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Abstract Defects of the human glycosylphosphatidylinositol
(GPI) anchor biosynthetic pathway show a broad range of
clinical phenotypes. A homozygous mutation in PIGN, a
member of genes involved in the GPI anchor-synthesis path-
way, was previously reported to cause dysmorphic features,
multiple congenital anomalies, severe neurological impair-
ment, and seizure in a consanguineous family. Here, we report
two affected siblings with compound heterozygous PIGN
mutations [¢.808T >C (p.Ser270Pro) and ¢.963G >A]
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showing congenital anomalies, developmental delay, hy-
potonia, epilepsy, and progressive cerebellar atrophy.
The ¢.808C >T mutation altered an evolutionarily conserved
amino acid residue (Ser270), while reverse transcription-PCR
and sequencing demonstrated that ¢.963G >A led to aberrant
splicing, in which two mutant transcripts with premature stop
codons (p.Ala322Valfs*24 and p.Glu308Glyfs*2) were gen-
erated. Expression of GPIl-anchored proteins such as CD16
and CD24 on granulocytes from affected siblings was
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significantly decreased, and expression of the GPl-anchored
protein CD39 in PIGN-knockout human embryonic kidney
293 cells was partially or hardly restored by transient expres-
sion of p.Ser270Pro and p.Glu308Glyfs*2 mutants, respec-
tively, suggesting severe and complete loss of PIGN activity.
Our findings confirm that developmental delay, hypotonia,
and epilepsy combined with congenital anomalies are com-
mon phenotypes of PIGN mutations and add progressive
cerebellar atrophy to this clinical spectrum.

Keywords Cerebellar atrophy - Compound heterozygous
mutation - Glycosylphosphatidylinositol anchor - PIGN

Introduction

Defects of the biosynthetic pathway of the
glycosylphosphatidylinositol (GPI) anchor cause broad clini-
cal phenotypes [1]. The products of more than 20 genes in the
phosphatidylinositol glycan (PIG) family are involved in GPI
biosynthesis, whereas post-GPl-attachment to proteins
(PGAP) gene products play a role in the structural remodeling
of GPI glycan and lipid portions [2]. Mutations in eight genes
involved in GPI biosynthesis and remodeling (PIGA, PIGM,
PIGN, PIGV, PIGL, PIGO, PIGT, and PGAP2) have been
identified in individuals with neurological abnormalities [I,
3-5], of which PIGN controls the addition of
phosphoethanolamine to the first mannose in GPI [6]. To date,
only one homozygous PIGN mutation has been reported to
cause dysmorphic features, multiple congenital anomalies,
severe neurological impairment, and seizures in a consanguin-
eous family [7]. Here, we report a family with two affected
siblings, possessing compound heterozygous PIGN muta-
tions. Detailed clinical information and molecular and func-
tional analyses are presented.

Patients and methods
Patients

We analyzed two affected siblings and their parents. Experi-
mental protocols were approved by the Institutional Review
Board of Yokohama City University School of Medicine.
Clinical information and peripheral blood samples were ac-
quired from the family members after obtaining written in-
formed consent. Patient clinical features are summarized in
Table 1. They showed dysmorphic facial features. develop-
mental delay, mtellectual disability, hypotonia, vertical nys-
tagmus, and epilepsy.

_@ Springer
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Patient |

This 9-year-old girl was born to nonconsanguineous healthy
parents as a second child after 39 weeks of gestation (Fig. 1a).
Her birth weight was 3.390 g [+1.40 standard deviation (SD)],
body length 0of 49 em (—0.03 SD), and head circumference of
35 em (+1.35 SD). At | month of age, she showed vertical
nystagmus without eye pursuit. She was hypotonic, and se-
vere developmental delay was evident from early infancy. She
was unable to control her head or utter words at 9 years of age.
Abdominal echogram revealed bilateral vesicoureteral reflux
as a cause of repeated urinary tract infections. Complex partial
seizures developed at 8 months of age and were controlled by
antiepileptic drugs. Tube feeding by gastrostomy was neces-
sary for poor appetite at the age of 2 years.

Several dysmorphic features (prominent occiput,
bitemporal narrowing, epicanthal folds, open mouth, tented
upper lip, high arched palate, micrognathia, and deep plantar
groove) were noted (Fig. 1b), but hypoplasia was absent from
fingers and fingernails. Initial brain magnetic resonance im-
aging (MRI) at 6 months of age was normal, but cerebellar
atrophy was observed at 2 and 6 years of age (Fig. 1c—f).

At present, her height is 122 cm (+1.1 SD), weight of
18.4 kg (—1.2 SD), and head circumference of 51.4 cm (0.3
SD). Generalized muscle weakness and nystagmus were neu-

rologically recognized. Laboratory examination showed a

normal profile, including blood cell count and blood
smear, renal and liver function, total bilirubin, uric acid,
albumin, serum electrolytes, lactate, pyruvate, ammonia,
amino acids, blood gasses, thyroid function, and cere-
brospinal fluid study. Her serum alkaline phosphatase
(ALP) activity has been normal for her age since infan-
cy. Metabolic disorder screening including organic acid
analysis, lysosomal enzymes, and mass spectrometry of
transferrin was normal. G-banded analysis showed a
normal karyotype (46, XX). ‘

Patient 2

This 2-year-old boy was boin after 37 weeks of gestation
as a younger brother to patient 1 (Fig. la). His birth
weight was 3,252 g (+1.3 SD), body length of 50 cm
(+1.2 SD), and head circumference of 35 cm (+1.6 SD).
He also showed vertical nystagmus at 1 month of age.
Complex partial seizures developed at 5 months of age.
He was hypotonic, and his developmental milestones
were severely delayed with no head control at 1 year
and 10 months of age. At present, his height is 92.3 cm
(+2.5 SD), weight of 10.9 kg (=0.6 SD), and head
circumference of 48.8 cm (+0.4 SD). He showed similar
dysmorphic features to patient 1. Brain MRI at 2 months
of age revealed no significant abnormalities.
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Table 1 Clinical features of patients with P/GN mutations

Patient 1 2 Reported by Maydan et al. [7]
V-1 V-2 V-4 V-5 V-8 V-9 V-10 Total
Age (years) 9 2 N.D. Discased at 14 Diseased at 1 Discased at 5 Discased at 3 Discased at 17 Diseased at 39
Sex Female Male Male Male Male Female Female Female Male
Size at birth (percentiie)
Weight (g) 3,390 (90--97) 3,252 (90-97) 3,566 (95) 4,065 (97) 3.850(95) 3,410 (40) 4250 (99)  4.300 (98) 4,800 (>99)
Head circumference (cm) 35 (90) 35 (90-97) 37 (>97) 37097 35.5(75) 34.5(10) N.D. N.D. N.D.
Abnormalities
Facial features + + + + + + + 919
Fingers/foot + + + + + - - + n 6/9
Heart - - + + + + - + 5/9
Urinary tract + - + + + . - -~ 4/9
Gastrointestinal tract GER - GER GER Anal stenosis  Imperforate anus, ano- - Feeding and  Feeding and ~ 7/9
vestibular fistula, GER swallowing swallowing
: difficulties difficultics
Neurological features :
Devclopmental delay + + + + + + + + 9/9
Hypotonia + + + + + + + + + 919
Nystagmus + + + + - + - + + 7/9
Tremor + -+ -+ + + + + -~ - 779
Seizure + + + - + + + + + 8/9
Brain CT Normal Normal Normal N.D. Normal Multiple small subdural ~ N.D. N.D. N.D. 1/5
hematomas
Brain MRI N.D. N.D. N.D. N.D. N.D.
Delayed myelination + - - + 2/4
Thin corpus callosum - - + L4
Cerebellar atrophy + Minimal loss of - 1/4
vermis parenchyma
Enlargernent of the ventricle + - - + (Mild) 2/4

GER Gastroesophageal reflux, N.D. not determined
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(a) PIGN (b)
1 2
- 50O
c.808T>C WT
WT ¢.963G>A
1 2 3 4 5
¢.808T>C ¢.808T>C
¢.963G>A ¢.963G>A

DMSO treated  CHX treated
2 15 -2

z F bp
H. sapiens NP_036459.1 MTDWGSHGAGH 300
R. norvegicus NP_001094054.1 MTDWGSHGAGH

Aaning &

Control -5

RT (-} Neg

M. musculus NP_0388122  MTDWGSHGAGH = Mutant 1
B. taurusNP_0011795351  MPDWGSHGAGH 200 WT

G. galius XP_418994.2 MTDWGSHGAGH + Mutant 2
D. rerio NP_0011217091  MTDWGSHGAGH
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(i) - e e But-2R
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e introni0
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M’\'Ex’w Jot— j—agl Exioat}gt——— //

Ex9 Exii

Whole exome sequencing (WES) Agilent Technologies, Santa Clara, CA), and sequenced on an
Hlumina HiSeq2000 (Iltumina, San Diego, CA) with 101 bp

* Genomic DNA was isolated from peripheral blood leukocytes.  paired-end reads. Data processing, variant calling, and variant'

captured using the SureSelect Human All Exon v4 Kit (51 Mb;  annotation were performed as previously described [8].
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4 Fig.1 a Familial pedigree and mutations. b Photographs of the faces of
patient | (upper) and patient 2 (Jower). Frontal narrow temporal. frontal
bossing, hypertelorism, epicanthal folds, down-slanting palpebral
fissures, high nasal bridge, bilateral low set ears, thin philtrum,
downturned mouth, and microretrognathia are noted in both patients. ¢,
d, f Tl-weighted midline sagittal images and e T2-weighted coronal
images of patient 1 (¢ at 6 months, d and e at 2 years, and i at 6 years).
Progressive vermis atrophy (¢, d, f) and hemispheres atrophy (e) were
observed. g Sequence chromatography showing heterozyogous
¢.808C >T mutation, which alters an evolutionarily conserved amino
acid. Homologous sequences were aligned using CLUSTALW. h RT-
PCR analysis using cDNA of LCLs derived from two patients (1I-2 and
1]-5) and a control. i Schematic representation of wild-type (WT) and
mutant transcripts and primers used for the analysis. Primer of ex11-12-R
spans exons 11 and 12. A single band (200 bp), corresponding to the WT
allele, was amplified using contro] cDNA. Upper and lower bands were
detected from patient cDNA. The upper band (253 bp) has a 53-bp
insertion of intron 10 sequences, leading to a frameshift mutation. The
lower band has a 41-bp deletion of the entive exen 10, also leading to a
frameshift mutation

Reverse transcriptase-PCR

Lymphoblastoid cell lines (LCLs) were established from the
two patients. RT-PCR using total RNA extracted from LCLs
was performed as previously described [9].

Briefly, total RNA was extracted using the RNeasy Plus
Mini kit (Qiagen, Tokyo, Japan) from LCLs with or without
incubation in 30 uM cycloheximide (CHX; Sigma, Tokyo,
Japan) for 4 h. Four micrograms of total RNA was subjected to
reverse transcription, and 2 pl ¢cDNA was used for PCR.
Primer sequences were ex9-F (5-TCCTTTAGTCACTTGG
GGAGCTGGA-3") and ex11-12-R (5-AATCCACAGGAA
GGATTCCCACTGA-3") (Supplementary Table J). PCR
products were electrophoresed on a 10 % polyacrylamide
gel and sequenced. PCR bands were purified by the
E.Z.N.A. poly-Gel DNA Extraction kit (Omega Bio-Tek,
Norcross, GA).

Fluorescence-activated cell sorting (FACS) analysis

Surface expression of GPl-anchored proteins (GPI-APs)
was determined by staining cells with Alexa 488-
conjugated inactivated aerolysin [fluorescently-labeled
inactive toxin aerolysin (FLAER); Protox Biotech,

Victoria, BC, Canada] and appropriate primary antibod-

ies: mouse anti-decay accelerating factor (DAF; 1A10),
-CD16 (3G8), —CD24 (ML5), —CD59 (5HS), and
—-CD48 (BJ40) followed by a PE-conjugated anti-
mouse [gG antibody (3G8, MLS5, BJ40, and secondary
antibodies; BD Biosciences, Franklin Lakes, NJ). Cells
were analyzed by flow cytometry (Cant II; BD Biosci-
ences) with Flowjo software -(v9.5.3, Tommy Digital,
Tokyo, Japan).
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Functional analysis in HEK293 cells

PIGN-knockout cells were generated from HEK?293 cells
using the CRISPR/Cas System [10]. We obtained the human
codon-optimized Strepiococciss pyogenes Cas9 and chimeric
guide RNA expressfon plasmid pX330 from Addgene (Cam-
bridge, MA). The seed sequence for the SpCas9 target site in
PIGN exon 4 (CCA-GGTCATGTAGCTCTGATAGC) was
selected and a pair of annealed oligos designed according to
this sequence and cloned into the Bbs I sites of pX330.
HEK?293 cells were transfected with pX330 containing the
target site using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA). Cells were stained with anti-CD59 antibody 14 days
after transfection, and PIGN-knockout clones were obtained
by limiting dilution.

PIGN-knockout HEK 293 cells (clone PIGNKO2-12) were
transiently transfected with a wild-type or mutant (S290P or
exon 10 skipping) PIGN c¢cDNA cloned into the SRa
promoter-driven expression vector pME HA-PIGN. Restora-
tion of the surface expression of CD59, DAF, and GPI-APs
was assessed 2 days later by flow cytometry.

Results

WES detected 288 and 292 rare protein-altering and splice-site
variants in patients 1 and 2, respectively. We filtered out com-
mon single nucleotide polymorphisms (SNPs) that met the
following two criteria: variants showing minor allele frequen-
cies>1 % in dbSNP 135 and variants found in more than two of
our in-house 406 control exomes (Supplementary Table 2). All
genes were surveyed for compound heterozygous or homozy-
gous mutations consistent with an autosomal recessive trait,
and only PIGN (GenBank accession number NM_176787.4)
met this criterion, possessing compound heterozygous muta-
tions in two patients. The missense mutation ¢.808T >C
(p.Ser270Pro) was inherited from the patients’ father, while
¢.963G >A is a synonymous mutation inherited from their
mother but located at the last base of exon 10 (Fig. 1i). Neither
of the two mutations was present in the 6,500 exomes se-
quenced by the National Heart, Lung, and Blood Institute
exome project. In our 406 in-house control exomes, ¢.808T
>C was absent, but ¢.963G >A was found in one, as a hetero-
zygous mutation. ¢.808T >C occurred at evolutionary con-
served amino acids (Fig. 1g) and was predicted to be patho-
genic using online software (Supplementary Table 3). To ex-
amine the actual effects of ¢.963G >A on splicing, RT-PCR
was performed (Fig. 1h, i) and a single band (200 bp) corre-
sponding to the wild-type PIGN allele was amplified from
control LCL ¢DNA template (Fig. 1h). By contrast, two aber-
rant faint bands were detected in addition to a wild-type band
from patient cDNA (Fig. 1h). Sequencing of the upper aberrant
band indicated a 53-bp insertion of intron 10 sequences that had
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