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Figure 3. FACS analysis of GPI-APs on LCLs and their PI-PLC sensitivity. (A, B) Cells from one of the affected siblings (lll-3) and the parents
were transfected with empty pMEoriP vector (A) and pMEoriP-FLAG-humanPGAP1 (B). Cells from the healthy sister were used without transfection.
Four days after transfection, cells were treated with (solid lines) or without (dotted lines) 10 unit/ml of PI-PLC for 1.5 h at 37°C, and the surface

expression of CD59, DAF and CD48 were assessed by flow cytometry.
doi:10.1371/journal.pgen.1004320.9003

SureSelect Human All Exon Kit, which targets approximately
50 Mb of human genome (Agilent, Santa Clara, Ca, USA) and
paired-end sequenced on a SOLID 5500 xI instrument (Life
Sciences, Carlshad, CA, U.S.A.). Image analysis and base calling
was performed using the SOLID instrument control software with
default parameters. Read alignment was performed with LifeScope
2.5 using the default parameters with human genome assembly
hgl9 (GRCh37) as reference. Single-nucleotide variants and small
insertions and deletions (indels) were detected using LifeScope,
GATK 2 and samtools/beftools [37,38]. To replicate the results,
DNA from individuals III-2 and III-3 was amplified using the Ion
AmpliSeq Exome Kit (Life Technologies, Carlshad, CA, U.S.A)
which targets approximately 58 Mb of the human genome. After
quality control on the Bioanalyzer High Sensitivity Chip (Agilent,
Santa Clara, Ca, USA) and emulsion PCR (Ion PI Template OT2
200 Kit v3, Life Technologies, Carlshad, CA, U.S.A.) the samples
were sequenced on a Proton PI chip Version 2 (Life Technologies,
Carlshad, CA, U.S.A.). Base calling, pre-processing of the reads,
short read alignment and variant calling was performed using the
Torrent Suite including the Torrent Variant Caller (TVC, Version
4.0) with default parameters recommended for the Ampliseq Exome
panel (low stringency calling of germline variants, Version
September 2013). Variant annotation was performed using
Annovar, integrating data from a variety of public databases
[39,40]. Additionally, variants were compared to an in-house
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database containing more than 350 sequenced exomes to identify
further common variants which are not present in public databases.
Finally, the variants were validated by PCR and Sanger sequencing
according to the standard protocols to exclude technical artifacts
and to test for segregation.

PI-PLC treatment and FACS analysis

Heparin blood samples were collected from one affected and
from all unaffected siblings and parents. Lymphoblastoid Cell lines
(LCLs) were generated and cultured in RPMI 1640 (Gibco, Life
technologies, Darmstadt, Germany) that is supplemented with
10% FCS (PAA Biotech, Colbe, Germany) and different other
supplements. LCLs from one of the affected siblings (I1I-3) and the
parents were transfected with empty pMEoriP vector or pMEoriP-
FLAG-humanPGAP!. Cells from healthy sister were used without
transfection. Cells (3x10% were suspended in 0.8 ml of Opti-
MEM and electroporated with 20 pg each of the plasmids at
260 V and 960 pF using a Gene Pulser (Bio Rad, Hercules, CA).
Four days after transfection, cells were treated with or without 10
unit/ml of PI-PLC (Molecular probes, Eugene, OR) for 1.5 h at
37°C. Surface expression of GPI-APs was determined by staining
cells with mouse anti-human CD59 (5H8), -human DAF (IA10), -
human CD48 (BJ40) antibodies and each isotype IgG followed by
a PE-conjugated anti-mouse IgG antibody (BJ40, mouse IgG1 and
IgG2a, and secondary antibody were purchased from BD
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Figure 4. Functional ability of mutant PGAP7 cDNA. (A) PGAP1 deficient CHO cell (C10) [4] were transiently transfected with N-terminally-FLAG-
tagged wild-type and mutant (L197del) human PGAPT driven by a strong promoter SRa, or an empty vector. Four days after transfection, each
transfectant was treated with (solid lines) or without (dotted lines) 10 unit/ml of PI-PLC for 1.5 h at 37°C and the surface expression of CD59, DAF and
UuPAR were assessed by flow cytometry. (B) Two days after transfection of each PGAPT construct, lysates were immunoprecipitated with anti-FLAG
beads and analyzed by SDS-PAGE/Western blotting. L197del mutant protein was not detected at all.

doi:10.1371/journal.pgen.1004320.g004

Biosciences, Franklin Lakes, NJ) and analyzed by flow cytometer
(Cant II; BD Biosciences) using Flowjo software (Tommy Digital
Inc., Tokyo, Japan).

Functional analysis using CHO cells

PMEFLAG-hPGAPI1 mutant (L197del) bearing patient’s muta-
tion was generated by site directed mutagenesis. PGAPI deficient
CHO cell (C10) [4] were transiently transfected with wild type or
mutant pMEFLAG-hPGAP! by electroporation. Cells (107) were
suspended in 0.4 ml of Opti-MEM and electroporated with 20 pg
each of the plasmids at 260 V and 960 pF using a Gene Pulser.
Four days after transfection, cells were treated with or without 10
unit/ml of PI-PLC for 1.5 h at 37°C. Surface expression of GPI-
APs was determined by staining cells with mouse anti-human
CD59 (5HS8), -human DAF (IA10), -hamster uPAR (5D6)
antibodies and each isotype IgG, followed by a PE-conjugated
anti-mouse IgG antibody and analyzed by flow cytometer using
Flowjo software. Two days after transfection of each PGAPI
construct, lysates were immunoprecipitated with anti-FLAG beads
and analyzed by SDS-PAGE/Western blotting.

Web resources
1000Genomes, http://www.1000genomes.org/
ABI, LT. (2012). LifeScope.: http://www lifetechnologies.
com/lifescope.
ANNOVAR: http://www.openbioinformatics.org/annovar/
GeneTalk: http://www.gene-talk.de
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BWA, Burrows-Wheeler Aligner; http://bio-bwa.sourceforge.
net/

dbSNP, NCBI: http://www.ncbi.nlm.nih.gov/snp/

GATK 2, Genome Analysis Toolkit:  http://www.
broadinstitute.org/gatk/index.php

Kyoto Encyclopedia of Genes and Genomes, KEGG, http://
www.genome.jp/kegg/

MutationTaster: http://www.mutationtaster.org/ ELAND,
alignment algorithm, Illumina.com

NHLBI Exome Sequencing Project (ESP): http://evs.gs.
washington.edu/EVS/

Online Mendelian Inheritance in Man (OMIM): http://www.
omim.org

PolyPhen2: http://genetics.bwh.harvard.edu/pph2/

SIFT: http://sift.jevi.org/

UCSC Genome Browser: www.genome.ucsc.edu

Supporting Information

Figure S1 Functional ability of mutant PGAPI cDNA. PGAPI
deficient CHO cell (C10) [4] were transiently transfected with N-
terminally-FLAG-tagged wild-type and mutant (LysI11Glu,
GlIn585Glu) human PGAPI or an empty vector driven by a strong
promoter SRo (pME) or a weak promoter containing only TATA
box (pTal). Four days after transfection, each transfectant was
treated with (solid lines) or without (dotted lines) 10 unit/ml of PI-
PLC for 1.5 h at 37°C and the surface expression of CD59 was
assessed by flow cytometry.

JPG)
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Table S1 A list of all ESP database variants with a possible
pathogenic effect (i. e. coding or at splice sites). We undertook
further in silico analyses using MutationTaster and SIFT and
presented in the last two columns estimations about the
pathogenicity of the variants. Taking those estimations and the
number of identified alleles, one can estimate the prevalence of the
disease in the population to be between 7 and 13 per million.
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Abstract Recessive mutations 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-
lopathies and multiple dysmorphism with
hypophosphatasia and identified novel compound hetero-
zygous mutations, ¢.250G>T (p. GluB4*) and ¢.1342C>T
(p- Argd488Trp), 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 P/GT construct, but not the Glu84*
mutant, into PIGT-deficient cells partially restored the
expression of GPI-APs DAF and CDS59. 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 noctumal 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. la).
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 | 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. 1¢). 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/1]). Both concentrations of
serum and urine calcium were 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
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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 IHlumina 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
(Ilfumina). Reads were mapped to the human reference ge-
nome sequence (UCSC hgl9, 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 3500x]1 or 3130x! 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- (3GS,
MLS, and B4-78, respectively; BD Biosciences, Frank-
lin Lakes, NJ, USA), followed by a PE-conjugated anti-
mouse [gG 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 SRa promoter) or pTA (driven by a weak promoter
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Fig. 1 a Familial pedigree. b

Sanger sequencing results. exon2 exon10

Compound heterozygous c. 2506>T C. 1342C>T

mutations, ¢.250G>T and 1 2

¢.1342C>T, in PIGT were O T 9 g T C [P y 6

observed in the affected |

individual. ¢.250G>T (/efi) and
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respectively. ¢ Magnetic

resonance imaging of the patient’s T 6T AEC T RG1 6686

brain. Axial and sagittal T1- 1 -1 A {«

weighted images at 3 years of age &~ = \

show atrophic changes of the M /\ f m /\ [\; /\ /\

cerebral hemisphere, brainstem, I -

and cerebellum C.25065T R R - I v
c.1342C>T I-2

2 r_nonths
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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 (5HS), anti-
hDAF (IA10), and anti-Hamster uPAR (5D6) antibodies
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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 ¢.250G>T
(p. Glu84*) and c.1342C>T (p. Arg488Trp) in PIGT
(NM_015937.5). Both mutations were not found in 6500
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ESP (Exome Sequencing Project) or 1000 genomes [19, 20],
but ¢.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 ¢.250G>T and ¢.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 Argd88Trp) 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. 2¢). 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 P/GT mutation (c.547A>C,
p.Thr183Pro) was identified in a consanguineous Turkish
family who showed seizures, intellectual disability, and
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Fig. 2 a Surface expression of GPI-APs on granulocytes. Granulocytes P>
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.
A 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 Argd88Trp mutant
(hold solid line) PIGTcDNA expression construets 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
CD359, DAF, and uPAR were assessed 2 days later. The dark and flight
shadows represent empty-vector transfectants and isotype controls,
respectively. ¢ 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

multiple congenital anomalies [12]. A decreased expression
of GPI-APs was documented on patient granulocytes. They
confirmed that the homozygous ¢.547A>C mutation 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, ¢.250G>T (p. Glu84*) and
¢.1342C>T (p. Argd88Trp), 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, GPAAL, 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 Kvamung et al.
had some cardiologic disorders. All patients had some
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Table 1 Clinical features of patients with PIGT mutations

Patients This Patient
Kvamung et al. Kvarnung et al. Kvarnung et al. Kvarnung et al.
Patient 1 Patient 2 Patient 3 Patient 4
consanguinity - + + + +
Sex Female Female Female Female Female
Gestation 40 weeks 40 weeks 39 weceks 37 weeks 37 weeks
Birth weight 3816 ¢ 4735 ¢ 4,500 g 3460 g 3240 g
Birth length 51 em 53 em 54 cm 53 em 33 em
BHC 355 em +1.8 SD 38 em +2 SD 39 em +3 SD 35 em+1SD 36 em +1.5 8D
HPP + + + + +
1D + + + + +
Hypotonia + + + + +
Seizure + + + + +
Strabismus + + + + +
Nystagmus + + + + +
CVI + + + + +
C

Brain images

Tooth abnormalities

Skeletal
features

Urologic
features

Cardiologic features
Facial features

CT: dilated ventricle,
frontal atrophy, cerebellar
and brainstem atrophy

Scoliosis,
osteoporosis

Urolithiasis,
Ureteral dilation

PDA
Low set ears, micrognathia,

malar flattening, upslanting
palpebral fissures, depressed
nasal bridge, short anteverted

nose, downturned corners
of the mouth, tented lip,
high arched palate

CT: primitive Sylvian
fissures

+

Craniosynostosis,

Pectus excavatum,

Short arm,

Scoliosis,

Delayed bone age,
Reduced mineralisation

Nephrocalcinosis

Minor PDA

High forehead with
bitemporal narrowing,

broad nasal root,

anteverted nose,

long philtrum with

a deep groove,

distinct cupid bow

T: Normal findings

+

Craniosynostosis,

short arm,

Scoliosis,

Delayed bone age, Reduced
mineralisation

Nephrocalcinosis,
Ureteral dilation,
Cysts and dysplasia

High forchead with
bitemporal narrowing,

broad nasal root,

anteverted nose,

long philtrum with

a deep groove,

distinct cupid bow

MRI: global atrophy with
predominate vermis and
cerebellar atrophy,
atrophy of basal ganglia

+

Short arm,
Delayed bone age,
Reduced mineralisation

Nephrocalcinosis,
Ureteral dilation

Mild restrictive CMP

High forehead with
bitemporal narrowing.

broad nasal root,

anteverted nose,

long philtrum with

a deep groove,

distinct cupid bow

MRI: global atrophy
with predominat
vermis and cerebellar
atrophy, hypomyelination
&

Short arm,
Delayed bone age, Reduced
mineralisation

Nephrocalcinosis,
Ureteral dilation

Increased atrial load on ECG

High forehead with
bitemporal narrowing,

broad nasal root,

anteverted nose,

long philtrum with

a deep groove,

distinct cupid bow

BHC birth head circumference, HPP hypophosphatasia, /D intellectual disability, C'V7 cerebral visual impairment, ECG electrocardiogram, CMP cardiomyopathy, PDA patent ductus arteriosus

861
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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]. AsTNAPisa
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 PIGT construct harboring Arg488Trp or Glu84*
in strong promoter (pME) vector restored GPI-Aps expres-
sion. In contrast, Kvarmung 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
Argd88Trp and GluB4* 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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Paroxysmal nocturnal hemoglobinuria with copy number-
neutral 6pLOH in GPI (+) but not in GPI (-) granulocytes
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Abstract

Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired bone marrow disorder caused by expansion of
a clone of hematopoietic cells lacking glycosylphosphatidylinositol {(GPl)-anchored membrane proteins.
Multiple lines of evidence suggest immune attack on normal hematopoietic stem cells provides a selective
growth advantage to PNH clones. Recently, frequent loss of HLA alleles associated with copy number-
neutral loss of heterozygosity in chromosome 6p (CN-6pLOH) in aplastic anemia (AA) patients was
reported, suggesting that AA hematopoiesis ‘escaped’ from immune attack by loss of HLA alleles. We
report here the first case of CN-6pLOH in a Japanese PNH patient only in GPl-anchored protein positive
(59%) granulocytes, but not in GPl-anchored protein negative (41%) granulocytes. CN-6pLOH resulted in
loss of the alleles A*02:06-DRB1*15:01-DQB1*06:02, which have been reported to be dominant in
Japanese PNH patients. Our patient had maintained nearly normal blood count for several years. Our case
supports the hypothesis that a hostile immune environment drives selection of resistant hematopoietic cell
clones and indicates that clonal evolution may occur also in normal phenotype (non-PNH) cells in some
cases.

Key words paroxysmal nocturnal hemoglobinuria; array comparative genomic hybridization; loss of heterozygosity; clonal evolution;
bone marrow failure syndromes
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Paroxysmal nocturnal hemoglobinuria (PNH) is a rare, NK and T-cell killing due to lack of expression of stress-
life-threatening bone marrow failure syndrome, which is inducible GPI-anchored proteins ULBP1 and ULBP2 in vitro
characterized by three major features: intravascular hemo- and with patients granulocytes (4, 5), and an inefficient T
Iytic anemia, bone marrow failure, and thrombosis (1). PNH lymphocyte response was observed to GPI (—) cells in vitro
is an acquired clonal disorder of the hematopoietic stem cell and in mouse models (6). Recently, frequent loss of HLA
(HSC) caused by a somatic mutation of the X-linked phos- alleles associated with copy number-neutral loss of heterozy-
phatidylinositol glycan class A (PIGA) gene in one or a few gosity of the 6p arms (CN-6pLOH) in AA patients was
hematopoietic stem cells (2). Even healthy individuals were reported (7). Here, we describe the first case of a PNH
reported to have very small number of PNH cells (3). The patient with CN-6pLOH in GPI (+) granulocytes, but not in
mechanism of clonal expansion of PNH cells is not under- GPI (—) granulocytes.

stood, but the close association between PNH and aplastic
anemia (AA) suggests that immune-mediated attack to hema-
topoietic stem cells underlies the pathogenesis of the associ-
ation. Some data support a model of PNH clone expansion A 33-year-old male presented to hospital for mild thrombo-
based on autoimmunity. PNH clones were less sensitive to cytopenia (130 x 10°/L), and PNH was diagnosed by flow

Patient and methods

450 © 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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cytometry (1). The patient had not been treated for 2 years
and 6 months due to lack of symptoms of anemia or throm-
bosis, although he had experienced hemoglobinuria several
times a year since diagnosis. PNH clone sizes were 49.0%
and 22.0% in granulocytes and red blood cells, respectively,
at diagnosis and were 45.2% and 28.5%, respectively.
12 months after the diagnosis, LDH had remained elevated
(500-600 U/L). At the time of array comparative genomic
hybridization (aCGH) analysis, 24 months after the diagno-
sis, the proportions of GPl-negative cells were 40.9%,
25.7%, and 4.7% in granulocytes, red blood cells, and T
cells, respectively. Blood count included leukocytes
3.7 x 10°/L, (38.8% neutrophils, 48.0% lymphocytes, 8.7%
monocytes, 0.8% eosinophils, and 0.5% basophils), hemo-
globin 14.4 g/dL, MCV 101.9 fl, platelets 113 x 10%/L, and
reticulocyte count 112 x 10%L. LDH was elevated al
620 U/L (normal range up to 229 U/L). Informed consent
was obtained from the patient in accordance with protocols
approved by the Institutional Review Boards of Osaka Uni-
versity Hospital. Red blood cells were analyzed for GPI-
anchored proteins with anti-CD55 and anti-CD59 antibodies
within a CD235 positive population. Peripheral blood granu-
locytes (CD11b + 7TAAD—) and T cells (CD3 + 7AAD~)
were separated into GPI (+) and GPI (—) cells by Flaer
(Pinewood Scientific Services, Victoria, BC, Canada) stain-
ing. After sorting, each cell population of granulocytes was
subjected to DNA extraction with the QIlAamp DNA Blood
Mini kit or the QIAamp DNA Micro kit (QIAGEN. Hilden,
Germany). High-resolution genome-wide DNA copy number
analysis was performed with both GPI (+) and GPI (—)
granulocytes using the CytoScan™HD Array (Affymetrix,
Santa Clara, CA, USA). Sample processing was performed
at Coriell Genotyping and Microarray Center, Coriell Insti-
tute for Medical Research (Camden, NJ, USA). Data were
analyzed with Affymetrix Chromosome Analysis Suite

Log2 ratio

CN-6pLOH in GPI (+) granulocytes in PNH

(CHAS). For the analysis of clonal lesions, loss of heterozy-
gosity (I.OH) was called when the deletion was more than
25 Mb and involved telomeres (8). Alleles at HLA-A, -B,
-DRBI, -DQBI, and -DPBI loci were identified by PCR and
sequence-specific  oligonucleotide  probes  (PCR-SSOP)
method using the WAKFlow HLA Typing kit (Wakunaga,
Hiroshima, Japan) at the HLA Foundation Laboratory
(Kyoto, Japan), as described previously (9). Briefly, target
DNA was PCR amplified with 5'-biotin-labeled primers that
are highly specific to sequences of HLA genes. Amplified
DNA was denatured and hybridized to locus-specific probes
conjugated to microbeads labeled with streptavidin—phycoer-
ythrin. The fluorescent intensity of phycoerythrin on each
coded oligobead was measured by the Luminex™ 100 system
(Luminex, Austin, TX, USA). The data analysis was per-
formed using the WAKFlow™ Typing Software (Wakunaga).
The haplotypes of six loci were inferred based on the data
of haplotype frequencies of a Japanese population (701 fami-
lies; n = 2972) estimated by direct counting method. The
data are available at the Web site of the HLA Founda-
tion Laboratory (http://hla.orjp/haplo/haplonavi.php?type=
haplo&lang=en).

Results and discussion

The Affymetrix CytoScan” HD Array contains more than
2.4 million markers for copy numbers and 750 thousand
single nucleotide polymorphisms, enabling detection of
high-resolution copy number, LOH detection, and break-
point estimation across the genome. We employed the Cy-
toScan®dD  Array for aCGH analysis of submicroscopic
aberrations of genomes in three Japanese PNH patients who
had both GPl (+) and GPI (=) cells in granulocytes.
Remarkably, CN-6pLLOH was detected in a GPY (+) granu-
locyte population, but not in a GPI (—) granulocyte popula-

GPI (+)

GPI ()

Allele peaks

GPI (+)

GPI(-)

Chr

I 6pLOH | I mosaic]

Figure 1 Acquired CN-6pLOH in GPI {(+) granulocytes but not in GPI (—) granulocytes. Upper panel shows copy number status by log2 ratio: The-
oretically, the log 2 ratio of normal (copy number-neutral) clones is log2 (2/2) = 0 and of single copy losses is log2 (1/2) = —1. Lower panel shows
allele frequency calculated as the difference between the signals of the A allele minus B allele. Homozygous AA maps to approximately +1, and
homozygous BB allele maps to approximately —1, with the heterozygote mapping to approximately 0. Single A and B allele maps to 0.5 and
-0.5, respectively. Copy number was neutral in 6p arm, but loss of heterozygosity (the disappearance of the heterozygote signal) was observed

with mosaicism near the centromere.
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tion, in a single patient (Fig. 1). Mosaicism was observed
near the centromere of 6p, suggesting there were at least
two clones with CN-6pLOH in GPI (+) cells. Both of the
CN-LOH covered HLA class I and class II genes (6p21.2—
6p25.3 and 6pl1.2-6p25.3). HLA typing of the patient by
PCR-SSOP method was A*02:06, A*26:02, B*35:01,
B*40:06, C*03:03, C*08:01, DRBI*09:01, DRBI*15:01],
DOBI%03:03, DQBI*06:02, DPBI*02:01, DPBI*05:01.
The haplotype of A*02:06-B*35:01-C*03:03-DRBI*15:01-
DQBI1#06:02- DPBI*05:01 was lost in 80%-90% of GPI
(+) granulocytes due to 6pLOH. High frequency of CN-
6pLOH in AA patients was reported by a Japanese group
(7), and particular alleles including HLA-A*02:06 were
dominantly missing, suggesting 6pLOH hematopoietic stem
cells escape from the immune attack mediated by cyto-
toxic T cells (CTLs), which may recognize unknown anti-
gens on class I HLA molecules. HLA alleles A*02:06,
DRBI*]5:01, and DQBI]*06:02 were reported to be fre-
quent among Japanese PNH patients (10, 11), suggesting
that an immunological mechanism underlies the expansion
of PNH clones. Immune mechanisms have long been
hypothesized for the expansion of PNH clones with some
support in the literatures. PNH clones were reported to be
less sensitive to NK and T-cell killing (4, 5) or CD4 + T
cells (6). GPI itself was suggested to be an autoantigen
recognized by GPI-specific T cells (12, 13). GPI (+) granu-
locytes reflect purportedly ‘normal’ hematopoiesis, but our
previous studies showed frequent chromosomal abnormali-
ties and apoptotic gene expression in this ‘normal’ popula-
tion. Based on these observations, in this patient, 80% to
90% of GPI (+) granulocytes were derived from clones that
might have escaped immune attack by loss of the haplotype
and therefore able to maintain nearly normal hematopoiesis
for several years. The PNH clone in this patient propagated
without loss of HLA alleles, supporting the idea that PNH
clones are less susceptible to immune attack even when
they express target antigens. HLA-restricted CTLs might
have led to clonal selection of GPI (+) cells in our patient,
but how the PNH cells in the same patient escaped attack
is unknown. 6pLOH in the GPI (—) clone could result from
mitotic recombination, but it is still to be clarified if addi-
tional CN-6pLOH endows GPI (—) cells with a compara-
tive growth advantage under HLA-restricted immune attack.
Clonal evolution in both the GPI (+) and GPI (—) cells
may have caused the balanced coexistence with nearly nor-
mal blood count. Further analysis would be necessary to
examine whether this phenomenon is common in other
PNH patients, and assessment of both clones in the patient
would be needed. In conclusion, our case supports the
hypothesis that a hostile immune environment drives selec-
tion of resistant hematopoietic cell clones and indicates that
clonal evolution may occur also in normal phenotype (non-
PNH) cells in some cases.
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New insights into the functions of PIGF, a protein involved in the
ethanolamine phosphate transfer steps of glycosylphosphatidylinositol

biosynthesis

Matthew J. STOKES*, Yoshiko MURAKAMI*+, Yusuke MAEDA*+, Taroh KINOSHITA*+ and Yasu S. MORITA*+!

*Laboratory of Immunoglycobiology, WP! Immunology Frontier Research Center, Osaka University, Osaka 565-0871, Japan
‘+Department of Immunoregulation, Research Institute for Microbial Diseases, Osaka University, Osaka 565-0871, Japan

PIGF is a protein involved in the ethanolamine phosphate (EtNP)
transfer steps of glycosylphosphatidylinositol (GPI) biosynthesis.
PIGF forms a heterodimer with either PIGG or PIGO, two
enzymes that transfer an EtNP to the second or third mannoses
of GPI respectively. Heterodimer formation is essential for stable
and regulated expression of PIGO and PIGG, but the functional
significance of PIGF remains obscure. In the present study,
we show that PIGF binds to PIGO and PIGG through distinct
molecular domains. Strikingly, C-terminal half of PIGF was
sufficient for its binding to PIGO and PIGG and yet this truncation
mutant could not complement the PIGF defective mutant cells,
suggesting that heterodimer formation is not sufficient for PIGF
function. Furthermore, we identified a highly conserved motif
in PIGF and demonstrated that the motif is not involved in

binding to PIGO or PIGG, but critical for its function. Finally,
we identified a PIGF homologue from Trypanosoma brucei and
showed that it binds specifically to the 7. brucei PIGO homologue.
These data together support the notion that PIGF plays a critical
and evolutionary conserved role in the ethanolamine-phosphate
transfer-step, which cannot be explained by its previously ascribed
binding/stabilizing function. Potential roles of PIGF in GPI
biosynthesis are discussed.

Key words: ethanolamine phosphate transferase, glycosyl-
phosphatidylinositol, membrane protein, metabolism, PIGF,
Trypanosoma brucei.

INTRODUCTION

Phosphatidylinositol-anchored proteins and glycans are found in
evolutionarily diverse organisms including bacteria, protozoa,
fungi, plants and animals. The structure of eukaryotic glyc-
osylphosphatidylinositol (GPI) was first revealed by using a GPI-
anchored variant surface glycoprotein of Trypanosoma brucei
in 1985 [1,2]. Since then, structures of GPI-anchored proteins
have been reported from many organisms and it has become
clear that the core structure of protein-EtNP-6Manw1,2Mana1,
6Mana 1,4GlcNa 1,6myo-inositol-phospholipid is highly con-
served through the eukaryotic evolution [EtNP (ethanolamine
phosphate); Man (mannose); GlcN (glucosamine)] (Figure 1).
More than 20 genes involved in the GPI-anchor biosynthesis have
been identified [3]. This core structure is modified by a variety of
structures such as additional EtNP or mono/oligo-saccharides, but
the physiological significance of various modifications in various
GPI-anchored proteins remains largely unknown.

An evolutionarily conserved feature of GPI structure in
mammalian and yeast cells is that an additional EtNP residue
modifies both the first and second mannoses in addition to the
third mannose. Phosphatidylinositol glycan anchor biosynthesis,
class O (PIGO; Gpil3p in yeast) is involved in the attachment
of the core EtNP on to the third mannose [4-6]. The donor
of EtNP is phosphatidylethanolamine (PE) [7,8] and its EtNP

moiety is transferred to GPI in a transphosphodiesterase reaction.
Indeed, PIGO has conserved motifs found in phosphodiesterases
and nucleotide pyrophosphatases, suggesting that it has a catalytic
function. Homologues of PIGO, namely phosphatidylinositol
glycan anchor biosynthesis, class N (PIGN; Mcd4p in yeast) and
phosphatidylinositol glycan anchor biosynthesis, class G (PIGG;
Gpi7p in yeast), mediate the transfer of EtNP to the first and
second mannoses respectively [9-13]. Although the physiological
significance of these additional EtNP structures are poorly
understood, these steps are critical for GPI-anchor biosynthesis
and trafficking. In yeast, a terpenoid lactone, YW3548, which
inhibits the enzymatic activity of Mcd4p [9], blocked the addition
of the third mannose, suggesting that EtNP needs to be attached
to the first mannose before the third mannose transfer occurs [14].
Furthermore, mutation in the PIGN gene is associated with defects
in forebrain development in mice and an autosomal recessive
syndrome in human characterized by dysmorphic features and
congenital neurological abnormalities [15-17]. GPI7 is not an
essential gene in yeast and a GPl-intermediate lacking an EtNP
attachment mediated by Gpi7p can still be transferred to proteins
[11,13]. Nevertheless, yeast GPI7 has been implicated in cell
separation and subsequent growth of daughter cells [18]. More
recently, we demonstrated in mammalian cells that the second
EtNP added by PIGG is removed in the endoplasmic reticulum
(ER) by a phosphodiesterase, PGAPS5, soon after attachment to

Abbreviations: ALDH, acetaldehyde dehydrogenase; CHO, Chinese-hamster avary, ER, endoplasmic reticulum; EtNP, ethanolamine phosphate;
GIcN, glucosamine; GPI, glycosylphosphatidylinositol; PE, phosphatidylethanolamine; PIG, phosphatidylinositol glycan anchor biosynthesis; TM,

transmembrane, WT, wild-type.

' To whom correspondence should be addressed at the present address: Department of Microbiology, University of Massachusetts, Amherst, MA

01003, U.S.A. (email ymorita@microbio.umass.edu).
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Table 1 Primers used in the present study
Name Forward primer sequence (5'—3') Reverse primer sequence (5'—3')
PIGF-AN1 AMAACTGCAGGACTACAAGGACGACGATGACAAGGTCGACGAGAACTTCTCAATATTG ATAGTTTAGCGGCCGCTTAATTGTTCTTGTATGT
PIGF-AN2 AMACTGCAGCCACCATGGACTACAAGGACGACGATGACAAGGTCGACAAACCARATACATCCTCT  ATAGTTTAGCGGCCGCTTAATTGTTCTTGTATGT
PIGF-AN3 AAPACTGCAGGACTACAAGGACGACGATGACAAGGTCGACTATGGAGCACCACTGATA ATAGTTTAGCGGCCGCTTAATTGTTCTTGTATGT
PIGF-AC1 ARAACTGCAGCCACCATGGACTACAAGGACGACGATGACAAGGTCGACAAAGATAACGATATCAAG  ATAGTTTAGCGGCCGCTTACGTACAGGAGATGGGCCA
PIGF-AC2 AAACTGCAGCCACCATGGACTACAAGGACGACGATGACAAGGTCGACAAAGATAACGATATCAAG  ATAGTTTAGCGGCCGCTTACTGGAGACTATTCTCCCA
PIGF-AC3 ABAACTGCAGCCACCATGGACTACAAGGACGACGATGACAAGGTCGACAAAGATAACGATATCAAG  ATAGTTTAGCGGCCGCTTATGTTTCCAATGCCAACTC
PIGF-ANTACT  AAAACTGCAGGACTACAAGGACGACGATGACAAGGTCGACGAGAACTTCTCAATATTG ATAGTTTAGCGGCCGCTTACGTACAGGAGATGGGCCA
ThPIGF ACGCGTCGACGTTCTTTGGGTAGTTATTITCTCACTCGET ATAGTTTAGCGGCCGCTTATTCCACCTTTTCATCAACCTTCTCTGGT
TbPIGO CCGGAATTCCCACCATGACCTCACGCTCTGAT CGACGCGTTGCCAGTAACGCAGC

. Inositol

Ethanolamine

B Glucosamine
Mannose

® Phosphate

Figure 1  Structure of GPl-anchor core glycan and enzymes involved in the
biosynthesis

proteins and suggested that EtNP attached to the second mannose
regulates GPI-anchored protein transport in the early secretory
pathway [19].

Phosphatidylinositol glycan anchor biosynthesis, class F
(PIGF) is another protein involved in E(NP transfer steps of
GPI biosynthesis. It is an extremely hydrophobic protein made
of 219 amino acid residues in the case of human PIGF [20].
Six transmembrane (TM) domains, identified using the programs
SOSUI [21] and TMHMM [22], are distributed through the entire
protein. PIGF was initially identified as a protein involved in
the addition of the third mannose [4]. Indeed, PIGF binds to
PIGO, and PIGO quickly degrades in the absence of PIGF,
indicating that PIGF is important for stable expression of PIGO
[4]. Interestingly, PIGF binds not only to PIGO but also to PIGG
and the stable expression of PIGG is also dependent on PIGF [10].
These observations suggested that PIGF is a critical protein that
allows stable expression of the two EtNP transferases, PIGO and
PIGG. Nevertheless, we know little about whether PIGF plays
this stabilizing role and how the presence of PIGF is critical when
co-ordination of multiple EtNP transferases is necessary. In the
present paper, we provide evidence that PIGF uses distinct amino
acid domains to interact with PIGO or PIGG. Furthermore, we
demonstrate that PIGF plays an additional function that cannot
be explained by its binding to PIGO or PIGG. Finally, whereas
a protozoan parasite T. brucei lacks PIGG, we demonstrate the
presence of a PIGF homologue, designated as TbPIGF, and its

© The Authors Journal compilation © 2014 Biochemical Society

interaction with TbPIGO, indicating that evolution of PIGF is not
dependent on the presence of PIGG.

EXPERIMENTAL
Cells and culturing

EL4 class F cells [20], a murine thymoma Thy-1-deficient
cell-line, were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS. Chinese-hamster ovary (CHO)-
K1 cells were cultured in Ham’s F12 medium supplemented with
10 % FBS.

Cloning, preparation of mutant constructs and transfection

Primer sets used to create PIGF mutants are shown in Table 1.
Amplified PCR fragments were digested with Pstl and Notl
and ligated into pMEPyori_puro-FLAG-CD59 vector to generate
PIGF proteins with an N-terminal FLAG tag [23]. PIGO and
PIGG with an N-terminal GST tag were generated previously
[4,10]. TbPIGF and ThbPIGO genes were amplified and cloned
into either pMEPyori_puro-FLAG-CD59 or pMEpyori4gGST
expression vector. Site-directed mutagenesis was performed as
described previously [23]. For transfection of EL4 class F cells,
cells were grown to a density of 3 x 10° cells/ml, and 1 x 107
cells were electroporated with 20 g of plasmid at 1000 4F and
250 V in 0.4 mm gap cuvette. The cells were then transferred to
10 ml of Eagle’s medium containing 10 % FBS and cultured for
2 days. For CHO-K1 cells, 1 x 107 cells were electroporated with
20 g of plasmid at 1000 ;F and 250 V in 0.4 mm gap cuvette.
The cells were then transferred to 10 ml of Ham’s F12 medium
containing 10 % FBS and cultured for 2 days.

Fluorescence staining and FACS analysis

Surface-expressed Thy-1 was stained by incubating cells
with phycoerythrin-conjugated anti-CD90.2 antibody (Becton
Dickinson) for 1 h on ice. Stained cells were analysed using a
FACScan cytometer (Becton Dickinson).

Immunoprecipitation and Western blotting

Washed cells were resuspended in 0.8 ml of lysis buffer (50 mM
Tris/HCI, pH 7.5, 150 mM NaCl, 1% digitonin, 5 mM EDTA
and protease inhibitor cocktail) and lysed for 1h at 4°C. The
lysate was then centrifuged at 20000 g for 15 min to remove
cell debris and the supernatant was incubated with glutathione—
Sepharose 4B (GE Healthcare) or anti-FLAG M2 Affinity Gel
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Figure 2 Complementation of PIGF-deficient cells with truncated PIGF

(A) Schematic representation of PIGF depicting predicted TM domains and areas of truncation in the tested constructs, binding regions and the location of the conserved motif. (B) EL4 class F cells
were transiently transfected with the truncated PIGF constructs and tested for surface expression of Thy-1.

(Sigma). The beads were washed and bound proteins were
eluted with reduced glutathione or FLAG peptide respectively.
We often performed sequential pull-downs (e.g. glutathione—
Sepharose pull-down and then anti-FLAG immunoprecipitation
as in Figure 3) to collect unbound proteins in the initial
pull-down. The eluted samples were then denatured in a
sample loading buffer under reducing conditions for 1h at
4°C and proteins were separated by SDS/PAGE (15% or 10—
20% gradient gel). Proteins were transferred on to PVDF
membranes (Millipore) for Western blotting. Primary antibodies
were mouse anti-FLLAG M2 monoclonal antibody (Sigma) or goat
anti-GST polyclonal antibody (GE Healthcare). For secondary
antibody, horseradish peroxidase-conjugated goat anti-mouse
IgG (Cell Signaling Technology) was used and the protein

bands were visualized by chemiluminescence using ECL-Plus
(GE Healthcare).

RESULTS
Functional domains of human PIGF

To further examine the interaction of PIGF with its binding
partners, PIGO and PIGG, a series of truncated mutants were
created (Figure 2A). ORFs were created to incorporate a FLAG
tag at the N-terminus for constructs PIGF-AN2, PIGF-ACI,
PIGF-AC2 and PIGF-AC3 and cloned in the pMEpyori vector.
In order to maintain the correct orientation for constructs PIGF-
AN1, PIGF-AN3 and PIGF-AN1ACI, an ORF was generated

© The Authors Journal compilation © 2014 Biochemical Society
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Figure 3  Binding of truncated PIGFs with PIGO and PIGG

GST-PIGG

CHO-K1 cells co-expressing WT FLAG—PIGF, truncated FLAG-PIGF or FLAG-ALDH with GST-PIGO (A}, or GST-PIGG (B), were lysed in 1% digitonin. The GST-tagged proteins in the supernatant
were precipitated using glutathione beads. Unbound FLAG-tagged proteins were then precipitated with anti-FLAG-agarose. GST-tagged (bottom panels) and co-precipitated FLAG-tagged proteins
(top panels) were detected by Western blot analysis using anti-GST and anti-FLAG respectively. Unbound FLAG-tagged proteins were detected using anti-FLAG antibody (middle panel). The top
band constantly appearing in the middle panel is 1gG light chain released during anti-FLAG immunoprecipitation.

and ligated directly into a pMEpyori containing a cleavable ER
import sequence and a FLAG tag at the N-terminus [23]. To test
the function of the truncated PIGF mutants, the constructs were
transiently transfected into an EL4 murine thymoma cell line that
lacks the surface expression of GPl-anchored proteins, such as
Thy-1, due to PIGF deficiency (class F cells) [20]. Restoration
of Thy-1 expression by each PIGF mutant was determined using
FACS analysis (Figure 2B), and used as an indication of PIGF
function. As controls, full length PIGF could restore the surface
expression of Thy-1, whereas an unrelated membrane protein,
acetaldehyde dehydrogenase (ALDH) had no effect on the Thy-
1 expression. The removal of the C-terminal TM domain TM6
(PIGF-ACH1) resulted in complete loss of PIGF’s ability to restore
Thy-1 expression in the class F cells, indicating that the C-terminal
31 amino acid residues are critical for the function or the structural
integrity of PIGF. In contrast, the N-terminal two TM domains
(TM1 and TM2) were not an absolute requirement for PIGF
function because PIGF-AN1 and PIGF-AN2 can at least partially
restore the expression of Thy-1. Further deletion (PIGF-AN3)
abolished PIGF’s ability to restore Thy-1 expression, suggesting
that amino acid residues beyond position 63 carry critical residues
for PIGF function. Taken together, although TM1 and TM2 are
dispensable for PIGF function, the remaining C-terminal regions
appear to be critical for its function.

© The Authors Journal compilation © 2014 Biochemical Society
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PIGF forms heterodimers with either PIGO or PIGG and
stabilizes these EtNP transferases, thereby partaking in GPI
biosynthesis. We therefore wondered whether these truncated
PIGF mutants lost their ability to restore Thy-1 expression because
they can no longer bind to these binding partners. To test this, the
truncated FLAG-PIGFs (and FLAG-ALDH as a control) were
transiently co-expressed in CHO-K1 cells with GST-tagged PIGO
or PIGG. The GST-tagged proteins were then immunoprecipitated
with glutathione—Sepharose beads from digitonin-lysed cells and
analysed for the co-immunoprecipitation of PIGF or ALDH by
Western blotting. We have previously established that complexes
of GPI biosynthetic enzymes are maintained in digitonin-lysed
cells, but not in Nonidet P40-lysed cells [24] and successfully used
ALDH, an ER-resident membrane protein as a negative control
for immunoprecipitation. In the present study, we first showed
that full-length PIGF binds to both PIGO and PIGG as positive
controls and that ALDH binds to neither PIGO nor PIGG as
negative controls (Figure 3). Figure 3(A) shows the results of co-
immunoprecipitation with PIGO and indicates that the removal of
the C-terminal TM domain (AC1, AC2 and AC3) resulted in little
recovery of PIGF (upper panel). The inefficient recovery is not due
to poor expression of these mutant proteins because these mutant
proteins can be recovered by immunoprecipitation of unbound
fractions using anti-FLAG affinity beads (lower panel). Therefore
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the inability of PIGF-AC1, PIGF-AC2 and PIGF-AC3 to bind
to PIGO is consistent with their loss of ability to restore Thy-1
expression in EL4 class F cells (see Figure 2B). These data suggest
that the C-terminal TM domain is essential for PIGO binding. In
contrast, the removal of the N-terminal three TM domains had
no effect on PIGO binding (Figure 3A). In particular, PIGF-AN3
can efficiently bind to PIGO even though this construct could not
restore the mutant phenotype of EL4 class F cells (see Figure 2B).
These results indicate that binding of PIGF to PIGO may not be
sufficient for the function of PIGE.

Because PIGF can also bind to PIGG, the inability of PIGF-
AN3 to restore the mutant phenotype of EL4 class F cells may
be attributed to its binding property to PIGG. We therefore
transiently expressed the truncated FLAG~PIGFs (and FLAG-
ALDH as a control) in CHO-K1 cells together with GST-
PIGG. We, additionally, made a truncation mutant lacking
both terminal TM domains (TM1 and TM6), designated PIGF-
AN1ACI. Surprisingly, all truncated PIGFs were able to bind
PIGG (Figure 3B). Because all truncated mutants contain the
region between TM3 and TM4, this region may be critical for the
interaction of PIGF to PIGG.

In order to clarify further the role of the C-terminal region
in PIGO binding, the known PIGF amino acid sequences
from various organisms were analysed. We identified a highly
conserved amino acid motif consisting of the consensus
PLDWxRxWQxWP (Figure 4A, red bar). To test the importance
of this motif, FLAG-PIGF ORFs containing point mutations of
these residues were generated and their ability to restore Thy-1
expression in class F cell was tested by FACS analysis. Only
the mutations pertaining to Leu'” and Asp'’® were unable to
fully restore expression (Figure 4B) and point mutations W177A,
Q182A, W184A and P185A were still able to restore Thy-1
expression (not shown). The importance of hydrophobicity of
the leucine residue at position 175 was demonstrated by the
comparison with L175K and L175A restoration effect. The effect
of a positively charged lysine residue at position 175 greatly
retarded Thy-1 restoration when compared with a hydrophobic
alanine residue. The importance of an aspartic acid residue at
position 176 was not entirely dependent on its negative charge
because mutations to another negatively charged amino acid
glutamic acid (D176E), positively charged amino acid lysine
(D176K) or hydrophobic amino acid alanine (D176A) all showed
similar reduction in surface expression of GPI-anchored proteins
compared with wild-type (WT) PIGE. The combined mutation
L175K/D176K had a cumulative effect and almost completely
abolished PIGF’s ability to restore Thy-1 expression in class
F cells, indicating that these two positions are critical for the
function of PIGE.
. We wanted to test whether the conserved amino acids are

critical for the interaction of PIGF to PIGO or PIGG. Therefore all
FLAG-PIGF point mutants were co-expressed with GST-PIGO
or GST-PIGG in CHO-K1 cells and immunoprecipitated using
glutathione—Sepharose. All point mutants were able to bind both
PIGO (Figure 4C) and PIGG (Figure 4D). Taken together, these
results indicate that a conserved motif present in the C-terminal
cytoplasmic loop of PIGF is functionally important, but is not
involved in binding to PIGO or PIGG.

Identification of 7. brucei PIGF and PIGO homologues

To provide insight into the evolutionary conservation of PIGE,
we took advantage of the newly identified functional motif
of PIGF. We used LDW(X),QXWP as query to search the
non-redundant protein sequence database at NCBI for potential
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PIGF homologues in other organisms. We identified a limited
distribution of this motif outside of fungi, green plants and
metazoans. Among these, we identified PIGF homologues in
kinetoplastids (Figure SA). The putative ORF in T. brucei
was identified as TbPIGF Tb927.10.12010 (GenelD 3662199).
TbPIGF encodes a 131-amino-acid protein with three putative
TM domains. Based on amino acid sequence alignment, TbPIGF
was 20.1 % identical with human PIGF.

To examine whether TbPIGF functions to bind TbPIGO, we
first identified TbPIGO based on its homology with human
PIGO. The putative gene ThPIGO (Tb927.11.5070) was cloned
into a plasmid to express GST-tagged TbPIGO. This construct
was transiently transfected together with a plasmid to express
FLAG-tagged TbPIGF in CHO-K1 cells (Figure 5B). We then
performed immunoprecipitation to examine whether TbPIGF
binds to TbPIGO. We found that TbPIGF can specifically bind to
TbPIGO and not to human PIGO. In contrast, human PIGF was
promiscuous in that it binds to both human PIGO and TbPIGO.
As a negative control, unrelated ALDH did not bind to human
PIGO or TbPIGO. These data showed that TbPIGF was able to
bind TbPIGO in vivo, further supporting a similar role for TbPIGF
played in the GPI biosynthesis in 7. brucei.

As expression and binding of TbPIGO and TbPIGF were
efficient in mammalian cells, the ability of TbPIGF and TbPIGO
to function in mammalian cells was tested. TOPIGF and TbPIGO
were expressed alone or in combination with their mammalian
binding counterpart in PIGF- and PIGO-deficient cells. The
expression of these proteins failed to restore the expression of
Thy-1, suggesting that they were not functional in mammalian
cells (results not shown).

DISCUSSION

It was once postulated that PIGF may be an EtNP transferase [20].
However, subsequent studies demonstrated that PIGN, PIGG and
PIGO are catalytic components of EtNP transferases and PIGF
came to be considered as a stabilizing factor [4,10]. Our current
study suggests a new additional role for PIGF, which cannot be
explained by its structural role of forming heterodimers with PIGO
or PIGG and stabilizing these catalytic subunits.

Two lines of evidence support our conclusion that the newly
identified function of PIGF is beyond its stabilizing role. First, a
truncated form of PIGF, PIGF-AN3, which lacks the N-terminal
half of the protein, lost its functional ability to restore the surface
expression of GPI-anchored proteins in a PIGF-deficient mutant
(see Figure 2B), even though PIGF-ANS3 can still bind to both
PIGO and PIGG (see Figure 3). We believe that PIGF binding
stabilizes PIGO and PIGG, but our data suggest that stable
heterodimer formation is not sufficient for the function of PIGE.
Secondly, we identified Leu'” and Asp' as highly conserved
amino acid residues critical for the function of PIGF. Double
point mutation of L175K/D176K resulted in ablation of PIGF’s
ability to restore the surface expression of GPI-anchored proteins
in a PIGF-deficient mutant (see Figure 4B). Nevertheless, the
double point mutant was able to form a complex with both PIGO
and PIGG, indicating again that PIGF plays a functional role
that cannot be explained by binding and stabilizing PIGO and
PIGG.

What is the function of PIGF? We proposed previously that
the quantity of PIGF is limiting and relative activities of PIGG
and PIGO are partially dictated by the availability of PIGF [10].
This scenario is based on the ability of PIGF to stably form
a complex with either PIGO or PIGG, but not both, thereby
controlling the relative activities of these enzymes. To consider
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