epileptic encephalopathy (49) but CBL hasnot. Ithas been impli-
cated as a cause of juvenile myelomonocytic leukemia (57.58)
and also of a Noonan-like syndrome with microcephaly
(57,39). A clinical review after our discovery confirmed that
Patient 6 did not have facial features typical of Noonan syn-
drome. Thus, our results suggest that CBL mutations may give
rise to an even wider spectrum of phenotypes than previously
thought.

Ourdiscovery of the de novo non-synonymous CSNK /G 1 mu-
tation in Patient 5 hints that the epileptogenic mechanism may
involve the Wnt pathway, which CK1 regulates (60,61). al-
though disruptions in synaptic transmission due to abnormal
phosphorylation of NMDA receptors (45) would be a more
direct explanation. Intriguingly, the Dr ()sophila homolog of
CSNK1G3 was found to suppress seizures in the Na™-channel
gain-of-function mutant para”*’ (62). Also, a mutation in
PRICKLE, which encodes a regulator of the Dishevelled pro-
teins that are intracellular transducers of Wnt signals (63), has
been reported to cause progressive myoclonic epilepsy (61).
For both CBL and CSNKIG1, causality can only be definitely
established by finding other mutations in patients with similar
phenotypes or by extensive functional work in model organisms.
Identifying and screening cases similar to Patient 6, rather than
those with a more typical NCFC clinical presentation, may in-
crease the chance of finding further patients with CBL mutations.

Other groups have alrcady demonstrated the power of WES
and WGS in rapidly pinpointing novel genes underlying a rare
disease (1,64), particularly in the case of de novo inheritance
(635). Although all the cases described in this article could prob-
ably have been solved by WES, which would have been consid-
erably cheaper, there is emerging evidence to suggest that WES
misses clinically relevant mutations because of unequal or in-
complete coverage of exons, particularly around the exon
boundaries (66). Given that two of our mutations were in
splice sites, this was especially relevant. Additionally, the
ability to check for pathogenic non-coding mutations in WGS
data, as we have done around known early-onset epilepsy
genes, is an additional benefit of this approach.

Our study underlines the significant potential of WGS for pro-
viding rapid clinical diagnosis of patients with heterogencous
genetic diseases. The patients being investigated here had under-
gone numerous genetic, biochemical and imaging tests over
many years but had been refractory to diagnosis. Using WGS,
three of the six patients (Patients 1 -3) received a confirmed mo-
lecular diagnosis in a clinically relevant timeframe. Convention-
al molecular testing would not have included these genes.
KCNTI had not previously been implicated in OS and would
not therefore have been tested for this specific phenotype, even
though it was described for other severe epilepsy phenotypes
after we started this project (29,31). Similarly, KCNQ2 and
SCN24 had only been described for benign seizures (67,68)
until recent reports of association with the more severe OS
phenotype (17,18). These results have already improved the clin-
ical management of these patients’ families by providing
informed and accurate reproductive risk counseling and the pros-
pect of prenatal diagnosis for future pregnancies.

For the remaining three patients, candidate mutations hkely to
cause their epilepsy have been identified. The evidence is par-
ticularly strong for PIGQ, since a homozygous nonsense muta-
tion in PIGA causes a similar phenotype (35), and we

38

Human Molecular Genetics, 2014, Vol. 23, No. 12 3207

demonstrated that our mutation was loss of function. Further
genetic and functional validation work is required to prove caus-
ality definitively, and this remains a challenge in a clinical
setting, particularly for rare diseases. Nevertheless, this situation
is expected to improve with greater adoption of these technolo-
gies and increased sharing of genetic data in public databases.
In conclusion, our results have led to identification of novel
genes for severe epilepsy phenotypes and, in addition, demon-
strate the clinical utility of WGS as a means of providing com-
prehensive and rapid molecular diagnosis for patients with
mechanistically complex genetic diseases, with concomitant
implications for clinical management of these disorders.

MATERIALS AND METHODS
Description of patients

The six patients were recruited through the Oxford Clinical Gen-
etics department. A summary of the main clinical features is
given in Table 1, along with a list of the genetic tests they had
undergone before entering this study (all of which were nega-
tive). All patients also had extensive metabolic tests on blood,
urine and cerebral spinal fluid, all of which were normal. A
more detailed clinical description is given in Supplementary
Materials, Note S1.

Read mapping and variant calling

WGS was conducted on the lllumina HiSeq platform to a cover-
age of at least 25 x. The reads were mapped to the human refer-
ence genome (build 37d5) with Stampy (69), and SNVs and
small indels were called with an in-house algorithm, Platypus
(70). Variants were annotated relative to RefSeq transcripts
using ANNOVAR (71) and relative to all Ensembl transcripts
using an in-house tool called VariantAnno.

Variant filtering strategy

To identify de novo mutations in the trios, we first screened for
variants that were called as homozygous reference in the
parents but heterozygous in the child. We then filtered these
based on the genotype likelihood ratio (the difference between
the log likelihoods for the most likely and the second most
likely genotypes), requiring this to be below — 5 in all three indi-
viduals. This left an average of 126 candidate de novo mutations
in each trio [about 70 bemg expected given a mutation rate of
1.18 x 107° per base pair per generation (72)]. To remove
those likely to be due to technical artifacts or incorrect calling
of parental genotypes, we removed variants that had been seen
before in WGS500, the 1000 Genomes Project or the NHLBI
Exome Sequencing Project (ESP). We then prioritized variants
that were predicted to alter the protein sequence in any transcript
(non-synonymous SNVs, stop loss or gain variants, indels or
splice site mutations), particularly those that were highly con-
served across the 46 vertebrate species inthe UCSC conservation
track. There were 0-3 candidate de novo coding mutations
per trio.

We also considered a simple recessive or compound heterozy-
gous model in all families, as well as an X-linked model where
appropriate. Forthe compound heterozygous model, we required
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two coding variants in the same gene, one inherited from each
heterozygous parent. Since EOEE is extremely rare (frequency
~1/100 000), we excluded variants with a frequency greater
than 0.005 in 1000 Genomes or ESP, or for which there were
any homozygotes or hemizygotes or more than five heterozy-
gotes among the other WGS500 samples (n = 294), which
included no other patients with seizures.

In addition to screening for coding variants, we also looked for
variants that might be affecting regulation of known EOEE
genes. Specifically, we focused on variants at conserved posi-
tions in regulatory regions within 50 kb of the candidate genes
KCNQ2, SCN2A4, SCNIA4, SPTANI, SRGAP2, MAGII, PLCBI,
STXBP1, PNPO, PCDHI9, GRIN24, MAPKI0, CDKLS,
SLC25422, ERBB4 and ARX. A variant was considered con-
served if it had a GERP (73) or phyloP (74) score greater than
2 or a phastCons (75) score greater than 0.95, or was in a
GERP constrained element (73) or a phastCons constrained
element (75). We used the regulatory regions defined by the
Ensembl V65 Regulatory Build (http://www.ensembl.org/info/
genome/funcgen/regulatory_build.html, last accessed date on
February, 2013).

Variant validation

All putatively causal variants were Sanger-sequenced to confirm
the genotypes of the proband and parents.

Splicing assays

Fresh blood was collected using PAXgene blood RNA tubes
(Becton Dickinson, Oxford, UK) and RNA was extracted
using the PAXgene Blood RNA kit (Qiagen). cDNA was synthe-
sized using the QuantiTect Reverse Transcription kit (Qiagen)
according to the manufacturer’s instructions. We carried out a
PCR using the FastStart Kit (Roche) and primers as follows:
PIGQ-2F, CACGCAGTGAGGTGCTCTT; PIGQ-5R, GGGG
ACATGAGGTGGATGTA; CBL-8F, GAGATGGGCTCCA
CATTCC; CBL-11R, GAACTTGGGGCAGATACTGG. To
size PCR products accurately, we used ‘on-chip-electrophoresis’
andran 1 plona DNA 1000 v2.3 chip using the 2100 Bioanaly-
ser system (Agilent). We expected WT RT-PCR products of
583 and 698 bp for NM_004204 (PIGQ) and NM_005188
(CBL), respectively. Sanger sequencing was used to confirm
the identity of the aberrant bands.

KCNTI functional work

Site-directed mutagenesis and cRNA synthesis

The rat homologue (A945T) of the human KCNT1 A966T muta-
tion was created using the QuikChange Mutagenesis kit (Strata-
gene) using the WT KCNT/ construct in pOX expression vector
as the template, and the following primers: 5'-GTTCCGCCT
GCCATTTGCTACTGGTCGGGTGTTTAGTA-3" (forward)
and 5-TACTAAACACCCGACCAGTAGCAAATGGCAGG
CGGAAC-3’ (reverse). The resulting construct was sequenced
to confirm the presence of mutation. The cDNA construct was
then linearized using Notl, and the complementary RNA
(cRNA) made using the mMessage mMachine T3 kit
(Ambion). The final reaction was purified using MinElute PCR
Purification kit (Qiagen), and RNA eluted in nuclease-free

water. RNA purity and concentration was checked using a Nano-
Drop reader. RNA quality was also checked on a 1% formalde-
hyde agarose gel, and its densitometry quantitated using ImagelJ
to confirm its concentration. cRNA was stored at —20°C until
ready for use.

Electrophysiological = characterization in Xenopus laevis
oocytes

All animal procedures were approved by the IACUC at Yale
University. Oocytes were prepared as described previously
(31). Defolliculated oocytes were injected with 10 ng of RNA
encoding WT or A966T, or with sterile water. Oocytes were
kept at 18°C, and two-electrode voltage clamping was per-
formed on days 2-5 post-injection, as reported previously
(31,76).

PIGQ functional work

We used a previously described human P/GQ expression vector
(77). The PIGQ mutant construct lacking exon 3 was made by
site-directed mutagenesis. PIGQ-deficient CHO cells (10.2.1)
(78) were transiently transfected with FLAG-tagged WT or
mutant PIGQ cDNA, driven by an SRa promoter (pME FLAG-
PIGQ) together with a luciferase expression plasmid for moni-
toring transfection efficiency. Two days later, to determine the
restoration of GPI-AP expression, cells were stained with
anti-CD59 (5H8) antibody followed by phycoerythrin-
conjugated anti-mouse 1gG, and analyzed by a flow cytometer
(Cant II; BD Biosciences, Franklin Lakes, NJ, USA) using the
Flowjo software (Tommy Digital Inc., Tokyo, Japan). To deter-
mine FLAG-tagged PIGQ protein levels, lysates of transfected
cells were subjected to SDS—PAGE, and western blotting was
performed using anti-FLAG antibody (M2, Sigma, St Louis,
MO, USA), with anti-GAPDH (6CS3, Life Technologies, Carls-
bad, CA, USA) as a loading control. Transfection efficiency
was determined by luciferase activity using the Luciferase
assay kit (Promega, Madison, W1, USA).

Screening candidate genes in Australian cohort

We sequenced PIGQ, CSNK1G1, CBL and KCNT1 inacohort of
500 epileptic encephalopathy patients from Australia. These
patients had a variety of different phenotypes, the breakdown
of which is shown in Supplementary Materials, Table S1, with
an age of onset ranging from 1 day to 25 years.

We used Molecular Inversion Probes (MIPs) to capture all
exon and intron/exon boundaries (5bp flanking) of target
genes (Refseq, hg19 build). Detailed methodology is described
elsewhere (79). Briefly, pooled MIPs (Supplementary Materials,
Table S3) were used to capture target exons from 100 ng of each
proband’s DNA and target enrichment was performed by PCR
using unique reverse primers for each DNA sample. Pooled li-
braries were subject to massively parallel sequencing using a
101 paired-end protocol on a HiSeq.

We performed raw read processing as described (79), butuse a
modified analysis pipeline for variant calling. SNV and indel
calling and filtering was performed using the Genome Analysis
Tool Kit (GATK version 2.2) (http://www.broadinstitute.org/
gatk/, last accessed date on February, 2013). We excluded
from further analysis any variants with allele balance >0.70,
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QUAL < 30,QD < Sorcoverage < 25, and variants in clus-
ters (window size 10 bp) or in homopolymer runs (5 bp). Var-
iants were annotated with ScattleSeq (version 134; http://snp.
gs.washington.edu/SeattleSeqAnnotation134/) and the Exome
Sequencing Project dataset (see http://eversusgs.washington.
edw/EVS/, last accessed date on February, 2013) used to assess
variant frequency in the control population. For dominant (or
de novo) models, we considered only variants not present in
this control sample set. For recessive candidates, we considered
variants with a frequency in controls of << 1% (European Ameri-
can control frequency). Only non-synonymous, splice-site or
frameshift variants were assessed further.

Where family members were available, segregation analysis
was performed using a “MIP-pick’ strategy. We selected and
re-pooled only the MIPs that captured the genomic sequence har-
boring the rare variant of interest and performed target enrich-
ment PCR and sequencing as above for all relevant probands
and family members.

Screening candidate genes in UK cases

We carried out Sanger sequencing of CBL, CSNKI1G1, PIGQ and
KCNTI in 11 patients with Ohtahara syndrome. Clinical details
are given in Supplementary Materials, Table S2. Genomic DNA
from participating individuals was extracted from peripheral
lymphocytes by standard techniques. All participants gave
written informed consent and the study was performed in accord-
ance with the Declaration of Helsinki.

Primer pairs were designed for all coding exons with primer3
software (1,2) (http://bioinfo.ut.ce/primer3/, last accessed date
on February, 2013) (Supplementary Materials, Table S4). The
exons were amplified by PCR using BioMix™ Red (Bioline
Ltd). Two different PCR conditions were carried out to
amplify exons: (i) an initial denaturation of 95°C for 5 min, fol-
lowed by 35 cycles 0f 45 s denaturation at 95°C, 45 s annealing
at 58—627C (depending on fragment) and 1 min extension at
72°C with a final extension at 72°C for 5 min, or (ii) a touchdown
PCR program: an initial denaturation of 95°C for 5 min, fol-
lowed by 24 cycles of 30 s denaturation at 95°C, 30 s annealing
at62°C (minus 0.5°C percycle)and 1 minextensionat 72°C, fol-
lowed by 15 cycles of 30 s denaturation at 95°C, 30 s annealing
at 50°C and 1 min extension at 72°C with a final extension at
72°C for 10 min. If PCR condition 1 was not successful, PCR
condition 2 was applied. PCR products were cleaned up with
MicroCLEAN (Web Scientific) and were directly sequenced
by the Big Dye Terminator Cycle Sequencing System
(Applied Biosystems Inc.). Sequencing reactions were run on
an ABI PRISM 3730 DNA Analyzer (Applied Biosystems
Inc.) and analyzed using Chromas (http://www.technelysium.
com.au/chromas.html, last accessed date on February, 2013).
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PIGA mutations cause early-onset
epileptic encephalopathies and distinctive

features

ABSTRACT

Objective: To investigate the clinical spectrum caused by mutations in PIGA at Xp22.2, which is
involved in the biosynthesis of the glycosylphosphatidylinositol {GPI) anchor, among patients with
early-onset epileptic encephalopathies (ECEES).

Methods: Whole-exome sequencing was performed as a comprehensive genetic analysis for a
cohort of 172 patients with EOEEs including early myoclonic encephalopathy, Ohtahara syn-
drome, and West syndrome, and PIGA mutations were carefully investigated.

Results: We identified 4 PIGA mutations in probands showing early myoclonic encephalopathy,
West syndrome, or unclassified EOEE. Flow cytometry of blood granulocytes from patients dem-
onstrated reduced expression of GPl-anchored proteins. Expression of GPl-anchored proteins in
PIGA-deficient JY5 cells was only partially or hardly restored by transient expression of PIGA
mutants with a weak TATA box promoter, indicating a variable loss of PIGA activity. The pheno-
typic consequences of PIGA mutations can be classified into 2 types, severe and less severe,
which correlate with the degree of PIGA activity reduction caused by the mutations. Severe forms
involved myoclonus and asymmetrical suppression bursts on EEG, multiple anomalies with a
dysmorphic face, and delayed myelination with restricted diffusion patterns in specific areas.
The less severe form presented with intellectual disability and treatable seizures without facial
dysmorphism.

Conclusions: Our study confirmed that PIGA mutations are one genetic cause of EOEE, suggesting
that GPl-anchor deficiencies may be an underlying cause of EOEE. Neurology® 2014;82:1587-1596

GLOSSARY

ADC = apparent diffusion coefficient; cDNA = complementary DNA; DWI = diffusion-weighted image; EME = early myo-
clonic encephalopathy; EOEE = early-onset epileptic encephalopathy; GPI = glycosylphosphatidylinositol; GPI-AP = glyco-
sylphosphatidylinositol-anchored protein; OS = Ohtahara syndrome; WES = whole-exome sequencing.

Early-onset epileptic encephalopathies (EOEEs) present with developmental impairment and
disastrous seizures starting in early infancy with a mode of age dependency. Ohtahara syndrome
(OS) and early myoclonic encephalopathy (EME), both of which show a distinctive EEG find-
ing called suppression-burst pattern, are neonatal EOEEs. Genetic approaches have revealed
some of the genes that are mutated in EOEEs. For instance, ARX, STXBPI, CASK, KCNQ?2,
and SCN2A are mutated in OS,'5 while ARX, CDKL5, and SPTANI mutations cause West
syndrome or infantile spasms.®® ‘

Mutations in 8 genes (PIGA, PIGM, PIGN, PIGV, PIGL, PIGO, PIGT, and PGAP2)
involved in the biosynthesis of the glycosylphosphatidylinositol (GPI) anchor, a glycolipid
structure embedded in the plasma membrane that attaches to hundreds of cell-surface proteins,
have been identified in patients with a variety of multiple congenital anomalies, intellectual
disability, and epileptic seizures.”'® Somatic mutations of PIGA at Xp22.2, which is involved in
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the first step of the GPI biosynthesis, are
responsible for paroxysmal nocturnal hemo-
globinuria, and its germline mutadon, were
recently identified in a family with muldple
congenital anomalies, neonatal seizures, and
a poor prognosis.'" At least 2 of 3 patients in
this family showed severe myoclonic seizures
with suppression bursts on EEG, strongly sug-
gesting EME. The known mutations in EME
prompted us to investigate P/GA in the EOEE
patient cohort including EME and OS. We
identified P/GA mutations in 5 patients from
4 families with EOEEs and present the clinical
phenotypes of the patients and functional
effects of the mutations in this study.

METHODS Patients. A towal of 172 patients with EOEEs
(2 with EME, 50 with OS, 50 with West syndrome or infantile
spasms, 7 with malignant migrating partial seizares in infancy,
and 63 with unclassified epileptic encephalopathy with an age
at onset of <01 year; 90 male and 82 female patients) were ana-
lyzed by whole-exome sequencing (WES), and 2/GA mutations
were carefully investigated using WES daca.

Patients had been mainly enrolled in the Japanese collaborative
study for EQEE since 2003, The diagnosis was made based on clin-
ical features and characteristic EEG patterns. Padents with muta-
dons in STXBPI, ARX, KCNQ2, SCNIA, SCN2A, KCNTI,
CDKL5, CASK, or MECP2, which were detected by high-
resolution melting analysis, target capture analysis, direct sequenc-
ing analysis, or WES, were excluded from the study.

Whole-exome sequencing. Patient and parental genomic
DNA was obtained from peripheral blood leukocytes using stan-
dard methods. DNA was caprured using the SureSeleccXT
Human All Exon Kic (v4 or v5; Agilent Technologies, Santa
Clara, CA) and sequenced on an [llumina HiSeq2000 (Hlumina,
San Diego, CA) with 101-base pair paired-end reads. Image
analysis and base calling were performed using sequence control
software real-time analysis and CASAVA  software v1.8
(Hlumina). Exome data processing, variant calling, and variant
annotation were performed as previously described.’ " All

novel mutations in P/GA were verified using Sanger sequencing.

Fluorescence-activated cell sorting analysis. Surface expres-
sion of GPl-anchored. proteins (GPI-APs) was determined by
staining cells with Alexa 488-conjugated inactivated aerolysin
(FLAER; Protox Biotech, Victoria, Canada) and appropriate
primary andbodies, namely, mouse ant-CDS9 (SHS), DAF
(IA10), CD16 (3G8), CD24 (MLS), and CD48 (BJ40), followed
by a phycoerythrin-conjugated anti-mouse immunoglobulin G
antibody (3G8, MLS5, BJ40, and secondary antibodies; BD
Biosciences, Franklin Lakes, NJ). Cells were analyzed by flow
cytometry (Cant II; BD Biosciences).

Functional analysis using PIGA-deficient B lymphoblastoid
cells (JY5). FLAG-tagged human PIGA complementary DNA
(cDNA) and mutant c¢DNAs, generated by = site-directed
mutagenesis, were subdoned into the pMEoril vector, a strong
promoter (SRa)-driven vector or pTAoriP, a weak TATA box
promoter-driven  vector. Plasmid DNA was transfected by
clectroporation into PIGA-deficient JY5 cells. Expression of GPI-
APs was analyzed by fluorescence-activated cell sortng. PIGA

Neurology 82 May 6, 2014

protein levels in transfecred cells were determined by Western
blotting using an anti-FLAG antdbody (M2; Sigma, St. Louis, MO).

Standard protocol approvals, registrations, and patient
consents. The experimental protocols were approved by the
institutional review boards for ethical issues of Yamagata Univer-
sity Faculty of Medicine, Yokohama City University School of
Medicine, and Osaka University, Japan. Written informed con-
sent was obtained from all individuals and/or their families in
compliance with relevant Japanese regulations. Permission for

publishing photographs was also obtained from the parents.

RESULTS Identification of PIGA mutations. No muta-
tions were found in SLC25A422, which had been re-
ported in a family of EME™ We identfied 4
hemizygous PIGA mutations in 3 sporadic patents
and 2 siblings with EOEE. One mutation
(c.1234C>T [p.R412X]) had previously been re-
ported,"” while the other 3 were novel missense muta-
tions (¢.230G>T [p.R77L], c.616A>T [p.1206F], and
¢.355C>T [p.R119W]). DNA from the mother of
padent 1 (p.R412X) was unavailable. Three missense
mutations were maternally inherited. All mutations were
absent from the 6,500 exomes of the National Heart,
Lung, and Blood Institute exome project and our 573
in-house control exomes (281 male and 292 female
patients). All 4 mutations occurred at evolutionarily
conserved amino acids (figure 1A) and were predicred
to be highly damaging to the protein structure by SIFT,
PolyPhen-2, and MutationTaster (table e-1 on the
Neurology® Web site at Neurology.org), which
supported their pathogenicity.

Clinical features of patients with the PIGA mutation.
The clinical information of individuals with a PIGA
mutation is summarized in table 1, and their facial
appearances and representative brain images are
shown in figures 1 and 2, respectively. EEG findings
(figure e-1) and detailed case reports (appendix e-1)
are available in supplemental data. Two patients were
associated with polyhydramnios. Birth weight and
length were normal in 3 patients (patients 2, 3, and
5) who were born at term, but the other 2 who were
born at preterm showed higher (patient 1) or lower
(patient 4) birth weights than normal. Three patients
with the severe phenotype (patients 1, 2, and 5)
showed facial dysmorphisms (figure 1, B and C),
including a depressed nasal bridge, short anteverted
nose, downturned corners of the mouth, and high
arched palate. Patient 1 also showed bilateral vesicou-
reteral reflux of the most severe grade V. In addition,
brain MRI demonstrated a thin corpus callosum and
delayed myelination in these patients. Of interest,
abnormally high signals on diffusion-weighted images
(DW1Is) and low signals on the apparent diffusion
coefficient (ADC) map at the brainstem, basal
ganglia, thalamus, and deep white matter were found

in patients 1, 2, and 5 (figure 2, A~D and M-Q). By
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( Figure 1 PIGA mutations in patients with epileptic encephalopathy and dysmorphic features W
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Patients 3&4 Patient 5 Patient 2 Patient 1
€.230G>T ¢.355C>T c.616A>T ¢.1234C>T
p.R77L p.R11oW p.1206F p.R412X

| | } }
- i ol s
wll (g

Control
Normal allele AATCGAAAA TGTTCGGGA CGTCATTCC CAAACGACT
Mutant allele T

Amino acid change L

H. sapiens NP_002632.1
M. musculus NP_035211.2
B. Taurus XP_002700441.2
G. gallus NP_001025979.1
D. rerio NP_001119918.1

C. elegans NP_495840.1

S. cerevisiae NP_015150.2

(A) Schematic presentation of PIGA genomic structure. Mutations are indicated based on the transcript variant 1 (GenBank accession number,
NM_002641.3). Untranslated regions and coding regions are shown as white and black rectangles, respectively. All mutations occurred at evolutionarily
conserved amino acids. Orthologous sequences were aligned using the CLUSTALW Web site. (B-E) Facial appearance of patients 2, 3, 4, and 5. Both patients
2 (B) and 5 (C) show distinct facial features, such as upslanting palpebral fissures, depressed nasal bridge, short anteverted nose, triangular mouth with
downturned corners, and high arched palate, compared with patients 3 (D} and 4 (E) with no dysmorphic facial features.

contrast, 2 brothers with a less severe phenotype and 5 first demonstrated hypsarthythmia, followed

(patients 3 and 4) showed neither dysmorphic signs
nor abnormalities in brain MRI (figure 2, E-L).

The first seizures started between 1 and 7 months
of age, and tonic or myoclonic seizures occurred in all
patients. Seizures of patients 1, 2, and 5 were refrac-
tory to antiepileptic medications, but topiramate was
effective for the seizures of patient 3. The initial EEG

showed a suppression burst in patient 1; patients 2

by a symmetrical or asymmetrical suppression burst
later (figure e-1). Serum alkaline phosphatase levels
were elevated in patients 2 and 5. No patients showed
anemia or hemoglobinuria. All patients showed pro-
found intellectual disability, and patients 1, 2, and
5 were bedridden with severe motor disturbance.

Flow cytometry. We analyzed the surface expression of
various GPI-APs on patient granulocytes using flow
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s
% { Table 1 Clinical summary of patients with a PIGA mutation

Familial or sporadic Familial or sporadic Familial {brother) Sporadic Sporadic Familial {proband)} Familial (brother)

Died at 11 wk Died at 10 wk:

Ohtahara syndrome, early West syndrome with Early-onset epileptic Early-onset epileptic
myoclonic encephalopathy, hyporyelination encephalopathy encephalopathy
" Schinzel-Giedion syndrome

29 ABojonan

e

Full term

‘g A

102

9

Seizure types Myoclonic Severe myoclonic - _Tonic seizures followed by Myoclonus or epileptic Tonic seizures, secondarily Myoclonic seizures,
. frequent. myoclonus spasm-like movement generalized seizures tonic spasms

Intractable “Intractable - Intractable

Intractable

+ {at @ mo)

fargmol

Restricted diffusion ND ND s : g + - R +
pattern . 5 ’

Abbreviations: ND = not determined; TPM = topiramate.
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Figure 2

Brain MRIs of patients with PIGA mutations

MRIs of patient 2 at 6 months (A) and 7 years (B-D), patient 3 at 3 years (E-H), patient 4 at 7 months (I-L), and patient 5 at 3
months (M-P) and 9 months (Q-T) of age. Left panels (A, E, |, M, Q) show axial T1-weighted images, the 2 middle panels (B, C, F,
G, 4, K, N, O, R, S) show axial diffusion-weighted images (DWIls}, and right panels (D, H, L, P, T) show apparent diffusion coef-
ficient (ADC) maps. Patient 2 and patient 5 at 9 months show cortical atrophy and enlarged ventricles. Note the high signals on
DWI in the pontine tegmentum and deep white matter, particularly the optic radiation, of patients 2 and 5 in accordance with
their age. The ADC map demonstrated decreased ADC within the same lesion. Patients 3 and 4 show normal images.

cytometry (figure 3). In all 5 patients, the surface
expression of CD16 was severely decreased (from
5% to 15% of normal levels). Patient 1, with the
most severe clinical symptoms, had a tendency to
show reduced expression of other GPI-APs, such as
CD24 and FLAER (figure 4A). Because PIGA is an
X-linked gene and one allele is inactivated during
early embryogenesis in female patients, patient
mothers would be functionally mosaic for GPI-AP
the
patients 3 and 4 showed a significantly decreased

expression. Granulocytes  from mother of

expression of CD16 (figure e-2, upper panels),
whereas those from the mother of patient 5 showed
normal expression (figure e-2, lower panels). The
mothers appeared to have no neurologic disorder,
suggesting that GPI-sufficient cells may preferentially
proliferate in the brain during early embryogenesis.

Functional analysis. P/GA ¢DNAs bearing patient
mutations were functionally analyzed by transfecting
them into PIGA-deficient B lymphoblastoid cells (JY5)
and measuring the surface expression of GPI-APs.
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[ Figure 3 Flow cytometry of granulocytes
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Flow cytometry of patient 1 (R412X) (A), patient 2 (I206F) (B), patients 3 and 4 (2 brothers, R77L) (C), and patient
5 (R119W) (D). In all families, the surface expression of various glycosylphosphatidylinositol-anchored proteins on patient
granulocytes (solid lines; patients 3 and 4 are shown in C as thin and thick lines, respectively) was severely decreased com-
pared with the normal control (dotted lines). Light shadows represent isotype controls. Mean fluorescent intensities of each
sample against a normal control are shown in each panel (upper, patient 4; lower, patient 3 in C).

When strong promoter (SRat)-driven constructs were
used, R412X mutant cDNA completely restored the
surface expression of CD59, DAF, and CD48, whereas
R412 truncated ¢cDNA had no activity (figure 4A),
suggesting that a small amount of full-length PIGA
protein was generated by readthrough of a stop
codon. When weak promoter-driven constructs
(pTA) were used instead, R412X cDNA could not
restore the surface expression of GPI-APs, whereas it
was completely restored by wild-type cDNA (figure
4B). Similarly, the strong promoter (SRa)-driven
1206F and R77L mutant PIGAs completely restored
the surface expression of GPI-APs, whereas the weak
promoter-driven mutant constructs only partally

. restored this (figure 4, C-F). Levels of expressed

mutant PIGA proteins were similar to or even higher
than wild-type levels (figure e-3). A faint band
representing full-length  PIGA protein  harboring
R412X could be detected (figure e-3, lane 4), which
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was consistent with the functional analysis. From these
results, we concluded that these mutations affect the

PIGA activity leading to inherited GPI deficiency.

DISCUSSION We have identified 4 PIGA mutations
in 172 probands from a variety of EOEE-affected
families, such as EME (n = 1), West syndrome (n =
2), and unclassified EOEE in a sibling. Myoclonus and
suppression burst on EEG were recognized in 2 patients
with West syndrome and the patient with EME in our
cohort, as well as the previously reported family."
Indeed, myoclonus and suppression burst on EEG
appear to be characteristic features for patients with a
PIGA mutation.

Other clinical features such as polyhydramnios,
facial dysmorphism, joint contractures, hypotonia,
and severe developmental delay are recurrently seen
in patients with P/GA mutations. A previous report
of 3 patients with the same nonsense mutation,
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[ Figure 4 Functional analysis of the mutant PIGA
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JY5 cells were transiently transfected with pMEoriP (strong SR« promoter-driven, Epstein-Barr [EB] virus origin-containing vector} (panels A, C, and E) or
pTAoriP F-PIGA (weak TATA box promoter-driven, EB virus origin-containing vector} (panels B, D, and F) bearing various FLAG-tagged PIGA complementary
DNAs. Restoration of the surface expression of CD59, DAF, and CD48 was assessed 2 days later by flow cytometry. Dotted lines represent wild-type PIGA,
thick lines represent mutant PIGA, thin lines represent truncated PIGA, and shadows represent isotype controls. (A} Strong promoter-driven R412X PIGA
(thick lines) completely rescued the expression of glycosylphosphatidylinositol-anchored proteins (GPI-APs) similar to wild-type PIGA (dotted lines), whereas
R412-truncated PIGA (thin lines) had no activity. {B) Weak promoter-driven R412X PIGA {thick lines) did not rescue the surface expression of GPI-APs,
whereas wild-type PIGA (dotted lines) did. (C) Strong promoter-driven I206F PIGA (thick lines) completely rescued the expression of GPI-APs similar to wild-
type PIGA (dotted lines). (D) Weak promoter-driven I206F PIGA (thick lines) did not rescue the surface expression of GPI-APs, whereas wild-type PIGA
(dotted lines) did. (E} Strong promoter-driven R77L PIGA (thick lines) completely rescued the expression of GPI-APs similar to wild-type PIGA (dotted lines).
(F) Weak promoter-driven R77L PIGA (thick lines) did not rescue the surface expression of CD59, whereas wild-type PIGA (dotted lines) did.

R412X,'"" as patient 1 in our cohort showed similar or
more severe clinical features, such as a large occipito-
frontal circumference at birth, early-onset intractable
seizures, and severe respiratory failure leading to early
death or mechanical ventilation. Complete disruption
of the PIGA gene results in early embryonic lethality
in male mice, while heterozygous female mice have
late embryonic lethality, insufficient closure of the
neural tube, and a cleft palate.?’ In the present study,
a reduced but definite expression of GPI-APs in the
granulocytes of patients with R412X and a complete
restoration of GPI-AP sutface expression by the trans-
fection of R412X mutant cDNA under the control of
a strong promoter suggest that small amounts of full-
length PIGA protein were generated by the read-
through of a stop codon because the cDNA truncated
at R412 showed no activity.

The siblings with the P/GA p.R77L mutation
demonstrated milder clinical symptoms compared

with patients with other PIGA mutations. They
showed neither dysmorphisms nor severe motor dis-
turbance, the onset of their seizures was relatively late,
and the findings of their initial EEG and brain MRI
were normal. Flow cytometry only revealed a decreased
expression of CD16, which contrasts with the more
severe phenotype of patient 1 and associated decreased
levels of CD16, FLAER, and CD24. According to the
functional study using PIGA-deficient B lymphoblasts
transfected with a weak promoter-driven mutant
PIGA, the activity of the R77L mutant was higher than
that of other mutants. Thus, the phenotype severity
appears to correlate with genotype and the residual
funcrional activity of the PIGA protein.

Patients 2 and 5 showed peculiarly high signals on
DWTI at the specific areas of the brainstem, basal gan-
glia, thalamus, and deep white matter, particularly the
optic radiation as previously reported in patient 1.2
Although delayed myelination and the volume loss of
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white matter including a thin corpus callosum, mild
brain atrophy, and mild cerebellar hypoplasia are fre-
quenty seen in patients with mutations in other
genes involved in the biosynthesis of the GPI anchor,
such as PIGN, PGAP2, DPM1, and DPM2,101%2324
high signals on DWI have never been reported. In
addition, the ADC map showed adversely low or
decreased signals, suggesting restricted water diffu-
sion. This pattern (a high DWI signal and low
ADC values) can be seen in patients with specific
metabolic disorders, such as nonketotic hyperglycine-
mia, phenylketonuria, maple syrup urine disease,
Leigh encephalopathy, infantile neuroaxonal dystro-
phy, Wilson disease, metachromatic leukodystrophy,
and Canavan disease.” Indeed, metabolic disorders,
particularly nonketotic hyperglycinemia, are strongly
associated with EME, which is common in patients
with P/IGA mutations. A brain MRI of a patient in
early infancy with a recently reported PIGO defi-
ciency also showed hypomyelination and abnormally
high signals in T2-weighted images from the bilateral
basal ganglia to the brainstem.?® While the pathologic
mechanism for restricted diffusion patterns in specific
areas is unknown, this finding may be useful to screen
patients with a GPI deficiency.

Patients with the severe type of PIGA murtation
showed both an asymmetrical and symmetrical pat-
tern of suppression burst on EEG in this study. The
suppression burst pattern is characteristic for 2 types
of EOEE, OS and EME, and most patients of both
disorders show a symmetrical pattern. The asymmet-
rical pattern has been reported in patients with agen-
esis of the corpus callosum such as Aicardi
syndrome,”” and KCNQ.2 mutations.® All 3 patients
with the asymmetrical suppression burst in the pre-
sent study also showed white matter immaturity with
a thin corpus callosum and abnormally high signals in
deep white matter on DWI. These data indicate a
disturbed connectivity of the bilateral hemisphere in
patients with PIGA mutations. The adverse advance-
ment of the EEG findings from hypsarrhythmia to
suppression burst in our cases, which is usually
observed in neonates, might reflect the retrogression
of brain function, which is also seen in the progres-
sion of brain atrophy.

Patient 1 showed severe hydronephrosis caused by
the vesicoureteral reflux and hepatoblastoma, so a
diagnosis of Schinzel-Giedion syndrome was made.
This is an autosomal dominant disorder characterized
by severe developmental delay, distinctive facial fea-
tures with a prominent forehead, midface retraction,
short, upturned nose, and either hydronephrosis or
typical skeletal malformations, such as sclerotic skull
base, wide occipital synchondrosis, increased cortical
density or thickness, and broad ribs.?® SETBPI
mutations have been reported in patients with
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Schinzel-Giedion syndrome™ but were not identified
in our patient. Because of the phenotypic similarities
bertween patients with P/GA mutation and those with
Schinzel-Giedion syndrome, we suggest that patients
with Schinzel-Giedion syndrome with no SE7BP!
mutations should undergo genetic analysis of their
PIGA gene or other genes involved in the biosynthesis
of the GPI anchor.

Patients with mutations in PIGL, PIGM, PIGN,
PIGO, PIGT, DPM2, and MPDUI often die in early
childhood.”#11-16¢2230 \While pneumonia is the main
cause of death in these patients, intractable seizures,
which rigorously worsen the prognosis of life expec-
tancy and cognitive function, frequently occur. Itis of
interest that the targeted agents butyrate and pyridox-
ine were reported to be effective for seizure treatment
in patients with PIGM or PIGO mutation, respec-
tively.”**" However, patient 5 in this study did not
respond to pyridoxine. The study of more patients
will facilitate the establishment of personalized treat-
ment methods for patients with GPI deficiencies.

Our study demonstrated that murations in PIGA
are causative for a variety of EOEEs, particularly for
patients with myoclonus and asymmetrical suppression
burst on EEG. Multiple anomalies with facial dysmor-
phism resembling Schinzel-Giedion syndrome, de-
layed myelination with restricred diffusion patterns at
the brainstem, and deep white matter are key findings
in a severe form in patients with P/GA mutations.
Nevertheless, a wide range of clinical phenotypes of
PIGA murations should be kept in mind, including
the less severe forms involving intellectual disability
and treatable seizures without facial dysmorphism.
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mutations in eight genes that are involved in the GPI-anchor
biosynthesis and remodeling have been described (Table 1) [8-22].
The mutations in all of those, PIGA, PIGL, PIGM, PIGV, PIGN,
PIGO, PIGT and PGAP2, are hypomorphic and lead to partially
decreased cell surface expression of various GPI-APs, thus causing
a wide phenotypic spectrum ranging from syndromic disorders
with various malformations to non-specific forms of intellectual
disability. The reported mutations in genes of early steps of the

Introduction

Many eukaryotic cell-surface proteins with various functions are
anchored to the membrane via glycosylphosphatidylinositol (GPI)
[1-3]. After biosynthesis in the endoplasmic reticulum (ER), GPI-
anchors are transferred to the proteins by the GPI transamidase
and the structure of the GPI-anchor is then remodeled, which is
critical for sorting, regulating and trafficking of the GPI anchored

proteins (GPI-APs) [3]. This remodeling starts in the ER by
eliminating the acyl-chain linked to the inositol in the GPI-anchor
by PGAPI [4], then a side-chain of ethanolamine-phosphate on
the second mannose of the GPI-anchor is removed by MPPEI
(PGAP5) [5]. GPI-APs are then transported from the ER to the
plasma membrane through the Golgi apparatus, where further
remodeling by PGAP3 and PGAP2 takes place [6,7]. Germline
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GPI-anchor synthesis such as PIGA (MIM 311770), PIGL MIM
605947), and PIGM (MIM *610273), or in a gene involved in GPI
transfer to proteins such as PIGT (MIM *610272) are supposed to
result in a degradation of precursor non-GPI-anchored proteins by
ER associated degradation, whereas mutations in genes that are
involved in later steps of the pathway, such as PIGV (MIM
*610274), PIGO (MIM *614730), and PGAP2 (MIM *615187)
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result in partial secretion of non-GPl-anchored proteins such as
alkaline phosphatase (in case of PIGV or PIGO deficiency) [23] or
of proteins bearing cleaved GPl-anchor (in case of PGAP?
deficiency), and are therefore characterized by hyperphosphatasia.
Here we report on the identification of a mutation in PGAP! that
encodes the GPI inositol-deacylase [4]. This leads to a new type of
GPI-anchor deficiency manifesting non-specific autosomal reces-
sive intellectual disability (ARID), in which cell surface levels of
GPI-APs are not affected whereas the structure of GPI moiety is
abnormal.

Results

Clinical manifestations

We undertook clinical characterization, mapping [24] and
exome sequencing in a large cohort of families with non-specific
ARID. We identified the PGAP/ mutation in the Syrian family
MRO79. The parents in family MR079 are the first-degree cousins
and the family has one healthy girl and two affected children that
carry the mutation in a homozygous status. The affected girl (II1-2)
was 4 years and 5 months old and the affected boy (III-3) was 2
years and 9 months old at the time of examination (Figure 1).
Pregnancy, delivery, and birth parameters of both children were
unremarkable. In the neonatal period, III-2 was hypotonic and
III-3 was a floppy baby. Motor development was delayed; III-2
could sit at age of 18 months and at age of 4>'? years first tried to
walk independently. At age of 2°/'% III-3 could only roll from
back to stomach and back. Both children did not finish potty
training and were still partially fed with milk bottles. Both children
have a developmental delay and severe intellectual disability with
an estimated IQ) below 35. III-2 could only babble a few syllables.
While III-2 had major and absence epilepsy, III-3 did not yet have
seizures. Sleeping patterns of both children were normal. They
showed some stereotypic movements such as hitting on their own
mouth and some washing movements of the hands. Both children
seemed to see and hear properly, but specific tests could not be
done. Brain CT scan of III-2 at age of one year revealed
pronounced brain atrophy. At the time of examination, III-2 was
96 cm tall (25" percentile) with a head circumference of 46 cm
(2 cm below the 5" percentile). ITI-3 was also of normal height and
had a head circumference of 47 cm (1.5 cm below the 5%
percentile). Their parents had head circumferences of 52 and
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53 cm, also in the lower percentiles. Both children have large ears
and a flattened nasal root. G-banding, cytogenetic examination
and genome wide copy number variants analyses were unremark-
able. We did not have information on the levels of alkaline
phosphatase and it was not possible to obtain blood probes
retrospectively.

Exome sequencing revealed a homozygous mutation in
PGAP1

Autozygosity mapping [24] in family MRO079 led to the
identification of six candidate regions of a total length of 64 Mb.
Subsequently, exome sequencing using DNA from individual I1I-3
was performed as described in former studies [21,25] resulting in
an average coverage of 53.28. 66% of the target sequences were
covered with a depth of at least 20, and 80.51% were covered
with a depth of at least 5x. A total of 42,352 SNVs and 2,529
indels were identified. 342 SNVs and 64 indels were neither
annotated, nor reported in 1000Genomes and Exome Variant
Server, nor in in-house controls, and may affect the protein
sequence (non-synonymous, splicing, or UTR). Of those, only two,
in PGAP! and SLC404, were located in a candidate region,
conserved, and predicted to be pathogenic by in silico programs.
To exclude further candidate mutations, we repeated the exome
sequencing using DNAs of both affected siblings. We enriched the
exome using a PCR based targeting method (Ion AmpliSeq
Exome Kit) and sequenced on the Ion Proton. The average
coverage of 11I-3 and III-2 was 149.6x and 94.6 X, respectively.
91.1% and 85.0% of the target sequences were covered with a
depth of at least 20x, 96.3% and 93.4% with a depth of at least
5%, respectively. A total of 49,455 and 47,693 SNVs as well as
3,343 and 3,167 indels were identified. When applying the above
mentioned filtering steps, we were by both affected children once
again left with the variants in PGAPI and SLC#04. Since mutations
in SLC404 cause hemochromatosis of type 4 and have no effect on
cognition (MIM 606069) [26,27], we focused on the variant in
PGAPI;NM_024989.3:¢.589_591delCTT, NP_079265.2:p Leul97-
del. Genotyping the variant in PGAP! in 372 healthy Syrian adults
using Sanger sequencing revealed no further carriers. Taking the
minor allele frequency of 0 in the Exome Sequencing Project (ESP)
data set and in our control sample of 372 healthy Syrian individuals,
it seems that the mutation has prevalence far less than 0.001.

Molecular modeling using the GeneSilico fold recognition
metaserver [28] and Modeler9.9 [29] using the closest related
hydrolase (PDB code: 3LP5) as template highlighted the
detrimental effect of the deletion of leucine 197 on the structure
of PGAPI. Leucine 197 is located in the central strand of a -sheet
and is oriented towards the hydrophobic core of the enzyme where
it forms multiple stabilizing interactions with the adjacent helices
(Figure 2A, B). Deletion of this amino acid would place Ile198 at
the position originally occupied by Leul97 (Figure 2C). The CB-
branched side-chain of isoleucine cannot be accommodated at this
sequence position resulting in several clashes with adjacent amino
acids (Leul84, Ile194) of the hydrophobic core (Figure 2C). This
will disrupt the packing of the hydrophobic core and consequently
of the entire B-sheet topology, thus leading to a loss of tertiary
structure and enzymatic activity.

We then ran large scale homozygosity mapping using PLINK in
our sample of over 100 consanguineous families [24] and over 600
sporadic cases of ID [30] and identified 7 index patients, 2 from
consanguineous families with multiple affected children and 5
from outbreed families with single affected patients, that are
homozygous at the PGAPI. Sequencing all seven individuals using
Sanger did not reveal any mutations in PGAPI.
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Table 1. Overview of identified mutations in the GP! synthesis pathway and the associated symptoms.

Gene (RefSeq) Phenotypes Families Mutations References

PIGL (NM_004278.3) Coloboma, congenital heart 5 comp het? p.Leu167Pro [19]
disease, ichthyosiform & p.Leu92Phefs*15
dermatosis, intellectual disability, comp het p.Leu167Pro
ear anomalies & p.GIn218*

homo p.Leu167Pro

comp het p.Leu167Pro

& c427-1G>A (Splice defect)
comp het p.Leu167Pro

& p.del17p12-p11.2

SRR B o
PIGV (NM_017837.3) Intellectual disability, characteristic 14 homo p.Leu302Pro [13,14]
face, seizures, brachytelephalangy, homo p.Ala341Glu
hyperphosphatasia, comp het p.Ala341Glu & p.Leu59Arg

comp het p.Ala341Glu & p.Cys18Tyr
comp het p.Ala341Glu p.Arg469*
comp het p.Ala341Glu & p.His385Pro
homo p.Gly256Lys

comp het p.Ala341Glu & p.Ala341val
comp het p.Ala341Glu & p.Cys156Tyr
comp het p.Pro165GIn & p.Cys156Tyr

PIGO (NM_032634.3) Intellectual disability, recognizable 4 comp het p.Leud57Phe & ¢.3069+5G> [12,15,16]
facial characteristics, seizures, A(Splice defect)
brachytelephalangy, comp het p.Thr788Hisfs*5
hyperphosphatasia & p.Leug57Phe
comp het p. Arg119trp & p.
Ala834fs*129
comp het p.GIn430* & p.Thr130Asn

183Pr0

1: homozygous,
2: compound-heterozygous.
doi:10.1371/journal.pgen.1004320.t001

We then screened the exome variant server for functional 12932 alleles, respectively. Both sites are well conserved in the
variants in PGAPI. 149 variants are reported in this gene, of those mammalian. Molecular modeling showed that the most common
44 were coding or at splice sites. All of those are extremely rare variant GIn585Glu is located outside of catalytic active domains
(0.0077%-0.569%, i. e. 1-74 alleles out of ca. 13000 alleles). Based and it was not possible to make a prediction for this variant.
on the conservation of the variants and the prediction of @ silico ~ Lysl11Gluis at the C terminus of a helix of the deacylase domain.

programs (Table S1), we roughly estimate that a maximum of 48 The charging pattern of the helix is highly conserved so that we
individuals may carry a mutation in PGAPI (carrier rate of 48/ expect that the change from Lys to Glu would change the charge
6500 =0.0073) and that the prevalence of the disease would be of the protein and destabilize the helix.

about 13 per million. If we take more conservative m silico

prediction numbers, the prevalence of the disease would be 7 per ~ Flow cytometry of B-lymphoblastoid cell lines

million inhabitants (Table S1). The two most frequent variants in To determine effects of p.Leul97del alteration on cellular GPI-
the ESP data were p.Lysl11Glu and p.GIn585Glu and were APs, we investigated the surface expression of GPI-APs on B-
observed in a heterozygous form 15 and 74 times out of 12992 and lymphoblastoid cell lines (LCLs) derived from the homozygous
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Family MRO79

-1 -2 -3

Mutation in PGAP1;
NM_024989.3:c.589_591delCTT,
NP_079265.2:p.Leu197del

Figure 1. Pedigree of family MR079 and a PGAP1 mutation.
doi:10.137 /journal.pgen.1004320.g001

individual IH-3 (—/—), 2 heterozygous parents (+/~), and the
healthy sister (+/+) (Figure 3), as well as 6 healthy volunteers with
a confirmed wild type genotype (data not shown). Using flow
cytometry analysis, the respective surface expressions of CD59,
CD55/DAF, and CD48 were quantified. Surface expression of
these GPI-APs on LCLs from an affected person, other family
members or healthy volunteers showed no significant difference,
indicating that the PGAPI mutation did not affect the surface
expression levels of various GPI-APs (Figure 3A, dotted lines).
The surface expression of the GPI anchor itself was quantified
using fluorochrome conjugated aerolysin (FLAER, Pinewood
Scientific), a bacterial toxin that specifically binds GPI anchors,
and did not show significant differences between the affected
individual, the heterozygous individuals, and the controls (data
not shown).

Altered GPI anchors are resistant to PI-PLC cleavage

We then investigated the expected structural abnormality of
GPI-anchors by testing sensitivity of GPI-APs to phosphatidylino-
sitol-specific phospholipase C (PI-PLC) [31]. The LCLs were
incubated with 10 unit/ml of PI-PLC for 1.5 h at 37°C and the
remaining surface GPI-APs were determined by flow cytometry.
Of GPI-APs, 61% to 90% were removed from the surface of LCLs
of the healthy sister with a homozygous wildtype (Figure 3A, solid
line) and healthy control individuals (data not shown). In contrast,
no significant or only slight reduction of the surface GPI-APs ivas
seen with LCLs from the affected person (Figure 3A), indicating
that almost all GPI-APs on the affected LCLs had abnormal GPI
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anchors resistant to PI-PLC [4]. This is a strong indication that the
p.Leul97del mutation causes null or almost null activity of the
PGAPL enzyme. GPI-APs on LCLs from heterozygous parents
were only partially sensitive to PI-PLC (Figure 3A), indicating that
the p.Leul97del mutation causes haplo-insufficiency. These
defective sensitivities of affected the person’s and parents’ GPI-
APs to PI-PLC were fully restored by transfection of wild-type
PGAPI ¢cDNA (Figure 3B, solid lines),

Finally, the functional effect of the p.Leul97del mutation was
tested in the PGAPI deficient Chinese hamster ovary (CHO) cell
system [4]. GPI-APs expressed on the PGAPI deficient CHO cells
are resistant to PI-PLC and the activity of PGAPI ¢cDNA can be
assessed by its ability to make PI-PLC-sensitive GPI-APs after
transfection. CHO cells defective for PGAPI were transiently
transfected  with  N-terminally-FLAG-tagged  wild-type and
p.Leul97del mutant human PGAPI cDNA in an expression vector
with a strong SRa promoter, or an empty vector. Four days after
transfection, each transfectant was treated with or without PI-PLC,
and the surface expression of CD59, DAF and urokinase
plasminogen activator receptor (WPAR) were assessed by flow
cytometry. The wild-type PGAPI ¢cDNA rescued PI-PLC sensitivity
(Figure 4A, left panels). In contrast, the transfection of the mutant
p-Leul97del cDNA did not increase the sensitivity to PI-PLC, thus
indicating functional loss of the mutant PGAP! ¢cDNA (Figure 4A,
center panels). To determine PGAPL protein levels, lysates were
prepared two days after transfection, immunoprecipitated with anti-
FLAG beads and analyzed by SDS-PAGE/Western blotting. The
pJLeul97del mutant protein was not detected at all, indicating that
the deletion of Leul97 caused an unstable protein (Figure 4B).

In order to evaluate other known variants in PGAPI, we
screened the public database of ESP (see above). Of listed variants,
we chose the two most frequent variants: rs142320636: ¢.331A>G
(p-Lys1 1 1Glu) and rs62185645: ¢.1753C>G (p.GIn585Glu), and
tested the functional effect of these mutations in the PGAPI
deficient Chinese hamster ovary (CHO) cell system. Transfection
of the mutant p.Lys111Glu ¢cDNA did not increase the sensitivity
to PI-PLC, indicating functional loss of the mutant PGAP! cDNA.
Mutant p.GIn585Glu showed an activity comparable to the wild
type PGAPI (Figure S1). Thus, it is possible that homozygosity of
p.Lysl11Glu leads to ARID.

Discussion

Light GPI deficiencies caused by hypomorphic mutations in the
coding regions of GPI biosynthesis genes PIGM, PIGA, PIGL,
PIGV, PIGN, PIGO, PIGT, and PGAP2 have been reported. Except
PIGM, all lead to a decreased surface expression of GPI-APs and
result in intellectual disability, often associated with epilepsy,
distinct facial characteristics, and further organ malformations [9-
22]. We showed here that complete PGAPI deficiency did not
affect the surface expression of GPI-APs but expressed structurally
abnormal GPI-APs with the acylated inositol.

In previous works, we have reported that Pgap/ knock-out mice
had otocephaly, male infertility, growth retardation, and often
died right after birth [32]. Also further two mutant mouse strains,
0t6™ (oto for otocephaly) [33,34] and beaker [35] were reported to
have disrupted Pgapl. Both mice strains showed developmental
abnormalities of the forebrain; the recessive lethal ot0™ showed a
truncation of the forbrain and the breaker mutant displayed a
holoprosencephaly-like phenotype. Both Wnt signaling and Nodal
signaling were reported to be affected in these mutant mice. These
data emphasize the importance of PGAP! for vital functions and
for brain development. It was also indicated that the Pgap/ mutant
mice phenotypes are dependent upon the genetic background
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Figure 2. Molecular modeling of PGAP1. (A) Model of PGAP1 highlighting the position of Leu197. The two views differ by a rotation of 90°
around the horizontal axis. (B) Interactions of Leu197 (green) with residues Leu184 and lle194 of the hydrophobic core. (C) Interactions of lle198
(green) in the Leu197del mutant. Clashes with the adjacent amino acids Leu184 and lle194 are indicated by cyan arrows. Residues 203-316 are not

shown in (B) and (C) for reasons of clarity.
doi:10.1371/journal.pgen.1004320.g002

since otocephaly and holoprosencephaly are not seen in some
mouse strains [34,35].

Based on our mapping results, exome sequencing data and
functional experiments that proved pathogenicity of the mutation,
the previous reports on intellectual disability caused by mutations
in the GPI synthesis pathway, and the mouse models that clearly
show an association between the disruption of Peap! and
abnormalities of brain, we consider the deletion of leucinel97 to
be causative for the severe non-specific autosomal recessive
intellectual disability in our examined patients of family MR079.
PGAPI is the ninth gene of the GPI synthesis pathway that is now
associated to a human phenotype (Table 1). Further mutations in
PGPA are needed to confirm our findings. Also, describing further
patients with different mutations is necessary to delineate the
phenotypes of the GPI deficiencies. For example, considering the
defect in the modification of the GPI anchors, the alkaline
phosphatase would not be elevated in patients with PGAP!
mutations, but this needs to be confirmed.

In conclusion, null mutations in PGAPI lead to severe
intellectual disability and encephalopathy with no obvious
malformations; we add PGAPI to the growing number of genes
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involved in GPI-anchor deficiencies with human phenotypes.
PGAPI deficiency causes a defect in the ER part of the GPI-AP
biosynthesis that involves the remodeling of the anchors after
attachment to proteins, and it leads to normal protein expression
on the cell surface but to abnormal anchor structure.

Materials and Methods

The study was approved by the Ethic Committees of the
Universities of Bonn and of Erlangen-Niirnberg in Germany, and
Osaka University in Japan. Informed consent of all examined
persons or of their guardians was obtained.

Mapping and exome sequencing

Genomic DNA was extracted from EDTA blood probes by
standard methods and genotyped with the Affymetrix Mapping
array 6.0 (Affymetrix, Santa Clara, CA, USA). Analysis did not
reveal pathogenic deletions or duplications. Mendelian segregation
was calculated using PedCheck software and was confirmed in all
instances. Autozygosity mapping was performed using Homozygo-
sityMapper [36]. DNA from individual ITI-3 was enriched using the
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