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ABSTRACT 

The ATP-binding cassette subfamily A member 2 (ABCA2) gene encodes an ABC transporter protein. 

Biallelic loss-of-function variants in ABCA2 have been associated with an intellectual disability disorder. 

We aimed to delineate the phenotypic spectrum of individuals with monoallelic (MV) or biallelic (BV) 

variants in the ABCA2 gene. We collected clinical data via questionnaires and literature review. The 

ABCA2 protein was constructed using homology modeling. Untargeted plasma metabolomics was 

performed at Metabolon Inc. A docetaxel toxicity cell culture model system was used to study the 

effect of plasmid-encoded ABCA2 and four ABCA2 variants (p.Asp615Glu, p.Phe754Ser, p.Ile786del, 

p.Arg926Trp) on cell viability. Seventeen individuals with seventeen candidate ABCA2 variants were 

identified (seven MV, ten BV). Protein modeling predicted a likely significant impact for eight of 13 

assessed variants. In cell viability assays, enforced expression of wild type ABCA2 reduced viability in 

docetaxel-exposed cells. In contrast, none of the four variants affected viability, suggesting a loss or a 

marked reduction in transporter function. Untargeted metabolomics of three samples from two 

individuals showed a trend toward lower levels of polyunsaturated acylcarnitines. This study describes 

17 individuals with candidate variants in the ABCA2 gene. The cell viability assays revealed that four 

variants (p.Asp615Glu, p.Phe754Ser, p.Ile786del, p.Arg926Trp) had an altered ability to function as a 

transporter compared to wild type ABCA2. Further studies are needed to clarify the pathomechanism 

of ABCA2 and the clinical significance of the variants. 

 

Keywords: ABCA2, neurodevelopmental disorder, untargeted metabolomics, cell viability assay  
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Introduction 

The plasma membrane of cells and the membranes of eukaryotic organelles contain ATP-binding 

cassette (ABC) transporters.1 The family of ABC transporters comprises energy-dependent 

transmembrane proteins that actively facilitate the transport of molecules, spanning from simple 

compounds like sugars and fatty acids to complex ones such as polysaccharides and lipids.2 Since the 

discovery of the ABC transporter B1 in 19763, at least seven ABC transporter subfamilies with over 

forty genes have been identified in humans.4  

The ATP-binding cassette subfamily A member 2 (ABCA2) protein, encoded by the ABCA2 gene 

(HGNC:32, MIM: 600047), is composed of conserved ABC transporter domains, specifically two 

transmembrane (TM) domains and two nucleotide-binding domains with an intervening loop domain.4 

Abca2 was initially identified in embryonic mouse brain tissue.5 ABCA2 is an endolysosomal membrane 

protein that mediates cross-membrane transportation of various substances, and it has been 

implicated in the modulation of sterol, sphingolipid, and cholesterol metabolism.4,6,7 Abca2 has high 

expression in brain tissue, and knockout mice display neurological symptoms consistent with aberrant 

myelination.8,9 Homozygous loss-of-function variants have been described as the cause of intellectual 

disability (ID) with poor growth and with or without seizures or ataxia (MIM: 618808) in seven 

individuals10–12, and in 2024, a similar phenotype was reported by Inoue et al13 in an individual with 

compound heterozygous variants. 

This study aimed to further delineate the ABCA2-related phenotype. We hypothesized that ABCA2 

pathogenic variants could exhibit both autosomal dominant and recessive inheritance patterns, as has 

been observed for an increasing number of genes. In 2025, Ezer et al. summarized the characteristics 

of known genes with multiple inheritance patterns and cautioned geneticists not to discard potential 

disease-causing variants solely based on inheritance.14 Pathogenic variants in two other members of 

the ATP-binding cassette family, ABCA1 (HGNC:29, MIM: 600046) and ABCC9 (HGNC:60, MIM: 

601439), are known to have different inheritance patterns.15–17 

Jo
urn

al 
Pre-

pro
of



6 
 

We collected clinical, biochemical, and molecular data of 17 patients with mono- or biallelic candidate 

variants in the ABCA2 gene. Further analyses were possible in five individuals (three with heterozygous 

variants and two siblings with a homozygous variant) – cell viability assays with all four variants and 

untargeted metabolomics analysis in three samples from two of these individuals. 

 

Subjects, material, and methods  

 

Cohort description 

The study has been conducted in accordance with the Declaration of Helsinki. Prior to enrolment, 

informed consent was obtained from the participants in compliance with protocols approved by the 

institutional review board (IRB) or equivalent ethics committee of each participating institution: 

Friedrich-Alexander-Universität Erlangen-Nürnberg, Germany (#259_16 Bc); AlBashir Hospital, Jordan; 

University of Tartu, Estonia [#259/T-2 (16.05.2016), #263/M-16 (17.10.2016), #269/M-18 

(17.04.2017), #283/M-10 (18.06.2018), #287/M-15 (19.11.2018), #327/T-3 (19.10.2020), #366/M-6 

(15.08.2022), #371/M-13 (21.11.2022)]; University Hospital Heidelberg, Germany; Fudan University, 

China; University of Siena, Italy; Strasbourg University Hospital, France; King Faisal Specialist Hospital 

and Research Centre, KSA (RAC# 2121 053); Legacy Emanuel Medical Center, USA; Boston Children's 

Hospital, USA; Johns Hopkins Aramco Healthcare Center, Saudi Arabia; Alfaisal University, Saudi 

Arabia.Consent for publication of facial photographs was obtained separately. 

We collected data from 17 affected individuals in 15 unrelated families worldwide. International 

collaboration was established using the Broad seqr18 and GeneMatcher19 nodes of the Matchmaker 

Exchange platform.20 For all individuals, we asked the clinicians to fill in a questionnaire about birth 

anomalies, early childhood psychomotor development, brain imaging, laboratory findings, and a 

current clinical description (Table S1, Supplemental note: case reports). If available, we collected facial 

photos to supplement the potential dysmorphism descriptions and plasma samples for untargeted 

metabolomics. 
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Due to limited resources, a selection of individuals for the cell viability assay had to be made. Based on 

molecular data, in silico pathogenicity predictions, and the availability of plasma samples for 

metabolomics, we decided to focus on five persons from four families in our study cohort (individuals 

1, 3, 5-7). Individuals 3 and 5 were included because metabolomics data were available; individual 4 

was excluded because the metabolomics sample was obtained shortly before the patient’s death and 

was therefore not included in subsequent analyses. Individual 1 was selected as it harbored a de novo 

heterozygous missense variant with in silico predictions ranging from benign supporting to likely 

pathogenic, and we hypothesized that additional experimental evidence could help clarify its 

classification. Individuals 6 and 7 were included to evaluate homozygous variants; as siblings, they 

provided an opportunity to assess the same variant in two individuals. Moreover, because their variant 

was an in-frame deletion, fewer in silico predictions were available compared to missense variants. 

During the preparation of this manuscript, a case was published with a review of the available 

literature; therefore, we based the layout of Table 1 on the summary by Inoue et al.13 to facilitate 

comparison. Additionally, we included the available data from published cases in Tables S1, S2, S3.10–

13 

Molecular analysis 

Variants in the ABCA2 gene were detected by exome sequencing in all individuals. The specifics of 

molecular analysis platforms and pipelines are provided in Table S3. 

We looked at different in silico prediction scores, such as CADD21, REVEL22, and AlphaMissense23; the 

first two are also included in the meta-score MetaRNN24. MetaDome 2.025 was used to analyze and 

visualize whether the missense variants are located in a region intolerant to missense variation in the 

ABCA2 gene/protein (GENCODE: ENST00000341511.11, RefSeq: NM_001606.5, UniProt: Q9BZC7-3). 

The automated ACMG classification26 was generated using the variant data discovery tool Varsome27 

and manually curated to include the inheritance type. The variant nomenclature was checked using 

VariantValidator28, and RefSeq NM_001606.5 is used throughout the manuscript. The in silico 

predictions are summarized in Table S2, and the MetaDome visualization is shown in Figure 1. 
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3D structure of human ATP-binding cassette sub-family A member 2 

ABCA2 protein was constructed by homology modeling techniques using the published structures of 

ABCA1 protein (PDB id: 5XJY)29 and various states of ABCA4 protein (PDB ids: 7E7I, 7E7O, 7E7Q, 7M1P, 

and 7M1Q)30,31. The model was built using the SWISS-MODEL server (https://swissmodel.expasy.org). 

The model quality was assessed using standard methods for protein structure evaluation. Overall, the 

structural quality fell within the acceptable range for homology-based structures. The values obtained 

were as follows. The MolProbity Score32 was 3.0 (values of 2.0–3.0 are indicative of average mid-

resolution structures; a score of 1.5–2.0 is considered high quality; scores above 3.0 indicate less 

accurate structures). The QMEANDisCo Global Score33 was 0.58 ± 0.05 (values of 0.5–0.6 are indicative 

of reliable models; a score above 0.70 is considered high quality; scores around 0.6 or higher are 

generally seen as reliable; models with scores below 0.5 are often deemed low quality). The ModFOLD9 

global quality score34 was 0.62 (range between 0 and 1: scores greater than 0.4 generally indicate 

confident models). Additionally, the obtained model was compared with a model generated using the 

Alphafold-3 server (https://alphafoldserver.com). The RMSD value difference between the alpha 

carbon positions in the two models was less than 2.0 Å, with an average pLDDT score35 for the server 

model of 70.25 (values of 70–90 indicate a high score). Figures were generated using the Pymol 

Molecular Graphics System (Schrödinger, LLC, Portland, OR). The protein structure and the positions 

of ABCA2 variants are shown in Figure 1, and the animated 3D model is in Supplemental Video 1. The 

model represents the phospholipid-bound state of the protein, and three phospholipid molecules are 

included in the transmembrane (TM) domain of the model. Two luminal (intralysosomal) asparagine 

residues (Asn477 and Asn1678) are shown in a glycosylated state as they correspond to two conserved 

Asn positions of the ABCA4 protein, where their glycosylation has been experimentally determined. 

The model is based on the Q9BZC7-3 isoform of the protein, as this corresponds to the transcript 

NM_001606.5 used for describing the genetic variants. The length of this isoform differs by one amino 
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acid from the canonical Q9BZC7-1 isoform because the Q9BZC7-3 isoform has valine and serine instead 

of an alanine at positions 54-55. 

 

Untargeted metabolomics 

For untargeted metabolomics (including lipidomics) analysis, four mL of EDTA plasma was collected 

from two individuals (individuals 3 and 5); in individual 3, two samples were obtained at different time 

points. The collected samples were frozen (-80°C) and shipped out to Metabolon Inc. in the USA, where 

the untargeted metabolomic profiling test was used for analysis.36 This Laboratory-Developed Test 

(LDT), performed in a CLIA-certified laboratory, detects over 800 small molecules (ranging from 50 to 

1,500 Daltons in molecular weight). The test uses four different methods of high-performance Ultra 

Performance Liquid Chromatography (UPLC) instruments paired with Mass Spectrometry (UPLC/ 

MS).37 Detected molecules were identified by comparison to a chemical reference library, with unique 

biochemical entries characterized by accurate molecular mass, including information on any 

adductation, in source fragmentation, and/or polymerization (typically dimers and trimers) and 

retention time/index on the chromatography columns. The results were reported as Z-scores and were 

calculated using a reference cohort of 866 pediatric samples (~50% male and ~50% female). These 

comparisons were made to provide the most relevant reference ranges for each biochemical, since 

multiple biochemicals can change in abundance during aging. Individual concentrations were not 

reported. 

 

Cell viability assays 

Plasmids 

We designed plasmids which express the protein coding region of ABCA2 transcript 1 (NM_001606.5, 

protein isoform Q9BZC7-3) (the plasmid was named pCV-ABCA2) or the same coding region containing 

the disease-associated genetic variation c.1845C>A (the variation in the encoded amino acid sequence 

is p.Asp615Glu; the plasmid was named pCV-Asp615Glu), c.2261T>C (p.Phe754Ser; plasmid pCV-
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Phe754Ser), c.2356_2358del (p.Ile786del; plasmid pCV-Ile786del) or c.2776C>T (p.Arg926Trp; plasmid 

pCV-Arg926Trp). Myc-tag and Flag-tag were fused to the C-terminus of ABCA2 or its variants encoded 

by the plasmids, and the proteins are expressed under the control of human cytomegalovirus 

immediate early enhancer/promoter. A plasmid construct containing a 249-bp DNA segment encoding 

amino acids 2-83 of E. coli β-galactosidase, instead of ABCA2 or its variants, was used as a control 

plasmid (negative control). The plasmids were prepared by VectorBuilder (Chicago, USA). Expression 

plasmid for Enhanced Yellow Fluorescent Protein (pEYFP) (Clontech) was used as a control for 

transfection efficiency. 

Cultivation of cells 

HEK293 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM; 4.5 g/L D-glucose) 

supplemented with 10% fetal bovine serum (FBS) and 1× penicillin-streptomycin at 37 °C in a 5% CO2 

atmosphere (all medium components from Gibco, Paisley, UK). 

Real-Time quantitative PCR (RT-qPCR) and immunoblot analysis 

To analyze the expression of plasmid-encoded ABCA2 and its variants, HEK293 cells were seeded onto 

poly-L-lysine-coated 12-well plates (3.5 × 105 cells per well) and transfected with the corresponding 

expression constructs using Lipofectamine 3000 Transfection Reagent (Invitrogen) according to the 

manufacturer’s instructions. Cells were collected 40 h post-transfection and analyzed via RT-qPCR and 

immunoblot to investigate gene expression. In addition, untransfected HEK293 cells treated with 

docetaxel for 24 h or left untreated were collected to measure mRNA levels. For RT-qPCR analysis, 

total RNA was extracted from cells using TRIzol (Invitrogen), quantified with the NanoDrop 1000 

spectrophotometer (Thermo Scientific), treated with DNase I and reverse-transcribed into cDNA using 

a FIREScript reverse transcriptase (Solis BioDyne). RT-qPCR was performed as described previously.38 

Control qPCR reactions without a reverse transcription step were performed to confirm the elimination 

of DNA contamination in RNA samples. The primer pairs used were 5′-CACCTGAAGAACCGGTTTGG-3′ 

and 5′-AGATGTGCTCCGACTTGAGC-3′ for human ABCA2 mRNA amplification and 5′-

TGCACCACCAACTGCTTAGC-3′ and 5′-GGCATGGACTGTGGTCATGAG-3′ for glyceraldehyde-3-phosphate 
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dehydrogenase (GAPDH) mRNA amplification (used as the endogenous reference for expression level 

normalization). 

For immunoblot analysis, cells were lysed in RIPA buffer (50 mM Tris-HCl pH 8, 150 mM NaCl, 1% NP-

40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mM NaF, and complete protease inhibitor cocktail 

(Roche)). The lysates were incubated on ice for 30 minutes, sonicated using a Bioruptor Plus 

(Diagenode) for 10 cycles (15 seconds on, 30 seconds off) at 4°C with the power set to high, and 

centrifuged at 1200g for 2 minutes. The total protein concentration in cell lysates was quantified using 

the BCA protein assay kit (Pierce). Protein samples (30 µg) were separated in a 4-20% Mini-PROTEAN 

TGX gel (BioRad) in the presence of SDS and transferred to Hybond-ECL nitrocellulose membrane 

(Amersham) using a Trans-Blot SD semi-dry transfer cell (BioRad). Horseradish peroxidase-conjugated 

mouse anti-DDDDK tag (anti-Flag M2) monoclonal antibody (1:400 dilution; Abcam, Cambridge, UK) 

was used for the detection of Flag-tagged ABCA2 and its variants. Rabbit anti-β-tubulin polyclonal 

antibody (1:2500 dilution; Abcam #ab6046) with the horseradish peroxidase-conjugated goat anti-

rabbit IgG secondary antibody (1:5000 dilution; Cell Signaling Technology #7074, Danvers, MA, USA) 

was used for the detection of β-tubulin as a loading control. Blots were treated with Immobilon 

chemiluminescent reagent (EMD Millipore, Burlington, MA, USA), and proteins were visualized using a 

ChemiDoc XRS+ detection system (BioRad). 

Cell viability measurement 

HEK293 cells were seeded at a density of 8 × 104 cells per well onto poly-L-lysine-coated 48-well plates. 

After overnight growth, Lipofectamine 3000 Transfection Reagent was used to cotransfect the cells 

with 0.5 µg of expression plasmid for ABCA2, its variants, or the control plasmid, and with 0.05 µg of 

pEYFP. By visual inspection of EYFP fluorescence, the transfection efficiency was equally high, at least 

80%, for ABCA2 WT and ABCA2 variants assayed. Transfected cells were cultured for 18 h in Opti-MEM 

supplemented with 3% FBS, after which the incubation continued in the regular medium, and the cells 

were either mock-treated or treated with medium containing 20 nM docetaxel (Cayman Chemical) 

and/or 0.5 µM CA-074Me (Selleck Biotechnology GmbH, Germany) for 48 h. The experiments were 
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repeated at least nine times in triplicate or quadruplicate wells. Cell viability was measured using the 

Alamar Blue (resazurin; Acros Organics) metabolic assay, as described previously39, with slight 

modifications. After treatment, cells were incubated with 10% resazurin dye in DMEM for 3 hours at 

37°C. Viable cells convert resazurin (blue, non-fluorescent) to resorufin (pink, highly fluorescent), 

which results in a change in the color and fluorescence of the incubation medium. The incubation 

medium of each sample was transferred in duplicate to the black 96-well plate, and resazurin reduction 

was measured by fluorescence (Ex/Em 540/595 nm). The background fluorescence of the resazurin 

solution without cells was subtracted from all samples, and the percentage of cell viability was 

calculated relative to the results obtained for cells transfected with the control vector. 

 

Results 

Clinical and molecular review of all cases 

We reviewed the clinical and molecular data from 25 cases, including eight previously reported in the 

literature.10–13 Among the 17 new individuals from 15 families, seven had heterozygous missense or in-

frame variants (five were de novo and two were inherited); seven had homozygous missense or in-

frame variants, and three had compound heterozygous missense or synonymous variants. According 

to ACMG criteria, most variants (12/17, 71%) were of uncertain significance, one was likely pathogenic, 

and four remained benign or likely benign even after manual curation. All individuals in the literature 

had either homozygous or compound heterozygous loss-of-function variants. The most prevalent 

symptoms were developmental delay (14/17 (82.4%) in our cohort and 7/8 (87.5%) in the literature), 

intellectual disability (13/17 (76.5%), 7/8 (87.5%) in literature), and seizures (9/17 (52.9%), 4/8 (50%) 

in literature). Abnormalities on brain MRI were more common in our cohort than in the literature 

(8/14, 57.1% vs 1/4, 25%); however, the individual pathologies were diverse with no consistent 

pattern. No evidence of myelination disorders was identified in any of the individuals. The clinical and 

molecular data are described in detail in Tables S1 and S2. Facial photos were obtained from individuals 

1, 2, 3, 6, 7, 11, and 12. The photo from individual 3 has been uploaded to the GestaltMatcher 
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database40–42 and the molecular variant has been submitted to ClinVar (Accession: VCV003362789.1). 

Based on the molecular data and the availability of additional materials, we decided to focus on five 

individuals from four families in our study cohort (individuals 1, 3, 5-7), who were also included in the 

cell viability assay. 

In general, the frequency of symptoms in those five individuals is similar to that reported in previously 

published cases; however, the cohort is too small for statistical comparisons. The clinical and molecular 

data are described in detail in Tables S1, S2, and Supplemental File. Table 1 provides a summary, 

similarly to how they were presented by Inoue et al. for loss-of-function biallelic variants.13 We did not 

collect data specifically about muscle hypotonia or dysarthria, so these features could not be 

compared. Brain magnetic resonance imaging (MRI) was performed on 2/5 (40%) individuals, and in 

one individual, multiple gliosis was observed (Table 1, Figure S1). Myelination disorder has not been 

noted in any of the individuals. 

 

ABCA2 protein model 

Using the composed ABCA2 model, assumptions can be made about the impact of single-nucleotide 

variants. Here, we describe all variants from the initial data collection that could be visualized in the 

model (Figure 1A, Supplemental Video 1). Variants included in the final cohort and functional 

experiments are underlined and in bold. 

The variants p.Asn14Lys (individual 12), p.Phe754Ser (individual 5), p.Ile786del (individuals 6 and 7), 

p.Arg926Trp (individual 3), p.Phe1949Leu (individual 8), and p.Gly1992Arg (individual 11) are located 

in the transmembrane region. Changes in the physicochemical properties of mutated amino acids and 

their local environments can significantly affect the protein’s local structure and function. 

More specifically, Asn14 is involved in the stabilization of the TM domain helices, and its replacement 

with a larger and positively charged lysine residue is likely to cause distortions of the nearby structure 

and modify the geometry of the TM domain. Phe754 (Figure 1B) is oriented towards the lipid bilayer. 

It partly stabilizes the angle of the alpha helix by parallel stagered π-π stacking interaction with Phe758. 
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Substitution to polar and non-aromatic serine probably modifies this angle and distorts the local TM 

domain structure. Ile786 (Figure 1C) is oriented towards the core of the transmembrane helices. It is 

spatially close to Leu772, Val777, and Leu778. The deletion is likely to cause distortions in the helix it 

resides in, affecting the structure of the transmembrane core. Arg926 (Figure 1D) localizes to the 

cytoplasmic side of the transmembrane segment enriched in positively charged amino acids. The 

change to a very hydrophobic amino acid, such as tryptophan, is likely to generate distortions in the 

environment. Phe1949 localizes in the transmembrane segment, oriented towards the lipid bilayer. It 

is almost symmetrical to the previously described Phe754 (Figure 1B). Phe1949 generates a T-shaped 

π-π stacking with Phe1946, stabilizing the local structure. Change to non-aromatic leucine cancels the 

π-π stacking, probably causing changes in the local structure. Gly1992 is oriented towards the core of 

the transmembrane helices. It is spatially proximal to Phe1949. The exchange of glycine for a large, 

charged amino acid, such as arginine, is likely to distort the structure of the hydrophobic core that 

stabilizes the transmembrane helices. Variant p.Val759Met (individual 9) is also located in the TM 

domain segment, oriented towards the lipid bilayer. It is a semiconservative variation, as the change 

in amino acid size and polarity is minor. Yet, this does not rule out a possible impact on the local protein 

structure. 

The variants p.Arg164His (individual 14), p.Ser203_Gln204delinsGlu (individual 13), p.Gly438Val 

(individual 2), and p.Asp615Glu (individual 1) are located in the luminal domain, and variants 

p.Ala1284Thr (individual 10) and p.Arg2146Gly (individual 14) are in the cytoplasmic domain. Arg164 

is in a solvent-oriented position, and its substitution by histidine appears to be very conservative. 

Although the loop in which the amino acids Ser203 and Gln204 are included could not be accurately 

modeled, the insertion of a negatively charged glutamine at this position is likely to affect the surface 

charge and, thus, the possible intermolecular contacts. Gly438 is solvent-oriented, and the change to 

a slightly larger and hydrophobic valine can be considered as semiconservative. Still, the distortions of 

the alpha helix where it is contained are possible. Asp615 (Figure 1E) change to glutamic acid is 

conservative, as it involves only small size changes. Minor distortions in the local structure are possible. 
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Ala1284 is also oriented towards the solvent. In this environment, the change with more polar 

threonine is not very drastic. Hypothetically, this variant could be more significant if the particular 

segment is involved in protein-protein interactions. Arg2146 is located in an alpha helix, close to the 

position of Asp2181, in a proximal loop. The interaction between the two amino acids with opposite 

charges stabilizes the domain. The replacement of Arg2146 with glycine would have a destabilizing 

effect on this local structure. 

Variants p.Ser1369Leu (individual 10) and p.Arg2394Gln (individual 4) are localized to segments that 

could not be included in the model. However, the variant effect prediction model AlphaMissense 

score23 indicates a likely benign effect for both, and the MetaDome genetic landscape estimates both 

positions to be neutral to missense variation (Table S2). 

In total, eight (p.Arg926Trp, p.Phe754Ser, p.Ile786del, p.Phe1949Leu, p.Gly1992Arg, p.Asn14Lys, 

p.Ser203_Gln204delinsGlu, p.Arg2146Gly) out of the thirteen studied variants are considered likely to 

have an impact on the function of the protein (Table S2).  

The locations of the 14 missense variants observed in our cohort were also analyzed using the 

MetaDome web application, which combines data from multiple databases, including gnomAD, 

ClinVar, GENCODE, and Swiss-Prot, and helps predict the genetic tolerance for missense variation in 

specific regions (Figure 1F, Table S2). 11/14 missense variants were also in the protein model. 

Predictions derived from MetaDome (slightly intolerant/intolerant/highly intolerant/neutral/slightly 

tolerant/tolerant/highly tolerant) generally showed good concordance with the protein modeling 

results (likely significant, semiconservative, or conservative). All six variants classified as “likely 

significant” by protein modeling were predicted to be either “intolerant” or “slightly intolerant” by 

MetaDome. However, both variants categorized as “semiconservative” were classified as “intolerant” 

by MetaDome. Among the three variants considered “conservative” on the protein model, two were 

predicted to be “slightly intolerant,” whereas one was classified as “neutral” by MetaDome. 
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Metabolomics 

For two male individuals (individuals 3 and 5), untargeted plasma metabolomics analysis was 

performed. The two samples from individual 3 were collected at ages seven and ten years, respectively, 

and the sample from individual 5 at eight years. The analysis of these samples revealed 492 

biochemicals that could be scored against the reference population. Z-scores revealed multiple 

biochemicals present at levels below the 2.5th and 5th percentiles and above the 95th and 97.5th 

percentiles (Table S4). 

Both individuals 3 and 5 harbored a heterozygous missense variant in the protein's transmembrane 

region. At the time of the first plasma sample, individual 3 was not taking dietary supplements and had 

no restrictions or medications. However, at the time of the second plasma analysis, he was taking daily 

oral vitamin D 400IU/d and nightly melatonin to treat sleep disorders. Individual 5 had epilepsy and 

thus regularly used brivaracetam to control his epileptic seizures. The time of sampling unfortunately 

coincided with the year when withdrawing treatment was tried, and the exact dates of starting, 

stopping, and restarting treatment are unknown. No other dietary supplements/restrictions or 

medications were reported in either of the analyzed individuals. 

Analysis by metabolite groups is visualized for several more consistent groups in Figure 2. Although no 

metabolite groups reached statistical significance across all three samples, polyunsaturated acyl 

carnitines (n=3) showed a trend towards lower values (Z-scores ≤-1.14), and androgenic steroids (n=9) 

towards elevated values (mean Z-score ≥0.88), both are visualized in Figure S2. 

Low levels (Z-score ≤ 1.6) of several sphingomyelins were observed in individual 3 (sample 1) and 

individual 5 (Figure S2). Analyzing metabolites separately revealed significantly lower values of β-

Hydroxy β-methylglutaryl-CoA (HMG-CoA) in both samples taken from individual 3 (Z-score -2.64 and 

-2.6) and relatively low in the sample from individual 5 (Z-score -1). HMG-CoA is an intermediate in the 

mevalonate and ketogenesis pathways. Though no association between ABCA2 and cholesterol 

biosynthesis exists in the literature, the HMG-CoA leads to cholesterol production through the 

mevalonate pathway (Figure 3). Still, cholesterol was within the normal reference range for both 
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individuals. Since 7alpha-hydroxy-3-oxo-4-cholestenoate (7-HOCA) showed a trend towards elevation 

(Z-score +0.4 - +3.50) in all the samples, these changes in sterol may be due to impaired sterol and 

cholesterol transport and/or sequestration.  

Among phospholipid degradation products, glycerophosphorylcholine and 

glycerophosphoethanolamine were significantly lower in both individuals (Z-score ≤-2.13 and ≤-1.04, 

respectively). 

Several amino acids and amino acid derivatives were elevated in individual 11, who has epilepsy. This 

phenomenon has been described before and associated with the occurrence of epilepsy.43 

The results of the untargeted metabolomics analysis are shown in detail in Table S4. 

 

Experimental evaluation of ABCA2 disease-associated variants in a docetaxel toxicity cell culture 

model system  

To shed light on the functional properties of ABCA2 genetic variants linked to the neurodevelopmental 

phenotypes, we used plasmids which express either the wild type ABCA2 protein, its variant 

p.Asp615Glu (c.1845C>A) containing the amino acid replacement in luminal (intralysosomal) region, 

variants p.Phe754Ser (c.2261T>C) or p.Ile786del (c.2356_2358del) containing the change in amino acid 

sequence within the membrane-spanning segment or p.Arg926Trp (c.2776C>T) carrying a missense 

variant located within the cytoplasmic side of transmembrane domain  (Figures 1A, 4A).44 Based on 

MetaDome analysis, these variants are located in regions of low tolerance to variation and are 

classified as likely pathogenic by AlphaMissense predictions (Fig. 1F; Table S2), suggesting that these 

variations may disrupt protein function. To facilitate the detection of the plasmid-encoded proteins in 

cell culture experiments, a Flag-tag was fused to the C-terminus of the proteins. The ABCA2 expression 

plasmids were transfected into HEK293 cells, and the cellular lysates were analyzed by RT-qPCR and 

immunoblotting with an anti-Flag antibody. RT-qPCR analysis using primers which amplify a segment 

of the coding region of wild type ABCA2 mRNA and its variants demonstrated that the mRNA levels 

were similar in the cells transfected with the ABCA2 expression plasmids, indicating equal transfection 
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efficiency across different constructs (Figure 4B). Compared with the level of endogenous ABCA2 

mRNA in the control vector-transfected cells, the cells transfected with the ABCA2 expression plasmids 

showed a large (an average 3000-fold) increase in ABCA2 transcript levels. In agreement with the 

calculated molecular weight 274 kDa of the proteins encoded by the ABCA2 plasmids, bands that 

migrate slightly slower than the 245 kDa marker were visible in the cells transfected with plasmids 

encoding wild type ABCA2 or its variants p.Asp615Glu, p.Phe754Ser, p.Ile786del, and p.Arg926Trp 

(Figure 4C). The presence of multiple bands appearing at a higher molecular weight than the expected 

size of ABCA2 may indicate posttranslational modifications, such as glycosylation45, or unspecific 

protein aggregation in highly concentrated lysates of extremely hydrophobic denatured ABCA2 

proteins. At the same time, in the cells transfected with the control plasmid, no band recognized by 

the anti-Flag antibody was observed. 

While the physiological substrate of ABCA2 is still unknown, the presence of a lipocalin signature motif 

downstream of the ABC1 domain in ABCA2 suggests a role in binding and transporting small 

hydrophobic molecules, including sterols, lipids, and other related molecules.44,46 ABCA2 has been 

reported to sequester lipophilic chemotherapeutic drugs into lysosomes, modulating cell 

survival.44,46,47 The chemotherapy drug docetaxel is a highly lipophilic small molecule that 

downregulates ABCA2 expression in HEK293 cells (Figure 4D), suggesting that ABCA2 level may play a 

role in the cellular response to docetaxel toxicity. Since ABCA2 is a full transporter that acts as a 

monomeric unit to transport substrates into lysosomes9, we assessed the functionality of the ABCA2 

variants by comparing their effects on cell sensitivity to docetaxel. Exposure of cells to docetaxel or its 

related compound, paclitaxel, has been shown to increase lysosomal membrane permeability and 

induce lysosome-mediated cell death.48–50 We transfected HEK293 cells with the plasmids expressing 

ABCA2 or its variants and treated the cells with docetaxel for 48 h or left untreated. In regular growth 

conditions, the viability of cells transfected with the wild type ABCA2 plasmid was similar to that of 

cells transfected with ABCA2 variants or the control plasmid (Figure 4E). Compared to untreated cells, 

docetaxel exposure resulted in an average 28% reduction in viability in cells transfected with the 
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control plasmid, but a significantly larger reduction, 37%, was observed in cells transfected with the 

plasmid expressing ABCA2 (Figure 4E). In contrast to ABCA2, enforced expression of variants 

p.Asp615Glu, p.Phe754Ser, p.Ile786del, or p.Arg926Trp did not decrease the viability of docetaxel-

exposed cells compared to cells transfected with the control plasmid. The cysteine protease cathepsin 

B is a major cell death-inducing enzyme that is released from lysosomes into the cytosol when the 

permeability of lysosomal membranes is increased.48,49,51 To find out whether cathepsin B plays a role 

in the mechanism of docetaxel-induced death of cells overexpressing ABCA2, the cells were treated 

with CA-074 methyl ester (CA-074Me), a potent and selective cell permeable inhibitor of cathepsin B.52 

As depicted in Figure 4E, CA-074Me significantly reduced the toxic effect of docetaxel in cells 

transfected with the wild type ABCA2 expressing plasmid, but had no influence on cells transfected 

with the control plasmid. Importantly, in the presence of CA-074Me, the survival of cells transfected 

with the ABCA2 plasmid is similar to that of the control vector-transfected cells, indicating that the 

increased sensitivity of ABCA2-expressing cells to docetaxel is caused by the release of cathepsin B 

from lysosomes to the cytosol. In conclusion, the data suggest that ABCA2-dependent increased 

cytotoxicity might result from the ABCA2-mediated lysosomal accumulation of docetaxel. Unlike 

ABCA2, its variants p.Asp615Glu, p.Phe754Ser, p.Ile786del, and p.Arg926Trp do not potentiate cell 

death in docetaxel-exposed cells, possibly reflecting a lost or strongly reduced ability of the disease-

associated variants to function as a transporter. 

 

Discussion 

This study collected data on 17 individuals with mono- or biallelic variants in the ABCA2 gene, and five 

individuals were selected for further study: three with heterozygous de novo missense variants and 

two with homozygous in-frame deletions in ABCA2. All five had developmental delay and intellectual 

disability, in addition to other, more variable symptoms, similar to the autosomal recessive phenotype 

described previously in eight patients.10–13 The additional symptoms included seizures, ataxia, limb 

incoordination, and microcephaly (Table 1, Table S1). 
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The protein model predicts the least impact for the Asp615 change to glutamic acid (Individual 1) and 

indeed, this individual has one of the mildest phenotypes. Despite variable in silico predictions ranging 

from benign supporting to likely pathogenic, this variant could still affect protein function. A similar 

conservative change of Asp->Glu in the GAA gene (HGNC:4065, MIM: 606800) has been shown to be 

pathogenic in a patient with late-onset Pompe disease (MIM: 621314).53 The three variants 

(p.Arg926Trp, p.Ile786del, p.Phe754Ser) located in the transmembrane region have a stronger 

computational support for being pathogenic. 

The cell viability assays with the four variants (p.Asp615Glu, p.Phe754Ser, p.Ile786del, and 

p.Arg926Trp) indicated a lost or strongly reduced ability to function as a transporter. These changes in 

the amino acid sequence of the ABCA2 variants are located in and around the first transmembrane 

domain, and amino acid substitutions in this region are expected to affect the transport of substrates.54 

The function of ABCA2 variants depends not only on their ability to transport substrates across the 

membrane, but also on their correct subcellular localization. Schmitz and Kaminski55 have reported 

that a cluster of lysosomal targeting motifs is identifiable at the ABCA2 C-terminal region, and Beers et 

al.56 have demonstrated that a highly conserved targeting motif xLxxKN located within the N-terminus 

of ABCA transporters (including ABCA2) directs the proteins to early post-Golgi compartments. Also, 

two di-leucine (or isoleucine) motifs, which represent the second class of lysosomal and endosomal 

targeting signals, are localized close to the ABCA2 C-terminus.55,57 The changes in the amino acid 

sequence of ABCA2 variants characterized in the cell viability assays are located far from the ABCA2 

targeting motifs mentioned above. Thus, based on the current knowledge, it seems likely that the 

amino acid variations analyzed in this study do not affect ABCA2 targeting to lysosomes. 

Although we observed altered function compared with wild type, there were no significant differences 

between the variants themselves, despite their different computational predictions and different 

zygosity in patients. It was an unexpected result, but it might be explained by a more complex 

pathomechanism in vivo than what we were able to study in our experiment. Autosomal recessive 

inheritance typically indicates variants with a loss-of-function mechanism; however, autosomal 
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dominant inheritance can result from loss-of-function, gain-of-function, or dominant-negative 

effects.14 The genotype-phenotype relationships can be very complex and require large cohorts to 

understand, as demonstrated in phosphomannomutase 2 deficiency (MIM: 212065), for example.58 

The precise pathomechanism of different variants and combinations needs further elucidation; 

however, our sample size and resources were limited. Still, the altered function of the variant ABCA2 

suggests a biological effect in vivo as well. 

 ABCA2 is predominantly expressed in brain tissue; neurological defects observed in Abca2 knockout 

mice are consistent with aberrant myelination.9 In our cohort, brain MRI was done in only two 

individuals – one was normal, and the second had gliosis (Figure S1). However, myelination defects 

have not been described in previously reported individuals either. 

Analysis of brain lipids of Abca2 knockout mice aged 4 to 64 weeks showed consistently decreased 

sphingomyelin levels, although no significant changes in cholesterol or glycerophospholipid levels were 

observed. Lipid analysis of myelin fractions revealed a similar decrease in sphingomyelin levels and a 

two-fold increase in ganglioside GM1 compared to wild type littermates. These results indicate that 

ABCA2 modulates intracellular sphingolipid metabolism in the brain.8,9 Considering the difficulties in 

obtaining brain tissue for research, we decided to find possible metabolic abnormalities in blood 

plasma instead. We performed an exploratory untargeted metabolomics analysis of three plasma 

samples obtained from two affected individuals. Our results did not reveal a consistent downregulation 

of sphingomyelins, possibly due to differences in tissue types or confounding factors in patient samples 

not present in animal models. Interestingly, we observed a downward trend in polyunsaturated 

acylcarnitines. The lack of statistical significance may be due to the small number of metabolites in this 

group. Plasma metabolomics is a promising field of research, and a larger cohort would allow for 

drawing more definitive conclusions. 
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Strengths and limitations 

The current study had several limitations, notably the small sample size and limited functional tests. 

The strengths are protein modeling, cell viability assays, and thorough clinical descriptions, which aid 

us in understanding the diverse phenotypic spectrum of ABCA2 variants. The complex and 

heterogeneous phenotypes warrant further investigation in larger cohorts and through additional 

functional studies. Future metabolic studies could include additional plasma samples from other 

affected individuals, analysis of multiple samples from the same individuals, and testing of additional 

sample types, such as urine and cerebrospinal fluid. 

 

Conclusions 

The present study describes individuals with mono- and biallelic variants in the ABCA2 gene that are 

the best candidates to explain their neurodevelopmental disorder. Cell viability assays with four 

variants revealed an altered ABCA2 pump function compared to wild type. However, further functional 

studies are needed to understand the exact pathomechanism. 

Supplemental information 

The supplemental materials include four tables, a supplemental note with case reports, and 

supplemental figures (Figure S1 and S2), and a video. Table S1 provides a clinical overview of the 

cohort; Table S2 lists ABCA2 molecular variants with pathogenicity scores; Table S3 details the 

sequencing platforms and analysis pipelines; and Table S4 presents results from the untargeted 

metabolomics analysis. Supplemental Note with case reports contains updated clinical descriptions of 

eleven individuals. Figure S1 contains the MRI images of individual 5, and Figure S2 shows three 

subplots of the untargeted metabolomics data; Supplemental Video 1 features an animated 3D model 

of the ABCA2 protein. 
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Figure titles and legends 

Figure 1. 3D structure model of human ATP-binding cassette sub-family A member 2 (ABCA2) and 

the genetic tolerance landscape of ABCA2. (A) The approximate positions of the lipid membrane, 

cytosol, and lumen are indicated. The probable positions of three phospholipids and two possible 

oligosaccharide molecules attached to the asparagine residues Asn477 and Asn1678 are included. The 

position in the model of the amino acids involved in the variants discussed in the text is labeled: Asn14, 

Arg164, Gly438, Asp615, Phe754, Val759, Ile786, Arg926, Ala1284, Phe1949, Gly1992, and Arg2146 

(red spheres). The red circle indicates the approximate positions of the residues Ser203 and Gln204, 

which are not included in the model. Panels B, C, D, and E illustrate the locations of the amino acid 

variants included in the final cohort and functional experiments. (B) Left: Location of Phe754, 

maintaining a parallel staggered π-π stacking interaction with Phe758. Right: The location of Phe1949 

is also shown, in a position nearly symmetrical to Phe754 and maintaining a T-shaped staggered π-π 

stacking interaction with Phe1946. (C) Location of Ile786, surrounded by the hydrophobic residues 

Leu772, Val777, and Leu778. (D) Position of Arg926, as well as several nearby positively charged 

residues: Lys1001, Lys1010, Arg1057, and Arg1064. (E) Location of Asp615 and the polar amino acids 

that contact it: Gln611 and Arg613. The position of Asn477 and a potentially bound oligosaccharide 

molecule (N-glycan-Asn477) is indicated. (F) The genetic tolerance landscape of ABCA2 (GENCODE: 

ENST00000341511.11, RefSeq: NM_001606.5, UniProt: Q9BZC7-3) in Metadome (Wiel et al, 2019). 

The amino acid positions of missense variants in our cohort are annotated on the protein schematic 
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along with their nonsynonymous to synonymous ratio (dn/ds score). The colorscale is shown in the 

figure, with yellow indicating neutral positions, light orange indicating slightly intolerant positions, and 

dark orange indicating intolerant positions. Underlining indicates the position of variants included in 

our cell viability assay. 

Figure 2. The summarized results of untargeted metabolomics analysis from three plasma samples 

of two individuals. The boxplots show the main trends in different subpathways. Asterisks denote 

statistical significance (*p<0.05, **p<0.01) from reference cohort. P-values are FDR-corrected for 

multiple testing by Benjamini-Hochberg method. Abbreviations: s – sample. 

 

Figure 3. Cholesterol production through the mevalonate pathway. The green and red arrows 

indicate compounds that were respectively lower or higher in the plasma samples of individuals with 

ABCA2 variants compared to the reference cohorts. The black arrows indicate the metabolic reactions 

and the grey rectangles differntiate enzymes from metabolites. 

 

Figure 4. The influence of ABCA2 and its disease-associated variants p.Asp615Glu, p.Phe754Ser, 

p.Ile786del, and p.Arg926Trp on the sensitivity of HEK293 cells to docetaxel. 

(A) Schematic representation of wild type (WT) ABCA2 and its disease-associated variants 

(p.Asp615Glu, p.Phe754Ser, p.Ile786del, and p.Arg926Trp), which were expressed from the plasmids 

and studied in the cell viability assays. The ABCA2 ATP-binding cassettes (ABC1, ABC2) and hydrophobic 

transmembrane domains (TMD1, TMD2), each containing six membrane-spanning regions (grey 

rectangles), are indicated. 

(B, C) Quantification of ABCA2 mRNA by RT-qPCR (B; n = 4) and detection of Flag-tagged ABCA2 protein 

by immunoblot (C) in HEK293 cells transfected with the expression plasmids encoding WT ABCA2, its 

variants (p.Asp615Glu, p.Phe754Ser, p.Ile786del, and p.Arg926Trp) or control vector (ctrl vector). In B, 

the expression levels of ABCA2 were normalized to GAPDH and mean values ± SD are presented 
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relative to the expression level of endogenous ABCA2 in cells transfected with an empty ctrl vector. In 

C, cell lysates were analyzed by anti-Flag antibody; β-tubulin was used as a loading control. 

(D) Quantification of ABCA2 mRNA by RT-qPCR (n = 4) in HEK293 cells treated with 20 nM docetaxel 

for 24 h or left untreated. The expression levels of ABCA2 were normalized to GAPDH and mean values 

± SD are presented relative to the level of ABCA2 mRNA in untreated cells. ** p < 0.005 by two-tailed 

t test. 

(E) Viability of HEK293 cells transfected with the expression plasmids encoding ABCA2, its variants 

(p.Asp615Glu, p.Phe754Ser, p.Ile786del and p.Arg926Trp) or the control vector and left untreated or 

treated with 20 nM docetaxel for 48 h. Where indicated, 0.5 µM CA-074Me, the inhibitor of cathepsin 

B, was added. Viability was determined by the Alamar Blue fluorometric assay and the mean 

percentage of cell viability ± SD from nine to thirteen independent experiments is presented relative 

to the viability of untreated cells transfected with the control vector. Dotted line denotes mean 

viability of cells transfected with plasmid expressing ABCA2 and exposed to docetaxel. * p < 0.05, 

** p < 0.005, *** p < 0.0005 using two-tailed t tests followed by Holm-Bonferroni correction 

comparing viabilities within different treatment groups to the viability of control vector-transfected 

cells and ABCA2 overexpressing cells in the same treatment group. In addition, to determine the effect 

of CA-074Me on docetaxel-induced cell death, the viability of control vector-transfected cells exposed 

to docetaxel with and without CA-074Me were compared. 
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Tables 1 

Table 1. Summary of clinical characteristics in our cohort and cases reported in literature.10–13 The table layout is based on the summary by Inoue et al.13 2 

 Case 1 Case 3 Case 5 Cases 6 and 7 Cohort with cell assays Others in our cohort Literature summary10–13 

Cases in family/cohort 1 1 1 2 5 cases in 4 families 12 cases in 11 families 8 cases in 5 families 

Sex M M M F F M: 3; F: 2 M : 5; F : 7 M: 4, F: 4 

Age (years) 21 8 7 16 NA 7–21 1–76 5–28 

Ethnicity European European European Saudi Arabian Variable Variable Variable 

Consanguinity no no no yes 1/4 families 4/11 families 4/5 families 

Zygosity HTZ (de novo) HTZ (de novo) HTZ (de novo) HMZ (inh) 3 HTZ (de novo), 2 HMZ 
2 HTZ (de novo), 2 HTZ 

(inh), 5 HMZ, 3 cHTZ 
7 HMZ, 1 cHTZ 

Nucleotide and  

amino acid change  

(NM_001606.5) 

c.1845C>A 

p.(Asp615Glu) 

c.2776C>T 

 p.(Arg926Trp) 

c.2261T>C 

 p.(Phe754Ser) 

c.2356_2358del 

 p.(Ile786del) 
Variable Variable Variable 

Developmental delay + + + + + 100% (5/5) 75% (9/12) 87.5% (7/8) 

Intellectual disability + (mild) + (moderate) + (learning dif.) + (severe) + (mild) 100% (5/5) 66.7% (8/12) 87.5% (7/8) 

Seizures - - + + + 60% (3/5) 50% (6/12) 50.0% (4/8) 

Ataxia - - - + - 20% (1/5) 41.7% (5/12) 50% (4/8) 

Limb incoordination - - + + - 40% (2/5) 50% (6/12) 37.5% (3/8) 

Brain pathologies (MRI) NA - gliosis multiple NA NA 50% (1/2) 77.8% (7/9) 25.0% (1/4) 

Facial dysmorphism + + - - - 40% (2/5) 25% (3/12) 12.5% (1/8) 

Microcephaly + - + - - 40% (2/5) 33.3% (2/6) 37.5% (3/8) 
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Abbreviations: AR – autosomal recessive, HMZ – homozygous, HTZ – heterozygous, cHTZ – compound heterozygous, NA – not available, learning dif. – learning 3 

difficulty, inh – inherited  4 
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A study describing 17 individuals with mono- or biallelic variants in the ABCA2 gene. Different 
methods were used to assess potential for pathogenicity, including a cell viability assay. The results 
suggest an altered ABCA2 pump function for all four variants included in the experiment and 
encourage further study of ABCA2. 
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