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Background—Mutations in the ARV1 Homolog, Fatty Acid Homeostasis Modulator (ARV1), 

have recently been described in association with early infantile epileptic encephalopathy 38. 

Affected individuals presented with epilepsy, ataxia, profound intellectual disability, visual 

impairment, and central hypotonia. In S. Cerevisiae, Arv1 is thought to be involved in sphingolipid 

metabolism and glycophosphatidylinositol (GPI)-anchor synthesis. The function of ARV1 in 

human cells, however, has not been elucidated.

Methods—Mutations were discovered through whole exome sequencing and alternate splicing 

was validated on the cDNA level. Expression of the variants was determined by qPCR and 

Western blot. Expression of GPI-anchored proteins on neutrophils and fibroblasts was analyzed by 

FACS and immunofluorescence microscopy, respectively.

Results—Here we describe seven patients from two unrelated families with biallelic splice 

mutations in ARV1. The patients presented with early onset epilepsy, global developmental delays, 

profound hypotonia, delayed speech development, cortical visual impairment, and severe 

generalized cerebral and cerebellar atrophy. The splice variants resulted in decreased ARV1 

expression and significant decreases in GPI-anchored protein on the membranes of neutrophils and 

fibroblasts, indicating that the loss of ARV1 results in impaired GPI-anchor synthesis.

Conclusion—Loss of GPI-anchored proteins on our patients’ cells confirms that the yeast Arv1 

function of GPI-anchor synthesis is conserved in humans. Overlap between the phenotypes in our 

patients and those reported for other GPI-anchor disorders suggests that ARV1-deficiency is a 

GPI-anchor synthesis disorder.
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INTRODUCTION

Glycosylphosphatidylinositol (GPI) is a glycolipid that anchors proteins involved in signal 

transduction and immune response to the outer membrane of cells [1, 2]. The GPI-anchor 

consists of a phospholipid tail, a glycan core and a phosphoethanolamine linker, and is 

added to proteins as a post-translational modification [1, 2]. Biosynthesis of GPI-anchors, a 

process that involves at least 26 genes, occurs in the endoplasmic reticulum (ER) and Golgi 

[3, 4]. The process starts with the formation of a phospholipid tail on the cytoplasmic side of 

the ER, during which the first glycosylation steps occur; the GPI-precursor is then flipped 

into the ER lumen to access the mannosyltransferases [3–5]. After the GPI-anchor is formed 

and attached to the target protein, it travels through the Golgi, where additional 

modifications are made [3].

Thus far 19 genes involved in GPI-anchor biosynthesis have been associated with human 

disease [4, 6–27]; all present with a multitude of symptoms, including seizures, hematologic 

and metabolic abnormalities, developmental delays, intellectual disabilities and occasionally 

dysmorphic features and congenital anomalies [4, 28].

Davids et al. Page 2

Mol Genet Metab. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Studies in S. cerevisiae suggest that ACAT related enzyme 2 required for viability 1 (Arv1) 

may be involved in the process of flipping the GPI-precursors into the ER lumen [5], a role 

that is conserved in the human homolog ARV1 (Arv1 homolog, or Fatty Acid Homeostasis 

Modulator: MIM 611647; NM_022786.1) [29]. A homozygous missense mutation in ARV1 
(c.565G>A, p.Gly189Arg) was first described in affected members of a consanguineous 

family who presented with phenotypes resembling GPI-anchor disorders, including severe 

intellectual disability, early onset seizures, poor head control and ataxia [6]. An additional 

homozygous splicing mutation (c.294+1G>A, p.59–98del) was described in a second report 

in an individual with a similar phenotype, including visual impairment, central hypotonia, 

and dystonia [27]; that condition was classified as early infantile epileptic encephalopathy 

38 (EIEE38, MIM 617020). These cases did not include a description of GPI anchor 

abnormalities due to ARV1 mutations.

Here we describe seven additional patients from two unrelated families with homozygous 

splice mutations in ARV1 and EIEE38. In addition to what has been described in literature, 

we show that, similar to Arv1 in S. cerevisiae, GPI-anchor synthesis in humans is impaired 

by the loss of ARV1 protein, causing a significant decrease in membrane bound GPI-

anchored proteins measured in neutrophils and fibroblasts.

METHODS

Subjects and samples

Patient 1 and 2 (Family I) were enrolled at the National Institutes of Health Clinical Center 

(NIH-CC) under the protocol 14-HG-0071: “Clinical and Basic Investigations Into Known 

and Suspected Congenital Disorders of Glycosylation” (NCT02089789) and protocol 15-

HG-0130: “Clinical and Genetic Evaluation of Individuals With Undiagnosed Disorders 

Through the Undiagnosed Diseases Network” (NCT02450851) [30–33]. Both clinical 

protocols were approved by the National Human Genome Research Institute (NHGRI) 

Institutional Review Board (IRB), and written informed consent was obtained from the 

patients’ parents. Genomic DNA was extracted from whole blood using the Gentra Puregene 

Blood kit (Qiagen, Valencia, CA) and primary fibroblasts were obtained from a forearm 

punch skin biopsy.

Patients 3 through 7 (Family II) were enrolled through a gene discovery project based at the 

Sydney Children’s Hospitals Network under the protocol approved by its IRB 

(HREC/10/CHW/114): “Use of High Throughput Screening Technologies for Gene 

Discovery in Mendelian Disorders”. Written informed consent was obtained from the 

parents of the relevant family members. DNA was prepared from blood and cultured skin 

fibroblasts were established as previously reported [34]. Pediatric control fibroblasts were 

obtained from Coriell (GM01852, GM01651 and GM01562; Camden, NJ) and adult control 

fibroblasts from ATCC (ATCC61683453 and ATCC59220266; Manassas, VA).

Mutation analysis

For patients 1 and 2, a clinical exome (Ambry’s ExomeNext™, San Antonio, TX), 

performed before their NIH admission, revealed a homozygous splice variant in ARV1 
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(NM_022786: c.674–2A>T). The variant was Sanger validated on genomic DNA derived 

from whole blood using Hotstart Mastermix with the primer pair 5’-

GGAATCTGCCGCTTGATATG-3’ and 5’-TGTAAGGGCACCGACTTCTT-3’and standard 

recommended amplification conditions with annealing temperature at 55°C and extension at 

72°C for 1 min. PCR products were treated with ExoSapIT and sent to Macrogen 

(Rockville, MD) for Sanger sequencing. Results were analyzed and interpreted using 

Sequencer Software version 5.0.1 (Gene Codes Corporation, Ann Arbor, MI).

Patients 4 and 5 underwent research-based exome analyses at the Centre for Applied 

Genomics (CAG) at the Children’s Hospital of Philadelphia (CHOP; Philadelphia, PA). The 

exome analyses revealed a previously described homozygous variant (NM_022786: 

c.294+1G>A). This variant was Sanger verified on genomic DNA of each affected child and 

their parents, and available unaffected family members.

The effects of the predicted splice mutations were evaluated on cDNA derived from cultured 

fibroblasts. Cells were grown in Dulbecco’s Minimum Essentials Medium (DMEM; Life 

Technologies, Carlsbad, CA) supplemented with 10% v/v Fetal Bovine Serum (FBS; Life 

Technologies) and 1% v/v antibiotic-antimycotic (Life Technologies). RNA was extracted 

from ATCC adult control dermal fibroblast cells, and patient cells using RNeasy Mini kit 

following the manufacturer’s standard protocol with on-column DNAse digestion (Qiagen, 

Valencia, CA) and 2μg RNA was reverse transcribed using the Omniscript RT kit (Qiagen). 

The region around each predicted splice was PCR amplified using Multiplexing master mix 

(Qiagen) with addition of buffer Q and primer pair 5’-TGTTTGCGATTGCTGCTTTA-3’ 

and 5’-GCTTGTCTCTTGGGTGCATT-3’ for c.674–2A>T or primer pair 5’-

GAGGCCAAAGAGTTGTACCG-3’ and 5’-CGTTCTACCCACAGGAAGGT-3’ for 

c.294+1G>A. Amplification conditions were as described above. For c.674–2A>T PCR 

products were separated on a 2% agarose gel and extracted using the QiaQuick Gel 

Extraction kit (Qiagen) and for c.294+1G>A, PCR products were treated with ExoSapIT 

before they were sent to Macrogen for Sanger sequencing. Results were interpreted using 

Sequencer Software version 5.0.1.

ARV1 expression analysis

mRNA expression of ARV1 was evaluated using quantitative RT-PCR on fibroblast-derived 

cDNA. The qPCR reactions were set up following the TaqMan gene expression protocol 

(Thermo Fisher Scientific, Waltham, MA) using the 20μL reaction in four-fold and the delta-

delta CT (ΔΔCT) setting for TaqMan reagents on the 7500 Fast real-time PCR system 

(Applied Biosystems, Foster City, CA). Two TaqMan gene-expression assays were used to 

distinguish between wild-type ARV1 and the novel variant c.674–2A>T; one upstream of 

exon 5 (Hs00224467_m1: exon 3–4 junction) and one on including exon 5 

(Hs00917617_m1: exon 5–6 junction). GAPDH (Hs03929097_g1) was used as an 

endogenous control and data were analyzed using the software (V.2.0.1) accompanying the 

qPCR machine (Applied Biosystems).

For analysis of the expression of ARV1 on protein level, fibroblasts were harvested with 

0.25% trypsin (Life Technologies) and washed with 1x phosphate buffered saline (PBS). 

Cells were lysed in 300μL radio-immunoprecipitation assay buffer (RIPA; Sigma Aldrich, 
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St. Louis, MO) supplemented with one protease inhibitor cocktail tablet (Roche, Manheim, 

Germany) and one phosphatase inhibitor tablet (Roche). After sonication, Laemmli buffer 

and β-mercaptoethanol were added, and 25μg lysate was loaded on a 4–15% polyacrylamide 

gel (Biorad, Hercules, CA) and run at a constant 100V. Proteins were transferred to a PVDF 

membrane using a Transblot Turbo transfer system (Biorad) with the 7-min standard 

protocol. The membrane was blocked for 1 h in Odyssey PBS-blocking buffer (Li-cor, 

Lincoln, NE) and was probed using mouse ARV1 (4G12) antibody (sc-517099; Santa Cruz 

Biotechnology, Dallas, TX) and rabbit anti-vinculin (ab73412; Abcam, Cambridge, UK) for 

2 h at RT. After 3 washes PBS with Tween (PBST), the blot was probed with Li-cor 

secondary antibodies IRDye® 800CW donkey anti-mouse IgG (H + L) and IRDye® 680RD 

donkey anti-rabbit IgG (H + L), washed with PBST and scanned on the Li-Cor Odyssey Clx 

infrared imaging system (Li-cor). Bands were analyzed using Image Studio software (Li-

cor).

GPI-anchored protein analysis by flow cytometry and immunofluorescence

Flow cytometry analysis of GPI-anchored proteins in neutrophils of patients 1 and 2 (Family 
I) was performed as described previously [4].

No neutrophils were available for Family II. Therefore, fibroblast expression of CD59 and 

uPAR (CD87) were analyzed by immunofluorescence confocal microscopy for patients 1, 2 

and 7. Fibroblasts were seeded at a density of 5×104 cells per 12-mm round coverslip. After 

adhering overnight, cells were fixed with 4% paraformaldehyde in PBS, blocked in 4% 

bovine serum albumin (BSA) in PBS, incubated for 2 h in either anti-CD59 [MEM-43/5] 

antibody (ab9183, Abcam) or anti-CD87 antibody (anti-uPAR (R-4); Thermo Fisher 

Scientific), as described [35]. After washing with PBS, coverslips were incubated with 

donkey anti-mouse IgG (H+L) Alexa Fluor 488 secondary antibodies (Invitrogen), co-

stained with Hoechst 33342 (Invitrogen) and mounted using Prolong Gold anti fade reagent 

(Thermo Fisher Scientific). Images were taken on a Zeiss LSM700 confocal laser-scanning 

microscope using a 20X objective (Carl Zeiss Microscopy GmbH, Jena, Germany). Mean 

fluorescence intensity was measured for 10 images per cell line using Zen black 2012 LSM 

software (Carl Zeiss Microscopy GmbH).

RESULTS

Clinical descriptions

Family I—Patient 1, is a 17 years old female, the first child to American-Mexican parents 

(Figure 1A, II.1) who was born after a 41-week gestation. At 6 months of age, she had her 

first seizure, followed by frequent episodes of both febrile and non-febrile seizures, some 

requiring hospitalization. Patient 1 never developed a social smile or met any motor 

milestones. She has been dependent on g-tube feeding since age 2 years and is wheelchair 

dependent. She has cortical blindness and bilateral retrocochlear hearing impairment.

Craniofacial examination showed severe midfacial aplasia, coarse facial features, infraorbital 

flatness, bitemporal narrowing and an increased bizygomatic width as well as skin lesions, 

deep set eyes, long ears, low posterior hairline, thick lips, long lower third and short middle 
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third of the face, and a right-deviating chin. Patient 1 demonstrated marked spasticity. On 

neuroimaging she had cortical and cerebellar atrophy, with undermyelination of the U-fibers 

suggestive of delayed myelination as well as foci of gliosis. Her musculoskeletal issues 

include contractures at the elbows leading to deforming and fixed pronation and internal 

rotation of both forearms. Her feet are rounded on the heels and have no arch. Skeletal 

radiographs showed significant dysplasia. She had an elongated mandible on lateral view, 

narrow elongated skull and thickened calvarium. Marked rotatory scoliosis of the thoracic or 

lumbar spine was observed, in both her and one of her unaffected brothers, with deformities 

and wedging of multiple lower lumbar spine vertebral bodies. The radial heads of both radii 

and ulnae were atrophic and misshapen with bowing bilaterally, and the right hand had a 

mild rotatory deformity at the wrist. The femoral heads were large bilaterally, and her pelvis 

was deformed.

She had generalized aminoaciduria, suggestive of a proximal kidney tubule dysfunction. 

Most of her liver tests were normal, but she had elevated gamma-glutamyl transferase 

activity with normal alkaline phosphatase activity. Analysis of esterification of cholesterol in 

response to LDL stimulation was depressed relative to normal controls, but filipin staining of 

free cholesterol is normal. Other remarkable labs included elevated iron levels and high 

levels of the allergy type antibodies IgE and ACA IgM (Table S1).

Patient 2, the youngest sibling of patient 1 (Figure 1A, II.5), was a 29-month-old girl when 

she presented to the NIH Clinical Center with global developmental delay, profound 

hypotonia, microcephaly, cortical visual impairment, epilepsy, borderline short stature and 

poor weight gain. Born vaginally at 39 weeks, she had abnormal eye movements first noted 

at 2 to 3 months of age and onset of seizures initially at 7 months of age. Her disease course 

was overall similar to that of her older sister, but lacked the bone malformations and her 

facial features were less coarse. On neuroimaging she had diffuse cortical and cerebellar 

atrophy and delayed myelination, with low N acetyl-asparatate on magnetic resonance 

spectroscopy. Like her sister, she has diffused osteopenia, elevated IgE, increased red cell 

turnover, increased serum iron levels (Table S1), and depressed levels of cholesterol 

esterification in response to LDL stimulation relative to normal controls.

Family II—Patient 3 was the first born male child to a consanguineous Lebanese parents 

(Figure 1B, V.1). After an uneventful pregnancy and normal 18-week morphology 

ultrasound scan, he was born through normal vaginal delivery. Birth weight was 4.3kg (90th 

%ile) and the newborn examination was unremarkable. At 11 weeks, he presented with 

visual inattentiveness and developmental delay; by age 4 months he had hypotonia and 

seizures. He had visual impairment but with normal appearing retina and was fed through a 

nasogastric tube. He deteriorated with increasing seizures and died at age 15 months as 

result of aspiration pneumonia.

Patient 4, the younger brother of patient 3 and the 4th child (Figure 1B, V.4), was born after 

a normal pregnancy with all birth parameters approximately 50th %ile (weight = 3.6kg; 

occipital-frontal circumference or OFC = 35cm; length = 50cm). Abnormal eye movements 

and poor head control were noted at 4 weeks. He was visually inattentive and had an 

intermittent convergent squint. Onset of seizures at 5 months prompted admission to 
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hospital; a prolonged seizure at 7 months consisted of a choking episode leading to a 7 

minute right sided tonic clonic seizure. An EEG showed short duration bursts of slow 

repetitive sharp and wave epileptic discharges over either hemisphere particularly in the 

central regions, but this was not accompanied by observable clinical events. Treatment with 

anti-epileptic drugs (AEDs) was commenced at that time.

Patient 4 had an abnormal neurological examination with increased extensor tone 

peripherally, fisting of hands and increased deep tendon reflexes. He was unable to feed 

orally; failure to thrive led to NG-tube feeding until age 2 years (weight =10.5kg; 3rd %ile). 

He had progressive microcephaly from 5 months (OFC 45.8cm; <2nd %ile at age 2 years). 

At age 2 years he was visually inattentive, consistent with cortical blindness; a formal 

ophthalmological examination showed normal fundoscopy and a normal electroretinogram 

(ERG), but visual evoked potential (VEP) responses to bright flashes under dark and light 

adapted conditions showed negative b-waves in both eyes.

He had severe global developmental delay. He rolled over at 18 months but was still unable 

to sit unsupported at age 3 years. He did make occasional vocalizations, but at age 3 years 

and 4 months he remained virtually unresponsive, not reaching for or holding objects in his 

hands. He required feeding with thickened feeds and continued to choke on thin fluids. He 

had intermittent myoclonic jerking movements despite AEDs and he died at 5 years of age.

Patient 5 is a first cousin of patients 3 and 4 (Figure 1B, V.6). She is the first of three 

children born to her consanguineous parents at full term after a pregnancy complicated by 

hyperemesis. She was delivered by lower segment caesarian section because of fetal 

macrosomia and failure to progress. Her birth parameters were weight 4.1kg (90th - 95th 

%ile); OFC = 39cm (>97th centile); and length = 56cm (>97th centile). From birth, she 

displayed poor feeding requiring NG-tube feeds and eventually a gastrostomy inserted at age 

2 years for failure to thrive. She had severe central hypotonia and abnormal posturing of 

limbs in the newborn period, which persisted with poor head control. Reflexes were 

generally brisk, and her tone was increased peripherally. Head circumference at 6 months 

was 44 cm ( >98%), but progressively fell to 10–25% by 2 years and 3 months of age.

Roving eye movements were noted at birth. An ophthalmological examination confirmed 

visual inattention, nystagmus, roving eye movements and small optic discs on fundoscopy. 

At 4 months she was admitted to hospital with focal seizures, status epilepticus and severe 

developmental delay. Over the next two years she had a progressive course with ongoing 

seizures, poor development, and failure to thrive. Her newborn brain MRI showed a thin 

corpus callosum and an MRI at age 4 months showed small bilateral subdural collections. 

She died at 2 years and 4 months after presentation with fever, enterovirus infection, 

seizures, respiratory distress and liver dysfunction.

Patient 6 is a first cousin of patients 3, 4 and 5, and first of two affected females born to her 

parents (Figure 1B, V.9) at full term after normal pregnancy with large birth weight (4.2kg; 

>97th %ile) and normal head circumference. Onset of seizures was at 4 months at which 

time she was admitted with generalized tonic clonic and focal motor seizures in status 

epilepticus. She received multiple AEDs (levetiracetam, clobazam, vitamin B6) with some 
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success. At 4 months, she had reasonable head control except when unwell and febrile. 

Growth parameters were still within the normal range, with an OFC of 43cm (75%). She 

was visually inattentive with intermittent nystagmus and reduced response to bright light, 

but normal fundoscopy. At age 11 months she presented to hospital after a prolonged 

hypotonic, hyporesponsive cyanotic seizure at home. At that time, she was blind, not fixing 

and following, had no response to light, had horizontal nystagmus and no recordable VEP 

response, consistent with cortical blindness. She had severe global developmental delay and 

was not able to sit at age 2 years and continued to require NG-tube feeding. At age 2 years 

she was again admitted to hospital with high fever, increasing seizure frequency, decreased 

level of consciousness and was unresponsive. She died as result of rhinovirus respiratory 

infection and aspiration pneumonia at 2 years and 3 months.

Patient 7 is the younger sister of patient 6 (Figure 1B, V.10). She was born after a normal 

pregnancy at 38 weeks with normal birth parameters (weight = 2.98kg; 75th %ile). Her 

mother first became concerned at about 2.5 months due to central hypotonia and poor visual 

attention, similar to her sister. Eye exam at age 4 months showed no eye contact and no 

fixing and following, with intermittent exotropia and some response (blinks) to bright light 

in a dark room. Fine horizontal nystagmus was observed at times and fundoscopy showed 

normal macula and optic discs. VEP and ERG at age 6 months showed scotopic 24dB flash 

response present but delayed for her right eye and no recordable photopic response for her 

left eye.

At age 7 months she was admitted in status epilepticus with a febrile illness. She had 

repeated tonic clonic seizures and decerebrate posturing during interictal periods, and was 

treated with intravenous anti-epileptic drugs. Chorea and dystonic movements were noted 

during that admission. Thereafter she was noted to have epileptic encephalopathy, and poor 

head control and minimal purposeful movement of limbs with increased deep tendon 

reflexes. She smiled intermittently to her mother’s voice and touch but did not respond to 

visual stimulation. She was discharged on oral topiramate, clobazam, levetiracetam, vitamin 

B. Brain MRI in patient 7 showed normal myelination and absence of hyperintense regions.

At 9 months, she had severe global developmental delay with progressive postnatal 

microcephaly (OFC 43.1cm; 5%ile) and failure to thrive (weight 6.43 kg, 3%ile; and length 

66.4cm, 25%ile). Examination showed spontaneous choreiform movements, dystonic 

posturing with variable tone in limbs, and central hypotonia with poor head control. There 

was little change in head circumference since age 17 months at which time the OFC was 

44cm (5%ile). Poor feeding, choking episodes and probable aspiration pneumonia were 

managed with NG-feeding from age 17 months. Increased frequency of seizures occurred 

with recurrent respiratory illness due to aspiration and led to frequent hospital presentations 

in status epilepticus. At the time of manuscript preparation, she died at age 3 years and 2 

months.

The phenotypes in these patients and in those previously reported are listed and compared in 

Table 1.
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Molecular analysis of splice mutation c.674–2A>T

Sanger sequencing of genomic DNA confirmed the homozygous variant in the affected 

siblings of Family I that was identified by whole exome sequencing (Figure 1C). PCR 

amplification of cDNA around the predicted splice showed a ∼600nt band in the control and 

a ∼450nt band in both patients which would be consistent with the skipping of exon 5 

(Figure S1A); this too was confirmed by Sanger sequencing of the gel-extracted bands 

(Figure 1E). Because the skipped exon 5 contains the predicted stop-codon, an alternate stop 

is utilized from exon 6, which could lead to the formation of either a shorter protein or to 

nonsense mediated decay. qPCR analysis targeting the exon 3–4 exon junction revealed that 

there is only 25% residual expression of this part of the gene, and an assay targeting the 

skipped exon showed that there was no residual expression of the exon 5–6 junction (Figure 

2). A western blot also showed a 40–50% reduction in ARV1 protein (Figure S2).

Molecular analysis of the previously reported splice mutation c.294+1G>A

Sanger sequencing on genomic DNA confirmed the homozygous variant in the affected 

cousins of Family II that was identified by whole exome sequencing (Fig. 1D). PCR 

amplification of fibroblast cDNA around the predicted splice showed a ∼400nt band in the 

control and a ∼250nt band in patient 7, which is consistent with the skipping of exon 2 

(Figure S1B). Sanger sequences of the PCR products confirmed that exon 1 and exon 3 are 

joined in this patient (Figure 1F), confirming the in-frame deletion of 40 amino acids (p.59–

98) that was reported previously [27]. qPCR analysis showed a 45% reduction in mRNA 

expression by both assays targeting the exon 3–4 and exon 5–6 junctions (Figure 2); western 

blot analysis showed a 20% decrease in protein levels (Figure S2).

GPI-anchor analysis

GPI-anchored proteins CD16, CD66b, a combination of CD55 & 59 and FLAER were 

measured by flow cytometry on neutrophils of patients 1 and 2 (Family I) and revealed 

significant reductions compared to an unaffected control (Figure 3A and S3). The largest 

reduction was observed for CD16 (∼5% residual expression); CD66b was the least affected 

(∼65% residual expression). Since no neutrophils were available for patient 7, fibroblasts 

were analyzed for the presence of CD59 and CD87, two GPI-anchored proteins expressed on 

fibroblasts [36]. Both proteins were significantly reduced (<20% residual expression) 

compared to the control in all three tested patients (Figure 3B, 3C and S4).

DISCUSSION

Here we describe seven patients from two unrelated families with early infantile epileptic 

encephalopathy 38 due to homozygous splice mutations in ARV1. Similar to two previous 

reports on patients with variants in ARV1, our patients present with early onset seizures, 

central hypotonia, severe developmental delay, visual impairment and feeding difficulties, 

supporting the clinical diagnosis of IEE38. The probands in this study had severe speech 

delay, spasticity, scoliosis and deformity of the hip. The neurodegenerative course 

(increasing seizures, central hypotonia, peripheral spasticity, ataxia and dystonia) appeared 

to be progressive in Family II and there was a lack of developmental progress in both 

families.
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Nonetheless, there are clinical features that are different among the probands even within 

families who all share the same genetic change; hearing impairment, facial dysmorphisms 

and delayed myelination were only observed in Family I, which may either be a part of the 

disease spectrum or can be due to other unknown genetic factors. Brain MRI in patient 7 

showed normal myelination and absence of hyperintense regions as shown in the patient 

reported with a similar mutation [27]. In addition, the affected individuals from Family I had 

osteopenia, although this might be a nonspecific finding, especially in severely delayed, non-

weight bearing patients. Identification of more patients with biallelic mutations in ARV1 
will likely help clarify the spectrum of this disorder.

A few papers have been published describing mouse models for Arv1 deficiency. Mice that 

lacked Arv1 constitutively had reduced body weight, fat mass and plasma lipids, even 

though they consumed more food [37]. In contrast, most of our patients with ARV1 

deficiency were above the 90th %-ile for weight at birth but had poor weight gain associated 

with feeding difficulties and were treated with GI-tube feeding. Tissue-specific (neuronal) 

deletion of Arv1 in mice, however, resulted to a circling behavior and seizures [27], which 

can be comparable to what is seen in patients with ARV1 deficiency, and suggest the 

importance of ARV1 in neuronal cells.

In S. cerevisiae, the function of Arv1 has been studied extensively and has been shown to 

play roles in lipid and cholesterol homeostasis [38], sphingolipid distribution [39] and 

glycophosphatidylinositol (GPI)-anchor synthesis [5, 29]. The latter was of specific interest 

because the phenotypes overlap between our patients and those with other GPI-anchor 

synthesis disorders [4]. The elevated gamma-glutamyl transferase activity with normal 

alkaline phosphatase activity seen in Family I has been reported in other GPI-anchor 

synthesis disorders [4] and the generalized aminoaciduria, suggestive for a proximal kidney 

tubule dysfunction, has been reported in a variety of congenital disorders of glycosylation 

[40, 41]. Interestingly, iron-overload, which was documented in the siblings from Family I, 
was also seen in PIGA- related GPI-anchor disease [42].

Studies in S. cerevisiae pinpointed a major role for Arv1 in the delivery of early GPI-

intermediates to the lumen of the ER [5] acting either as the “flippase” or contributing to its 

function [43]. As a result, loss of Arv1 function may lead to deficiencies in GPI-anchor 

synthesis and the accumulation of immature GPI-anchors and GPI-anchor proteins in the 

ER, potentially inducing ER-stress [44]. Lack of GPI-anchor synthesis may also lead to 

failure of localization and anchoring of GPI-anchored proteins to the membranes at their 

proper destination. Complementation analysis with human ARV1 suggested conservation of 

this function [29], which we now confirm with the significant decreases in levels of GPI-

anchored proteins on fibroblasts and/or neutrophils in both families described herein. 

Nonetheless, complementation of the patient fibroblasts with full-length ARV and 

replication experiments using fibroblasts or blood cells from patients with ARV1 mutations 

will further solidify the results of this current report.

Although the variants in both families affected the levels of GPI-anchored proteins to a 

similar degree, all affected children of Family II died before the age of 5, whereas both 

affected sisters of Family I are still alive at age 4.5 and 17, suggesting that the disease course 
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of Family II is more severe than that of Family I. This may be related to the location of the 

variants. The loss of exon 5 in Family I removes a predicted helical transmembrane domain, 

which may lead to failure of proper ARV1 localization to the ER. However, the loss of exon 

2 in Family II overlaps with the ARV1 homology domain (AHD), which is a cysteine-rich 

domain that contains a putative zinc-binding motif [38, 45]. This domain is critical for the 

function of ARV1 in maintenance of lipid homeostasis and prevention of free sterol toxicity 

[38] and the loss of this domain may lead to a more severe disease course by affecting 

multiple functions of ARV1. In conclusion, the phenotypes of patients with ARV1 mutations 

are consistent with those of other GPI-anchor synthesis disorders and the loss of GPI-

anchored proteins in our patients confirms that this function of Arv1 in yeast is conserved in 

humans. Our results suggest that ARV1-deficiency may be a GPI-anchor synthesis disorder. 

Further studies that will include a larger number of samples and additional experiments 

interrogating accumulation of GPI biosynthetic intermediates will be needed to solidify this 

hypothesis.
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Figure 1. Pedigree and mutation analyses
A. Pedigree for Family I showing the two affected sisters II-2 (patient 1) and II-5 (patient 2) 

and their nuclear family. Carrier status of the variant c.674–2A>T is indicated in black and 

Sanger confirmation was done for the individuals depicted with an asterisk. B. Pedigree for 

the consanguineous Family II showing the five affected 3rd cousins V-1 (patient 3), V-4 

(patient 4), V-6 (patient 5), V-9 (patient 6) and V-10 (patient 7). Carrier status of the variant 

c.294+1G>A is indicated in black and Sanger confirmation was performed in the individuals 

depicted with an asterisk. C. Sanger confirmation of c.674–2A>T in Family I showing the 
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affected patient 1 with a homozygous variant and an unaffected family member with a 

heterozygous variant. D. Sanger confirmation for c.294+1G>A in Family II showing the 

patient 7 with a homozygous variant and an unaffected family member with heterozygous 

variant. E. Chromatograms showing the effect of the variant c.674–2A>T in Family I 
resulting to the loss of exon 5 on cDNA level. F. Chromatograms showing the effect of the 

variant c.294+1G>A in Family II resulting in the loss of exon 2 on cDNA level.
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Figure 2. mRNA expression analyses
Relative mRNA expression at the exon 3–4 junction (black bars) and exon 5–6 junction 

(grey bars) showed reduced levels of ARV1 mRNA in all patients compared to a pediatric 

control (C1). For patients 1 and 2 the residually expressed mRNA did not contain exon 5.
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Figure 3. GPI-anchor expression on neutrophils and fibroblasts
A. FACS analysis of the GPI-anchored proteins CD16, FLAER, CD66b and the combined 

measurement of CD55 and CD59 on neutrophils reveals a significant reduction in mean 

fluorescence intensity (MFI) for patients 1 and 2 compared to control. B. MFI of CD59 on 

patient fibroblasts, measured by immunofluorescence confocal microscopy, was less than 

20% of the MFI of the adult control (C1). C2 is a pediatric control that had lower CD59 

expression C. MFI of CD87 (uPAR) on patient fibroblasts, measured by 
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immunofluorescence confocal microscopy, was less than 25% of the MFI of an adult control 

(C1). C2 is a pediatric control that had lower CD87 expression.
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