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Abstract Recess ive muta t ions in genes of the
glycosylphosphatidylinositol (GPI)-anchor synthesis path-
way have been demonstrated as causative of GPI deficien-
cy disorders associated with intellectual disability, seizures,
and diverse congenital anomalies. We performed whole
exome sequencing in a patient with progressive encepha-
l o p a t h i e s a n d mu l t i p l e d y smo r p h i sm w i t h
hypophosphatasia and identified novel compound hetero-
zygous mutations, c.250G>T (p. Glu84*) and c.1342C>T
(p. Arg488Trp), in PIGT encoding a subunit of the GPI
transamidase complex. The surface expression of GPI-
anchored proteins (GPI-APs) on patient granulocytes was
lower than that of healthy controls. Transfection of the
Arg488Trp mutant PIGT construct, but not the Glu84*
mutant, into PIGT-deficient cells partially restored the
expression of GPI-APs DAF and CD59. These results
indicate that PIGT mutations caused neurological impair-
ment and multiple congenital anomalies in this patient.
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Introduction

Glycosylphosphatidylinositol (GPI) acts as the anchor of
various eukaryotic proteins expressed on the plasma mem-
brane. GPI synthesis and GPI-anchored protein (GPI-AP)
modification are mediated by at least 27 genes in the
endoplasmic reticulum (ER) and Golgi apparatus [1]. Re-
cent studies have indicated that inherited loss-of-function
mutations in these genes lead to GPI deficiencies associ-
ated with neurological impairments including seizures, in-
tellectual disability, and multiple congenital anomalies
[2–9]. In addition, somatic mutations in PIGA cause par-
oxysmal nocturnal haemoglobinuria, a haematopoietic dis-
ease, which is also caused by somatic mutation of PIGT
in combination with the germ line mutation of one allele
[10, 11].

PIGT is one of the subunits of the GPI transamidase com-
plex, and catalyzes the attachment of GPI anchors to proteins
in the ER [1]. Kvarnung et al. [12] previously reported a
homozygous PIGT mutation in patients from a consanguine-
ous Turkish family with multiple congenital anomalies-
hypotonia-seizures syndrome-3 (MCAHS3 [MIM 615398]).
In the present study, we describe the use of whole exome
sequencing to identify novel compound heterozygous PIGT
mutations in a Japanese patient with seizures, intellectual
disability and multiple congenital anomalies. Functional anal-
ysis indicated that these mutations are causative of GPI
deficiency.
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Patient and methods

Patient

The female proband was born at full term without asphyxia as
the first child of healthy unrelated parents (Fig. 1a).
Polyhydramnios was recognized during pregnancy. She
showed poor sucking and post-feed stridor soon after birth.
At 4 months of age, she showed tonic seizures with apnea and
myoclonic seizures, both of which repeatedly turned to con-
vulsive status. Her electroencephalogram (EEG) demonstrated
high-amplitude slow wave as a background activity, but no
epileptic discharges were observed. She also showed a poor
response, muscle hypotonia, unstable head control, a cardiac
murmur caused by patent ductus arteriosus, and left
hydronephroureter with ureteral stenosis. Her seizures were
refractory to multiple antiepileptic drugs such as carbamaze-
pine, clobazam, and an intravenous injection of pyridoxal
phosphate while the frequency of her seizures decreased with
the combination of valproic acid, zonisamide, and phenytoin to
some extent. Phenobarbital could not be used in infancy be-
cause of drug eruption. After 1 year of age, she was frequently
admitted to hospital because of convulsive status epilepticus
induced by fever, or recurrent episodes of respiratory infec-
tions, bronchial asthma, or gastroenteritis. Her sleep cycle was
disorganized. Brain magnetic resonance imaging at 3 years of
age demonstrated progressive atrophy of the cerebral hemi-
sphere, cerebellum, and brainstem (Fig. 1c). EEG at 3 years
showed borderline findings consisting of a predominance of
fast wave activity with no spindle formation interrupted by
slow wave burst. She recurrently suffered bone fractures with-
out obvious event. Systemic bone X-ray at 12 years of age
showed neurogenic arthrogryposis and osteoporosis. At
12 years of age, she was bedridden and was only able to roll
over. She showed profound intellectual disability and had no
meaningful words. Her epileptic seizures disappeared after
10 years of age, but epileptic discharges comprised of spike-
and-slow wave complex at bilateral frontal area with low-
amplitude irregular background activity were seen on EEG.

G-banded chromosomal analysis revealed a normal karyo-
type (46,XX). Metabolic screenings including amino acids,
lactic acid, pyruvic acid, organic acids, lactic acid, and lyso-
somal enzymes were unremarkable. The biochemical analysis
of blood repeatedly showed low levels of serum alkaline
phosphatase from birth (186 U/l at birth and 326 U/l at 7 years
of age [normal range, 450–1250 U/l]). Both concentrations of
serum and urine calciumwere normal (serum calcium, 9.6 mg/
dl; U-calcium/U-creatinine ratio, 0.23 at 7 years of age).

DNA preparation

Peripheral blood samples were obtained from the patient and
her parents after parents signed informed consent. DNA was

extracted using QuickGene-610 L (Fujifilm, Tokyo, Japan)
according to the manufacturer’s instructions. The study was
approved by the ethics committee of the Yokohama City
University.

Whole exome sequencing

Patient DNA was captured with the SureSelect Human All
Exon V5 Kit (Agilent Technologies, Santa Clara, CA, USA)
and sequenced on an Illumina Hiseq2000 (Illumina, San
Diego, CA, USA) with 101-bp paired-end reads. Image anal-
ysis and base calling were performed by sequence control
software real-time analysis and CASAVA software v1.8
(Illumina). Reads were mapped to the human reference ge-
nome sequence (UCSC hg19, NCBI build 37) and aligned
using Novoalign (Novocraft Technologies, Jaya, Malaysia).
PCR duplicate reads were excluded using Picard (http://
picard.sourceforge.net/) for further analysis. Single-
nucleotide variants (SNVs) and small indels were identified
using the Genome Analysis Toolkit UnifiedGenotyper [13]
and filtered according to the Broad Institute’s best-practice
guidelines (version 3). Variants that passed the filters were
annotated using ANNOVAR[14]. The damaging prediction
was performed by Polyphen-2 [15] and MutationTaster soft-
ware [16].

Sanger sequencing

PIGT exon 2 and exon 10 sequences were PCR amplified
from the patient and her parents using the following primers:
PIGT ex2F 5′-GGGAGGAACTTGTCATCACC-3′ and ex2R
5′-CAGTGGCAGGATGACAACAC-3′, PIGT ex10F 5′-
AGAGATGTGGGTGACCTTGC-3′ and ex10R 5′-CTGA
GGACAGATGGGCTACA-3′, respectively. Amplified PCR
products were sequenced on an ABI 3500xl or 3130xl Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA).

Flow cytometry

Peripheral blood samples were collected from the pa-
tient and normal control individuals. Granulocyte sur-
face expression of total GPI-APs was quantified by
staining with Alexa 488-conjugated inactivated aerolysin
(FLAER; Protox Biotech, Victoria, Canada). Expression
of CD16, CD24, and alkaline phosphatase (ALP) was
examined using appropriate primary antibodies (3G8,
ML5, and B4-78, respectively; BD Biosciences, Frank-
lin Lakes, NJ, USA), followed by a PE-conjugated anti-
mouse IgG secondary antibody (BD Biosciences). Cells
were analyzed by BD FACSCanto II (BD Biosciences).

Human PIGT cDNA (NM_015937.5) with FLAG at the
C terminus was subcloned into the pME (driven by a
strong SRα promoter) or pTA (driven by a weak promoter
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containing only TATA-box) vector [17]. Two PIGT mu-
tants, Glu84* and Arg488Trp, were generated by site-
directed mutagenesis. Mutant and wild-type PIGT plasmids
were transfected by electroporation into CHO H4, PIGT-
deficient Chinese hamster ovary (CHO) cells expressing
human DAF (also called CD55) and CD59 as previously
described [18]. Two days later, lysates were run on SDS-
PAGE, and Western blotting was performed using an anti-
FLAG antibody (M2; Sigma-Aldrich, St. Louis, MO,
USA) to detect FLAG-tagged PIGT (PIGT-F). The protein
levels were normalized to the loading control, and lucifer-
ase activities were used to evaluate transfection efficien-
cies. Cells were stained with anti-hCD59 (5H8), anti-
hDAF (IA10), and anti-Hamster uPAR (5D6) antibodies

and restoration of the surface expression of GPI-APs was
assessed by flow cytometry.

Results

Mutation screening

We performed mutation screening for previously reported
genes involved in the GPI-anchor–synthesis pathway, and
identified the compound heterozygous mutations c.250G>T
(p. Glu84*) and c.1342C>T (p. Arg488Trp) in PIGT
(NM_015937.5). Both mutations were not found in 6500

Fig. 1 a Familial pedigree. b
Sanger sequencing results.
Compound heterozygous
mutations, c.250G>T and
c.1342C>T, in PIGTwere
observed in the affected
individual. c.250G>T (left) and
c.1342C>T (right) were inherited
from the mother and the father,
respectively. c Magnetic
resonance imaging of the patient’s
brain. Axial and sagittal T1-
weighted images at 3 years of age
show atrophic changes of the
cerebral hemisphere, brainstem,
and cerebellum
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ESP (Exome Sequencing Project) or 1000 genomes [19, 20],
but c.1342C>T is present in one of 408 in-house control
exomes. Both mutations were predicted to be probably
disease-causing by Polyphen-2 and MutationTaster. Sanger
sequencing confirmed that c.250G>T and c.1342C>T were
inherited from the mother and father, respectively (Fig. 1b).

Functional effect of the mutations on GPI synthesis

PIGT is a component of GPI transamidase that mediates the
post-translational attachment of GPI anchors to the C-terminal
of the precursor protein. Therefore, the mutant GPI
transamidase is likely to impair the surface expression of
GPI-APs. To investigate the influence of PIGT mutations on
GPI-APs synthesis, we first examined the granulocyte surface
expression of GPI-APs from the patient and a healthy control.
Expression of total GPI-APs (FLAER staining) and GPI-APs
CD16 and ALP on granulocytes was reduced in the patient
compared to the normal control (Fig. 2a). However, similar
expression levels of another GPI-AP CD24 were seen in the
patient and control (Fig. 2a).

We then transiently transfected wild-type or mutant
(Glu84* or Arg488Trp) PIGT cDNA constructs into PIGT-
deficient CHO cells to evaluate the functional effect of each
mutation on GPI-AP expression. Western blotting revealed
that the expression level of Arg488Trp mutant protein was
similar to that of wild-type protein, whereas the Glu84* mu-
tant expressed a small amount of full-length protein (probably
read-though) (Fig. 2c). Wild-type PIGT transfection success-
fully restored the expression of GPI-APs CD59, DAF (CD55),
and uPAR in both cases using vectors with a strong (pME) and
weak (pTA) promoter (Fig. 2b). The Arg488Trp mutant PIGT
cloned in pME restored the expression of GPI-APs close to
that of wild-type, whereas the same mutant in the pTA vector
only partially restored expression. The Glu84* mutant PIGT
in the pME vector insufficiently restored the expression of
GPI-APs, while this mutant in the pTA vector could not
restore expression (Fig. 2b). These results demonstrate that
both mutants, especially the Glu84* alteration, reduce the
activity of PIGT function.

Discussion

GPI deficiency syndromes are recessive disorders caused by
mutations in genes involved in the GPI-anchor biosynthesis
pathway. Here, we describe novel compound heterozygous
PIGT mutations in a nonconsanguineous patient presenting
with seizures and intellectual disability.

The first reported PIGT mutation (c.547A>C,
p.Thr183Pro) was identified in a consanguineous Turkish
family who showed seizures, intellectual disability, and

multiple congenital anomalies [12]. A decreased expression
of GPI-APs was documented on patient granulocytes. They
confirmed that the homozygous c.547A>Cmutation impaired
the function of PIGT by the functional study using pigt
knockdown zebrafish embryos which showed gastrulation
defects phenotype. In the present study, we also demonstrated
that both PIGT mutations, c.250G>T (p. Glu84*) and
c.1342C>T (p. Arg488Trp), impaired the function of PIGT
which was confirmed by the functional study using the PIGT
deficient CHO cells.

Mammalian GPI transamidase consists of at least five
subunits, PIGK, GPAA1, PIGS, PIGT, and PIGU [1]. Of
these, PIGT plays a critical role in stabilizing the complex
formation of GPI transamidase [17], which mediates cleavage
of the GPI attachment signal peptide at the C-terminal of the
precursor protein and transfers GPI anchors to the C-terminal
of cleaved proteins [1]. Consequently, PIGT mutants may not
be able to correctly form the GPI transamidase complex,
leading to a loss of GPI transamidase activity and reduction
in the cellular surface expression of GPI-APs.

Our patient and four patients described by Kvarnung et al.
[12] showed broad clinical spectrum and shared several com-
mon features (Table 1). The neurological findings including
intractable seizures, hypotonia and severe intellectual disabil-
ity were observed in all patients. Ophthalmologic features
including strabismus, nystagmus, and cerebral visual impair-
ment were also observed in all. Cerebral and cerebellar atro-
phy was observed in our patient and two of four seen by
Kvarnung et al. The EEG findings in our patient were also
exacerbated as she grew, suggesting progressive encephalop-
athy. Our patient and three of four patients by Kvarnung et al.
had some cardiologic disorders. All patients had some

�Fig. 2 a Surface expression of GPI-APs on granulocytes. Granulocytes
from the patient and healthy control were stained with FLAER or
antibodies against CD24, CD16, and ALP. The expression of total GPI,
CD16, and ALP in the patient (solid line) was lower than in the normal
control (dark shaded area). CD24 expression did not differ between the
patient and control. The light shaded areas represent the isotype control.
X axes show fluorescent intensities, which indicate expression levels of
each GPI-AP on the cell surface. Y axes show the relative cell numbers.
The value of mean fluorescent intensities of each sample is shown in each
panel. b PIGT-deficient CHO cells were transiently transfected with wild-
type (dashed line), Glu84* mutant (fine solid line), or Arg488Trp mutant
(bold solid line) PIGT cDNA expression constructs in vectors with either
a strong promoter (pME; upper panels) or weak promoter (pTA; lower
panels). PIGT-F protein levels and restoration of the surface expression of
CD59, DAF, and uPAR were assessed 2 days later. The dark and light
shadows represent empty-vector transfectants and isotype controls,
respectively. c Western blotting showed that the Arg488Trp mutant
protein was expressed at similar levels to the wild-type protein, whereas
the Glu84* mutant full-length protein, representing the read-through
product, was expressed at lower levels. Quantity numbers at the bottom
of the gel indicate the relative intensity of PIGT-F protein levels
normalized to the loading control, and luciferase activities used for
evaluating transfection efficiencies. Arrowhead indicates a non-specific
product
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urologic features, but not nephrocalcinosis in our patient. Our
case shared similar facial features with previous patients in-
cluding a depressed nasal bridge, short anteverted nose, tented
lip, and downturned corners of the mouth. Low set ears,
micrognathia, malar flattening, and upslanting palpebral fis-
sures were unique to our patient.

Hyperphosphatasia is a characteristic symptom of some
GPI deficiencies, such as PIGV, PIGW, PIGO, PGAP2 and
PGAP3 deficiencies [2–6]. In contrast, hypophosphatasia is a
particularly distinctive feature in the loss of GPI transamidase
function. Murakami at al. suggested that GPI transamidase
abnormalities lead to an inability to hydrolyze the precursor
protein of alkaline phosphatase, resulting in the degradation of
most precursor proteins within the cell and a decrease of
serum alkaline phosphatase levels (hypophosphatasia) [21].
This is supported in our case by the hypophosphatasia. The
patients described by Kvarnung et al. showed hypercalcemia
and hypercalciuria following tooth abnormality, craniosynos-
tosis, a delayed bone age, and reduced mineralization, which
is the common features with infantile hypophosphatasia
caused by the mutations in ALPL, the gene encoding tissue
non-specific alkaline phosphatase (TNAP) [22]. As TNAP is a
GPI-AP, the PIGT deficiency causes decreased surface ex-
pression of TNAP, which would lead to bone abnormalities.
Regardless of hypophosphatasia, our case showed only mild
scoliosis and osteoporosis, but no tooth abnormality nor cra-
niosynostosis. Different mutational effects on the enzyme
activity may account for such different phenotypes. In this
study, mutant PIGTconstruct harboring Arg488Trp or Glu84*
in strong promoter (pME) vector restored GPI-Aps expres-
sion. In contrast, Kvarnung et al. showed that abnormal phe-
notype of pigt knockdown zebrafish was never restored by the
homozygous mutant (Thr183Pro) PIGT cDNA. Therefore, it
is possible to estimate that the Thr183Pro mutation may affect
the GPI transamidase complex activity more severely than the
Arg488Trp and Glu84* mutations, leading to less severe
phenotypes. However, further functional analysis and cases
with PIGT mutations are needed to elucidate the relevance of
these mutations in PIGT function and full clinical spectrum of
GPI deficiency syndromes.
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