), hexadecenoyl- (C16:1, 1.8-fold), hydroxyhexadecanoyl- (C160H,
1.6-fold) and octadecanoylcarnitine (C18, 1.6-fold). Only octadeca-
dienyl- (C18:2, 1.0-fold), hydroxyoctadecenoyl- (C18:10H, 1.0-fold)
and hydroxyoctadecanoylcarnitine (C180H, 1.4-fold) were diminished.
Interestingly, a significant increase of the saturated, very long-chain,
branched phytanic 1498% = 37,3% (***p < 0.00002) and pristanic
acid 870% =+ 30% (***p < 0.0008) was detected.

3.8. ATP6AP1 depletion affects the lipid homeostasis

CuSOy-treated fibroblasts stained with Oil Red O showed an ele-
vated signal intensity in patient cells (189.2% =* 46.6%,
***p < 0.0002; controls 100% =+ 15.5%; Fig. 5, A, B and C), sug-
gesting an impairment of lipid homeostasis. Mass spectrometry analysis
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Fig. 5. Analysis of the cellular lipid homeostasis and
ACOX3 expression. Staining of lipids in control (A) and
patient fibroblasts (B) with Oil Red O after stressing with
CuSO,4 showed a more pronounced coloration in case of
the ATP6AP1-CDG patient. (C) Quantification of the
staining intensity in control and patient-derived fibro-
blasts. (D) Peroxisomal function was assessed by
Western blotting with an antibody against ACOX3 which
showed a diminished signal in case of the patient. (E)
Nano-electrospray ionization tandem mass spectrometry
of cellular lipids showed alterations in the main lipid
classes. While phosphatidylcholine (PC) and phosphati-
dylethanolamine (PE) were decreased, cholesterol (Chol)
was enriched in the patient's fibroblasts (left part).
Within the minor lipid species, hexosyl ceramide
(HexCer) was significantly reduced, while ceramide
(Cer) was significantly increased (right part). (F) As to
the plasmalogens (P-16:0 and P-18:0) elevated levels of
18:1, 20:4 and 22:4 species and reduced amounts of
22:5-22:6 species were present in the patient. (G)
Measurement of cholesteryl esters (CE-14:0 to CE-22:6)
revealed a broad lipid dysregulation. Lipid abbreviations
are mentioned below.
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of cellular lipids revealed some minor but significant alterations within
the main lipid classes (Supp. Table 2). At the expense of phosphati-
dylcholine (PC; 28.8 mol% = 1.0 mol%, *p < 0.009) and phosphati-
dylethanolamine (PE; 10.9 mol% =+ 0.5 mol%, *p < 0.03), cholesterol
(Chol) was slightly enriched in the patient's fibroblasts (24.7 mol
% * 0.9 mol%, **p < 0.002) in contrast to the control (PC, 31.4 mol
% 0.6 mol%; PE, 12.9mol% =+ 1.3mol%; Chol, 21.5mol
% 0.2 mol%). Within the minor lipid species, hexosyl ceramide
(HexCer; 0.13mol% =+ 0.01 mol%, **p < 0,003) was significantly
reduced, while its immediate precursor ceramide (Cer; 0.36 mol
% = 0.02mol%, **p < 0.002) was significantly increased (0.18 mol
% = 0.01 mol% HexCer; 0.26 mol% = 0.02 mol% Cer) (Fig. 5, E). In
addition, abnormalities of the plasmalogens (16:0 and 18:0) were de-
tected, indicated by significantly elevated levels of 18:1, 20:4 and 22:4
species in combination with significantly reduced amounts of 22:5 and
22:6 species (Fig. 5, F). Besides, allocation of cholesteryl esters (CE) was
impacted as well, designated by several significantly deregulated me-
tabolites between CE-16:0 and CE-22:6 (Fig. 5, G). From CE-16:0 to CE-
19:1 we found an increase of lipids in the patient samples whereas lipid
species from CE-20:1 to CE-22:6 were decreased (Suppl. Table 2). Si-
milar effects were seen for the PE lipid class and phosphatidylserine
(data not shown).

+ 1+ 1

3.9. Reduced ACOX3 expression and diminished catalase activity point to
dysregulation of the peroxisomal f3-oxidation

Finally we focused on the peroxisomal R-oxidation. The expression
of ACOX3 was significantly reduced in patient fibroblasts
(80.7% = 5.4%, ***p < 0.003; control 100% = 2.9%; Fig. 5, D).
Moreover, catalase activity was significantly diminished with a residual
activity of 0.72 nmol/min/ml (63.02% = 0.08%; control, 1.14 nmol/
min/ml, 100% * 0.03%). Both results indicate an effect on perox-
isomal function.

4. Discussion

Deficiencies in several subunits of the V-ATPase multi-subunit
complex lead to hypoglycosylation of proteins and subsequently to
different CDG types. Here we describe a patient with a hemizygous
mutation in ATP6AP1, one of the accessory subunits of the vacuolar
H*-ATPase (V-ATPase).

Although no neurocognitive deficits, epilepsy, signs of hearing loss
or ocular impairment were noted, our patient presents several features
found in the recently reported 11 ATP6AP1-CDG patients as liver and
spleen involvement, low amount of immunoglobulins and bad outcome
after vaccinations [14] (OMIM: 300197). Concerning the patient's im-
munological deficits, it is interesting to note the detected low level of
ceruloplasmin, the main transport protein of copper in blood. As it
normally binds > 90% of the total copper amount [24], its reduction
can subsequently lead to copper shortage. Next to zinc and iron, copper
displays the third most important essential trace element in men in
fulfilling broad tasks e.g. as cofactor for several enzymes, in hemato-
poiesis and by supporting the immune system [25,26,27]. A connection
between X-linked cutis laxa and a copper-dependent enzyme displays
the lysyl oxidase which is necessary to cross-link collagen and elastin in
the extracellular matrix [28,29]. In addition to the dermal phenotype
patients also showed reduced copper and ceruloplasmin [30,31]. Be-
sides, acquired cutis laxa can be caused by administration of copper
chelators as penicillamine which was shown in patients with Wilson's
Disease [32]. Interestingly, the skin phenotype of our patient mostly
regressed within the next 14 months. This has also been observed in
other CDG caused by defects in alternative subunits of the V-ATPase
complex: ATP6V0OA2, ATP6V1A and ATP6V1E1 [7,33]. Currently, the
clinical presentation of the different V-ATPase deficiencies shows dis-
tinct variances, which could support the identification of the underlying
defect of new CDG-II patients with cutis laxa. In ATP6VOA2-CDG the
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cutis laxa symptoms improve and there is no brain involvement, com-
parable to ATP6AP1-CDG. But in ATP6VOA2-CDG the mainly affected
organs are eyes, neuromuscular system and skeleton [34,35], not liver
or spleen. In ATP6V1A-CDG cutis laxa also declines but cardiac in-
volvement and neurological symptoms as epilepsy and speech disability
dominate. Consistent with ATP6AP1-CDG, in ATP6V1E1-CDG no neu-
rological involvement is detected but cutis laxa does not improve [7].
However, due to the small number of known V-ATPase deficient pa-
tients, this clinical spectrum is still evolving.

In addition exocrine pancreatic insufficiency was detected, which
presumably resulted in diarrhea, growth retardation and a reduced
absorbance of the fat-soluble vitamins A, D, E and K. Vitamin A defi-
ciency causes dryness and keratinization in epithelial cells of the skin,
the respiratory, gastrointestinal and urogenital tracts, all of which are
initial preventative systems against infections. These disruptions can
lead to a general decrease in the body's ability to eliminate infections
[36,37,38]. Low levels of vitamin D, E and K have been observed in
patients with respiratory infections and general problems in immune
response. Vitamin D is also important for skin health, regeneration,
function and elasticity [39,40,41,42,43]. The lack of vitamins together
with a potential reduced lysyl oxidase activity could have contributed
to the skin phenotype and higher infection rate of the patient in infancy
before oral vitamin supplemenation.

Although the physical and cognitive progression of our patient is
very satisfying (2018), the glycosylation defect is still present albeit in a
less pronounced status than in his first year (2008). The investigation of
the patient's N-glycans by mass spectrometry showed in particular
diantennary structures with loss of N-acetylglucosamine, galactose and
sialic acid residues in parallel to an overall reduction of complex sia-
lylated structures. A comparable result is also reflected in patients
suffering from the other V-ATPase defects [7,14,33] and hints to a
broad pH-dependent mismanagement of Golgi glycosyltransferases.
Notably, a pronounced accumulation of MansGlcNAc, (H5N2) was
present. Since the flow into the direction of complex-type moieties is
diminished, one could speculate that HSN2 emerged due to a potential
feedback at the level of the medial Golgi GIcNAc transferase MGAT1
which controls the synthesis of hybrid and complex-type N-glycans
[44]. Since we did not only detect a shift towards more hybrid struc-
tures (~plus 80%) but also a prominent shift to mannose-rich struc-
tures (~ plus 90%) on proteins, a diversion to these alternative N-glycan
pathways can be assumed.

The new mutation in the ATP6AP]1 gene c¢.542T > G (p.L181R)
concerns a highly conserved amino acid within species. Quantitative
RT-PCR studies revealed that the decrease of the ATP6AP1 protein
quantity (~49%) detected by Western blot and immunofluorescence
analyses was due to a decreased mRNA amount (~57%). We did not
further address if either reduced ATP6API-mRNA synthesis or mRNA
instability were causal.

The biochemical impact of the mutated ATP6AP1 results in a sig-
nificantly elongated doubling time and reduced proliferation of the
patient's fibroblasts. We could exclude apoptosis as a cause. ER stress
was slightly elevated and levels of several amino acids were borderline
and some even reduced. Both could affect cell viability [45,46]. In fi-
broblasts, we also detected an altered acylcarnitine and lipid home-
ostasis mostly marked by a significant increase of the saturated, very
long-chain, branched pristanic and phytanic fatty acids as well as by
diminished amounts of phosphatidylcholine and phosphatidylethano-
lamine, whereas cholesterol and ceramide were elevated. Abnormalities
of the plasmalogens, phosphatidylserine and the cholesteryl esters were
also observed and pointed to a defect in the peroxisomal B-oxidation.
This was further confirmed by a significantly diminished ACOX3 ex-
pression and a significantly reduced catalase activity. Nevertheless, its
mechanism remains to be elucidated.



B. Dimitrov et al.

5. Conclusion

In conclusion, we could show that deficiency of the accessory sub-
unit ATP6AP1 of the V-ATPase leads to a broad spectrum of abnorm-
alities characterized by shortening of protein bound N-glycans in serum
and dysregulation of the amino acids as well as lipid homeostasis in
fibroblasts. We hereby extend the knowledge on this rare type of CDG,
which will help to understand its phenotype, in particular the cutis laxa,
immunological and liver abnormalities.
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