{ Figure 1 TUBB4A mutations in patients with hypomyelinating leukoencephalopathy
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TUBB4A schematic with the 6 mutations is presented. Untranslated regions and coding regions are shown in white and
black rectangles, respectively. All mutations occur at evolutionarily conserved amino acids. Homologous sequences were
aligned using CLUSTALW (http://www.genome,jp/tools/clustalw/).

unsteady walking and others never acquiring head
control. The maximum motor milestone of these pa-
tients was unstable short walking. The clinical course
appeared milder in patients with an older age at onset.
This tendency was most prominent in patients ini-
tally diagnosed with unclassified hypomyelinating
leukoencephalopathy. For example, the onset of
motor deterioration started in the first or second dec-
ades in these patients but was between 0 and 3 years
old in patients with typical H-ABC. Intellectual disa-
bility was mild to moderate in the former but mostly
severe in the latter patients.

All dinically evaluated patients with 7UBB4A
mutations demonstrated cerebellar ataxia and spastic-
ity. Except for patient 8, all demonstrated extrapy-
ramidal features such as rigidity, dystonia, or
choreoathetosis. In patient 1, dystonia was prominent
compared with other hypomyelination patients with
either POLR3A or POLR3B mutations.”' Patient 8
was 1 year old at the time of the study, and brain MRI
showed a relatively small bur still well-retained puta-
men compared with healthy subjects of the same age,
suggesting that extrapyramidal features may not yet
have developed but would likely express as the basal
ganglia atrophy progressed. Notably, both hypomye-
linating patients with either very mild basal ganglia
atrophy (patient 2) or none identifiable (patient 1)
demonstrated extrapyramidal signs, suggesting that
the basal ganglia may be impaired functionally in
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these patients as well as other patients with typical
H-ABC. Case reports are available in appendix e-1.
Patients 1 and 2,° 4, and 5% were previously
described. Retrospectively, patient 2 might be diag-
nosed with atypical H-ABC because minimal basal
ganglia atrophy cannot be excluded. In the patient
with H-ABC with no TUBB4A mutation, the atro-
phy of basal ganglia was very mild compared with that
of patients with typical H-ABC. However, clinical
symptoms are very severe with neither head control
nor sitting at 12 years, suggesting that the patient has
atypical H-ABC.

DISCUSSION The B- and a-tubulins are major com-
ponents of microtubules. Microtubules have essential
roles in many cellular processes including mitosis, intra-
cellular transport, asymmetric neuronal morphology,
and ciliary and flagellar motility.*® Multiple 8-tubulin
isotypes are present, with high homology (differing pri-
marily at 15-20 amino acids within the C terminus),
and expressed differentially in a tissue-dependent
manner.”” Certain isotypes, namely, B-tubulin isotypes
2A, 2B, 3, and 4A, are neuron-specific proteins and
highly expressed in brain® In the nervous system,
structure,  generate  force
necessary for neuronal migration, and serve as scaffolds

microtubules  provide

for motor proteins and/or MAPs to transport cargo.®” In
addition to TUBB4A-associated leukoencephalopathies’”
and dystonia,'"™"? TUBAIA, TUBB2B, and TUBB3
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{ Figure 2 Structural prediction of TUBB4A mutations in the af-tubulin heterodimer j!
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Mapping of disease-causing amino acid mutations on the of-tubulin heterodimer (Protein Data Bank code 1JFF) crystal
structure, with schematic representation of a tubulin dimer {left) and microtubule segment {right). The a- and g-tubulins are
colored gray and green, respectively. Left: The longitudinal interheterodimer interface of g-tubulin (which interacts with
a-tubulin in a neighboring «f heterodimer) is colored pink,24 and the g-tubulin microtubule-associated protein and motor
protein interaction region is colored cyan.?*22 Side chains of residues altered by the mutations are shown in space-filling
representation in red. Helices, B-sheets, and loops are shown as ribbons, arrows, and threads, respectively, and nucleotides
are blue sticks. Right: Tubulin heterodimers polymerize longitudinally to form protofilaments (longitudinal interaction),
then laterally interact with each other to form microtubules (lateral interaction). Blue circles represent guanine

nucleotide-binding pockets of «- and p-tubulins.

mutations are reported to cause the spectrum of
neurologic disorders resulting from neural migration,
differentiation, and axon guidance and maintenance
abnormalities,” demonstrating the importance of
o.f3-tubulin heterodimers in the nervous system.

In this study, we identified 6 missense 7UBB4A
mutations, 5 of which are novel, in 6 of 7 patients
with H-ABC and 2 of 7 patients initially diagnosed
with unclassified hypomyelinating leukoencephalop-
athy. Of the patients with H-ABC, all 6 patients with
TUBB4A murations showed typical H-ABC, sup-
porting that H-ABC is a distinct disease entity caused
by TUBB4A abnormality. We did not detect any
TUBB4A mutations in one patient with atypical
H-ABC. This may be because this patient has a clin-
ically similar, but different disease, possibly caused by
a different mutated gene.

We report a TUBB4A mutation in 2 patients with
preserved basal ganglia. Their brain MRI findings are
similar to padents with POLR3A or POLR3B muta-
tions, rather than H-ABC. However, it is notable
that both patients showed apparent extrapyramidal
signs, to suggest functional impairment. Accomparnying
extrapyramidal features are extremely atypical in pa-
tients with either POLR3A or POLR3B mutations.***
Furthermore, comparing these 2 patients with other
typical H-ABC patients with 7UBB4A mutatons,
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patients with minimal basal ganglia atrophy tend to
have a milder clinical course. Both patients have a recur-
rent missense mutation, ¢.1228G>A (p.Glu410Lys).
Based on our 3-dimensional modeling analysis, the
Glu410Lys mutation is predicted to directly impair
motor protein and/or MAP interactions with microtu-
bules, while the other mutations identified in patients
with typical H-ABC may affect longitudinal interac-
tions for maintaining aB-tubulin heterodimerization/
polymerization. Different effects of the TUBB4A mu-
tations on tubulin function may lead to this phenotypic
variation. Supporting this hypothesis, the p.Glu410Lys
mutation in 7UBB3, which also directly alters a kinesin
motor protein binding site in B-tubulin isotype 3, dem-
onstrates clinically distinct features compared with the
other mutations.” Therefore, the p.Glu410Lys muta-
tion in 7UBB4A may contribute to the milder end of
the phenotypic spectrum of TUBB4A mutations. Addi-
tional patients with TUBB4A mutations are needed to
dlinically confirm mutational consequences.

Another important finding is that one of the pa-
tients with H-ABC had a p.Arg2Gln mutation, since
the p.Arg2Gly mutation has recently been identified
in patients from a large DYT4 family.'®' DYT4
was described in 1985 in an Australian family that
had emigrated from England as whispering dysphonia
and generalized dystonia. To date, no other pedigrees




( Figure 3 Brain MR! of patients with TUBB4A mutations

Axial T2-weighted (A, D, G, J), sagittal T1-weighted (B, E, H, K), and coronal T2-weighted (C, F, |, L) images. Patient 1 at 14
years of age {A); patient 1 at 16 years (B, C); patient 2 at 38 years (D-F); patient 3 at 13 years (G-l); and patient 8 at 7
months of age (J-L). All patients show diffuse cerebral white matter hypomyelination with normal {J), mildly reduced (A), or
considerably reduced (D, G) white matter volumes. In patient 1, cerebral white matter hypomyelination is unchanged, com-
paring at 14 (A} and 16 (B, C) years of age. In patient 1, the putamen and the head of the caudate nucleus are normal in size
(A). In patient 2, minimal putamen atrophy cannot be excluded (D). The putamen and the head of the caudate nucleus are
small or hardly recognizable in patient 3 (G). In patient 8, the putamen is slightly small compared with a healthy control at the
same age (J). The globus pallidus and thalamus are normal in size (A, D, G, J). Atrophy of the cerebellar vermis and hemi-
sphere, and corpus callosum was variably observed in 4 patients, but not patient 8 (B, C, E, F, H, |, K, L).

with this phenotype have been reported worldwide.’®
The symptoms typically emerge in the third decade,
following a highly penetrant, autosomal dominant
mode of inheritance.?’ Brain MRI demonstrates nor-
mal structural findings. Arg2 resides within the autor-
egulatory MREI domain of B-tubulin 4A, which is
necessary for autoregulation of the 8-tubulin messen-
ger RNA transcript. Site-directed mutagenesis shows
that any Arg2 substitution leads to loss of

can Acade

autoregulated instability and increased mutant tubu-
lin subunit levels.®* Thus, mutations in the MREI
domain have been assumed to cause DYT4 rather
than H-ABC, because of the different impact on
TUBB4A."" However, our study shows that muta-
tions in the MREI domain can also cause the
H-ABC phenotype. The phenotypic difference
between the p.Arg2Gly and p.Arg2Gln mutations
remains unsolved. Because DYT4 is an extremely rare
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syndrome that has only been described in one large
pedigree so far, patients of the family may have
another modifying factor(s) to spare cerebral white
matter abnormalities.

Diffuse hypomyelination syndromes are a hetero-
geneous group of disorders with overlapping clinical
features. Currently, they are categorized based on
brain MRI findings, which is very useful in clinical
practice. Basal ganglia atrophy specifically distin-
guishes H-ABC from other hypomyelination disor-
ders. Our study shows that T7UBB4A mutations
associate not only with the typical H-ABC cases but
also with some hypomyelinating patients with re-
tained basal ganglia, although notably all patients wich
TUBB4A mutations have extrapyramidal features in
common. Our study implies that TUBB4A may cause
hypomyelinating leukoencephalopathies with either a
morphologically or a functionally impaired basal gan-
glia. Extrapyramidal features may be a key for clini-
cians to examine TUBB4A mutations in genetically
unsolved hypomyelinating leukoencephalopathies.
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PIGA mutations cause early-onset
epileptic encephalopathies and distinctive

features

ABSTRACT

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

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

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

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

GLOSSARY

ADC = apparent diffusion coefficient; cDNA = complementary DNA; DWI = diffusion-weighted image; EME = early myo-
clonic encephalopathy; EOEE = early-onset epileptic encephalopathy; GP1 = glycosylphosphatidylinositol; GPI-AP = glyco-
sylphosphatidylinositol-anchored protein; 0S = Ohtahara syndrome; WES = whole-exome sequencing.

Early-onset epileptic encephalopathies (EOEEs) present with developmental impairment and
disastrous seizures starting in early infancy with a mode of age dependency. Ohtahara syndrome
(OS) and early myoclonic encephalopathy (EME), both of which show a distinctive EEG find-
ing called suppression-burst pattern, are neonatal EOEEs. Genetic approaches have revealed
some of the genes that are mutated in EOEEs. For instance, ARX, STXBPI1, CASK, KCNQ?2,
and SCN2A are mutated in OS,~® while ARX, CDKLS5, and SPTANI mutations cause West
syndrome or infantile spasms.®®

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

METHODS Patients. A total of 172 patients with EQEEs
(2 with EME, 50 with OS, 50 with West syndrome or infantile
spasms, 7 with malignant migrating partial seizures in infancy,
and 63 with unclassified epileptic encephalopathy with an age
at onset of <1 year; 90 male and 82 female patients) were ana-
lyzed by whole-exome sequencing (WES), and PIGA mutations
were carefully investigated using WES dara.

Patients had been mainly enrolled in the Japanese collaborative
study for EOEE since 2003. The diagnosis was made based on clin-
ical features and characteristic EEG parterns. Patients with murta-
tions in STXBPI, ARX, KCNQ2, SCNIA, SCN2A4, KCNTI,
CDKL5, CASK, or MECP2, which were detected by high-
resolution melting analysis, target capture analysis, direct sequenc-
ing analysis, or WES, were excluded from the study.

Whole-exome sequencing. Patient and parental genomic
DNA was obrtained from peripheral blood leukocytes using stan-
dard methods. DNA was captured using the SureSelectXT
Human All Exon Kit (v4 or v5; Agilent Technologies, Santa
Clara, CA) and sequenced on an Illumina HiSeq2000 (Illumina,
San Diego, CA) with 101-base pair paired-end reads. Image
analysis and base calling were performed using sequence control
software real-time analysis and CASAVA software v1.8
(Illumina). Exome data processing, variant calling, and variant
annotation were performed as previously described.'” All
novel mutations in PIGA were verified using Sanger sequencing,

Fluorescence-activated cell sorting analysis. Surface expres-
sion of GPl-anchored proteins (GPI-APs) was determined by
staining cells with Alexa 488-conjugated inactivated aerolysin
(FLAER; Protox Biotech, Victoria, Canada) and appropriate
primary antibodies, namely, mouse ant-CD59 (SHS8), DAF
(IA10), CD16 (3G8), CD24 (ML5), and CD48 (BJ40), followed
by a phycoerythrin-conjugated anti-mouse immunoglobulin G
antibody (3G8, MLS, BJ40, and secondary antibodies; BD
Biosciences, Franklin Lakes, NJ). Cells were analyzed by flow
cytometry (Cant II; BD Biosciences).

Functional analysis using PIGA-deficient B lymphoblastoid
cells (JY5). FLAG-tagged human PIGA complementary DNA
(cDNA) and mutant cDNAs, generated by site-directed
mutagenesis, were subcloned into the pMEoriP vector, a strong
promoter (SRay)-driven vector or pTAoriP, a weak TATA box
promoter-driven  vector. Plasmid DNA was transfected by
elecroporation into PIGA-deficient JY5 cells. Expression of GPI-
APs was analyzed by fluorescence-activated cell sorting. PIGA
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protein levels in transfected cells were determined by Western
blotting using an anti-FLAG antibody (M2; Sigma, St. Louis, MO).

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

RESULTS Identification of PIGA mutations. No muta-
tions were found in SLC25422, which had been re-
ported in a family of EME™ We identfied 4
hemizygous PIGA mutations in 3 sporadic patients
and 2 siblings with EOEE. One mutation
(c1234C>T [p.R412X])) had previously been re-
ported," while the other 3 were novel missense muta-
dons (¢.230G>T [p.R77L], ¢.616A>T [p.I206F], and
¢.355C>T [pR119W]). DNA from the mother of
patient 1 (p.R412X) was unavailable. Three missense
mutations were maternally inherited. All mutations were
absent from the 6,500 exomes of the National Heart,
Lung, and Blood Institute exome project and our 573
in-house control exomes (281 male and 292 female
patients). All 4 mutations occurred at evolutionarily
conserved amino acids (figure 1A) and were predicted
1o be highly damaging to the protein structure by SIFT,
PolyPhen-2, and MutationTaster (table e-1 on the
Neurolog/® Web site at Newrology.org), which
supported their pathogenicity.

Clinical features of patients with the PIGA mutation.
The clinical information of individuals with a PIGA
mutation is summarized in table 1, and their facial
appearances and representative brain images are
shown in figures 1 and 2, respectively. EEG findings
(figure e-1) and detailed case reports (appendix e-1)
are available in supplemental data. Two patients were
associated with polyhydramnios. Birth weight and
length were normal in 3 patients (patients 2, 3, and
5) who were born at term, but the other 2 who were
born at preterm showed higher (patient 1) or lower
(patient 4) birth weights than normal. Three patients
with the severe phenotype (patients 1, 2, and 5)
showed facial dysmorphisms (figure 1, B and C),
including a depressed nasal bridge, short anteverted
nose, downturned corners of the mouth, and high
arched palate. Patient 1 also showed bilateral vesicou-
reteral reflux of the most severe grade V. In addition,
brain MRI demonstrated a thin corpus callosum and
delayed myelination in these patients. Of interest,
abnormally high signals on diffusion-weighted images
(DWIs) and low signals on the apparent diffusion
coefficient (ADC) map at the brainstem, basal
ganglia, thalamus, and deep white matter were found
in patients 1, 2, and 5 (figure 2, A-D and M-Q). By
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(A) Schematic presentation of PIGA genomic structure. Mutations are indicated based on the transcript variant 1 (GenBank accession number,
NM_002641.3). Untranslated regions and coding regions are shown as white and black rectangles, respectively. All mutations occurred at evolutionarily
conserved amino acids. Orthologous sequences were aligned using the CLUSTALW Web site. (B~E) Facial appearance of patients 2, 3, 4, and 5. Both patients
2 (B) and 5 (C) show distinct facial features, such as upslanting palpebral fissures, depressed nasal bridge, short anteverted nose, triangular mouth with
downturned corners, and high arched palate, compared with patients 3 (D) and 4 (E) with no dysmorphic facial features.

contrast, 2 brothers with a less severe phenotype
(patients 3 and 4) showed neither dysmorphic signs
nor abnormalities in brain MRI (figure 2, E-L).

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

showed a suppression burst in patient 1; patients 2

49

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

Flow cytometry. We analyzed the surface expression of
various GPI-APs on patient granulocytes using flow
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[ Table 1 Clinical summary of patients with a PIGA mutation
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Abbreviations: ND = not determined; TPM = topiramate.
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[ Figure 2 Brain MRIs of patients with PIGA mutations

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

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

51

o,
St

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

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

When strong promoter (SRa)-driven constructs were
used, R412X mutant cDNA completely restored the
surface expression of CD59, DAF, and CD48, whereas
R412 truncated cDNA had no activity (figure 4A),
suggesting that a small amount of full-length PIGA
protein was generated by readthrough of a stop
codon. When weak promoter-driven constructs
(pTA) were used instead, R412X ¢cDNA could not
restore the surface expression of GPI-APs, whereas it
was completely restored by wild-type cDNA (figure
4B). Similarly, the strong promoter (SRa)-driven
I206F and R77L mutant PIGAs completely restored
the surface expression of GPI-APs, whereas the weak
promoter-driven mutant constructs only partially
restored this (figure 4, C-F). Levels of expressed
mutant PIGA proteins were similar to or even higher
than wild-type levels (figure e-3). A faint band
representing  full-length PIGA protein  harboring
R412X could be detected (figure e-3, lane 4), which
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was consistent with the functional analysis. From these
results, we concluded that these mutations affect the
PIGA activity leading to inherited GPI deficiency.

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

Other clinical features such as polyhydramnios,
facial dysmorphism, joint contractures, hypotonia,
and severe developmental delay are recurrently seen
in patients with P/GA mutations. A previous report
of 3 padents with the same nonsense mutation,
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JY5 cells were transiently transfected with pMEoriP (strong SRa promoter-driven, Epstein-Barr [EB] virus origin-containing vector) (panels A, C, and E) or
pTAoriP F-PIGA (weak TATA box promoter-driven, EB virus origin-containing vector) (panels B, D, and F) bearing various FLAG-tagged PIGA complementary
DNAs. Restoration of the surface expression of CD59, DAF, and CD48 was assessed 2 days later by flow cytometry. Dotted lines represent wild-type PIGA,
thick lines represent mutant PIGA, thin lines represent truncated PIGA, and shadows represent isotype controls. (A) Strong promoter-driven R412X PIGA
{thick lines) completely rescued the expression of glycosylphosphatidylinositol-anchored proteins (GPI-APs) similar to wild-type PIGA (dotted lines), whereas
R412-truncated PIGA (thin lines) had no activity. (B) Weak promoter-driven R412X PIGA {(thick lines) did not rescue the surface expression of GPI-APs,
whereas wild-type PIGA (dotted lines) did. (C) Strong promoter-driven 1206F PIGA {thick lines) completely rescued the expression of GPI-APs similar to wild-
type PIGA (dotted lines). (D) Weak promoter-driven [206F PIGA {thick lines) did not rescue the surface expression of GPI-APs, whereas wild-type PIGA
(dotted lines) did. (E) Strong promoter-driven R77L PIGA (thick lines) completely rescued the expression of GPI-APs similar to wild-type PIGA (dotted lines).

(F) Weak promoter-driven R77L PIGA (thick lines) did not rescue the surface expression of CD59, whereas wild-type PIGA (dotted lines) did.

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

The siblings with the PIGA p.R77L mutation
demonstrated milder clinical symptoms compared

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

Patients 2 and 5 showed peculiarly high signals on
DWT at the specific areas of the brainstem, basal gan-
glia, thalamus, and deep white matter, particularly the
optic radiation as previously reported in patient 1.2
Although delayed myelination and the volume loss of
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white matter including a thin corpus callosum, mild
brain atrophy, and mild cerebellar hypoplasia are fre-
quently seen in patients with mutations in other
genes involved in the biosynthesis of the GPI anchor,
such as PIGN, PGAP2, DPM1, and DPM2,'%752524
high signals on DWI have never been reported. In
addition, the ADC map showed adversely low or
decreased signals, suggesting restricted water diffu-
sion. This pattern (a high DWI signal and low
ADC values) can be seen in patients with specific
metabolic disorders, such as nonketotic hyperglycine-
mia, phenylketonuria, maple syrup urine discase,
Leigh encephalopathy, infantile neuroaxonal dystro-
phy, Wilson disease, metachromatic leukodystrophy,
and Capavan disease.” Indeed, metabolic disorders,
particularly nonketotic hyperglycinemia, are strongly
associated with EME, which is common in patents
with PIGA mutations. A brain MRI of a patient in
early infancy with a recendy reported PIGO defi-
ciency also showed hypomyelination and abnormally
high signals in T2-weighted images from the bilateral
basal ganglia to the brainstem.?® While the pathologic
mechanism for restricted diffusion patterns in specific
areas is unknown, this finding may be useful to screen
patients with a GPI deficiency.

Patients with the severe type of P/GA mutation
showed both an asymmetrical and symmetrical pat-
tern of suppression burst on EEG in this study. The
suppression burst pattern is characteristic for 2 types
of EOEE, OS and EME, and most patients of both
disorders show a symmetrical pattern. The asymmet-
rical pattern has been reported in patients with agen-
esis of the corpus callosum such as Aicardi
syndrome,” and KCNQ2 mutations.” All 3 patients
with the asymmetrical suppression burst in the pre-
sent study also showed white matter immaturity with
a thin corpus callosum and abnormally high signals in
deep white matter on DWI. These data indicate a
disturbed connectivity of the bilateral hemisphere in
patients with 2/GA mutations. The adverse advance-
ment of the EEG findings from hypsarrhythmia to
suppression burst in our cases, which is usually
observed in neonates, might reflect the retrogression
of brain function, which is also seen in the progres-
sion of brain atrophy.

Patient 1 showed severe hydronephrosis caused by
the vesicoureteral reflux and hepatoblastoma, so a
diagnosis of Schinzel-Giedion syndrome was made.
This is an autosomal dominant disorder characterized
by severe developmental delay, distinctive facial fea-
tures with a prominent forehead, midface retraction,
short, upturned nose, and either hydronephrosis or
typical skeletal malformations, such as sclerotic skull
base, wide occipital synchondrosis, increased cortical
density or thickness, and broad ribs.*® SETBPI

mutations have been reported in patients with
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Schinzel-Giedion syndrome® but were not identified
in our patient, Because of the phenotypic similarities
between patients with P/GA mutation and those with
Schinzel-Giedion syndrome, we suggest that patients
with Schinzel-Giedion syndrome with no SETBPI
mutations should undergo genetic analysis of their
PIGA gene or other genes involved in the biosynthesis
of the GPI anchor.

Patients with mutations in PIGL, PIGM, PIGN,
PIGO, PIGT, DPM2, and MPDUI often die in carly
childhood.?'*14=16:2530 \While pneumonia is the main
cause of death in these patients, intractable seizures,
which rigorously worsen the prognosis of life expec-
tancy and cognitive function, frequendy occur. It is of
interest that the targeted agents butyrate and pyridox-
ine were reported to be effective for seizure treatment
in patients with PIGM or PIGO mutation, respec-
tively.?*' However, patient 5 in this study did not
respond to pyridoxine. The study of more patients
will facilitate the establishment of personalized treat-
ment methods for patients with GPI deficiencies.

Qur study demonstrated that mutations in PIGA
are causative for a variety of EOEEs, particularly for
patients with myoclonus and asymmetrical suppression
burst on EEG. Multiple anomalies with facial dysmor-
phism resembling Schinzel-Giedion syndrome, de-
layed myelination with restricted diffusion patterns at
the brainstem, and deep white matter are key findings
in a severe form in patients with P/GA mutations.
Nevertheless, a wide range of clinical phenotypes of
PIGA mutations should be kept in mind, including
the less severe forms involving intellectual disability
and treatable seizures without facial dysmorphism.
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Letter to the Editor

AKT3 and PIK3R2 mutations in two patients

with megalencephaly-related syndromes:
MCAP and MPPH

To the Editor: 3-kinase (PI3K)-AKT pathway (3). Here, we report
Megalencephaly-capillary malformation syndrome two patients with an AKT3 and PIK3R2 mutation.
(MCAP) and megalencephaly-polymicrogyria-polyd ~ The study protocol was approved by the Institutional
actyly-hydrocephalus syndrome (MPPH) belong to a Re\'fiew‘Boards for Ethical 1ssue§ at Yokohama City
spectrum of megalencephaly-related syndromes. The  University and Yamagata University.
diagnostic criteria for MCAP include megalencephaly _Patient 1 is an 8-year-old girl who has been pre-
plus capillary malformations or syndactyly, and those ~ viously reported as having MPPH (4). Brain magnetic
for MPPH include megalencephaly and polymicro- Tesonance 1maging (MBD at 6 years show&;d asymmetry
gyria, an absence of vascular anomalies, syndacyly, of the gyral pattern, dilated lateral ventricles, polymi-

and brain heterotopia (1). Recently, AKT3. PIK3R2 crogyria, and abnormal signals in the occipital lobes,
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Fig. 1. Magnetic resonance imaging of patient 1 at 6 years of age (a—c). (a, b) Axial T2-weighted imaging showing enlarged lateral and third
ventricles, enlarged extra-axial space, and decreased white matter volume with occipital lobe predominance. Irregular small gyri with areas of cortical
thickening compatible with polymicrogyria are observed prominently in the bilateral perisylvian regions (asterisks) and the right frontal lobes (white
arrowheads). Abnormal high-intensity signals are seen in the bilateral occipital lobes (thick white arrows). (c) Sagittal T1-weighted imaging showing
normal brainstem and cerebellum. Magnetic resonance imaging of patient 2 at 7 days of age (d—f). (d) Axial T2-weighted imaging at the level
of the basal ganglia showing enlargement of the left hemisphere. Polymicrogyria is seen in the perisylvian fissures with right-side dominance,
which extends to the right temporal lobe (asterisk). The left parietal cortex shows a blurred border between the gray matter and the white matter
(bracket), suggesting dysplasia of cortical development. (e) Axial T2-weighted imaging showing polymicrogyria in the right parietal lobe adjacent
to the central sulcus (white arrows). (f) Sagittal T1-weighted imaging showing a relatively small pontine base. Family pedigrees and causative
mutations (g—i). (g) Patient 1 with MPPH showing a de novo heterozygous missense mutation in PIK3R2 (c.1202T>C, p.Leu401Pro). (h) Patient 2
with MCAP showing a de novo missense heterozygous mutation in AKT3 (c.686A>G, p.Asn229Ser). (i) Distribution of mutations in PIK3R2 and
AKT3. SH2, Src homology 2 domain; SH3, Src homology 3 domain; RhoGAP, Rho GTPase-activating protein domain; PH, pleckstrin homology
domain. *Reported by Riviere et al. (2).
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of the skin. Brain MRI at 7 days showed an asymmet-
ric cerebral hemisphere with right-dominant perisylvian
polymicrogyria (Fig. 1d—f), and at 2 months showed a
thin corpus callosum and progressive hydrocephalus.
These findings were compatible with MCAP.

Whole exome sequencing using DNA extracted from
blood leukocytes revealed a de novo missense mutation
in each patient: p.Leu401Pro in PIK3R2 (patient 1)
and p.Asn229Ser in AK7T3 (patient 2) (Fig. 1g—i). Both
mutations were absent from the 6500 eomes sequenced
by the National Heart, Lung, and Blood Institute exome
project and our 144 in-house control exomes. The
read count for mutant alleles possessing p.Leu401Pro
in PIK3R2 was 47.7% (84/176 reads), and that for
p-Asn229Ser in AKT3 was 522% (128/245 reads).
Therefore, these mutations are likely germline rather
than mosaic mutations.

The novel PIK3R2 mutation (p.Leud401Pro) in patient
1 is within the first Src homology 2 (SH2) domain of the
PIK3R2 protein; this domain binds to phosphotyrosine-
containing motifs and regulates many aspects of cel-
lular communication (5). Eleven MPPH families have
been reported to have a recurrent PIK3R2 mutation
(p.Gly373Arg), which is also located in the first SH2
domain (2). The phenotypes of all 13 cases with the
p-Gly373Arg mutation were similar to that of patient 1
(Table 1) (1, 2), implying that impaired function of the
SH2 domain is important in the pathogenesis of MPPH.
The AKT3 mutation (p.Asn229Ser) detected in patient
2 with MCAP has been reported in a case of MPPH
(2). Furthermore, another case with a different AK7T3
mutation (p.Arg465Trp) was diagnosed with overlap-
ping features of MCAP and MPPH (Table 1). These
findings support the notion that the two syndromes
have a common genetic basis. Interestingly, somatic
mosaicism of an AKT3 mutation causes hemimegalen-
cephaly, which is similar to MPPH or MCAP (6, 7).
Mutation screening of AK7T3 should be considered for
patients with MPPH or MCAP as well as those with
hemimegalencephaly, for whom pathological tissue is
available.

MCAP and MPPH are categorized as overgrowth
syndromes, as are Cowden disease and Proteus syn-
drome that are caused by abnormal activation of the
PI3K~AKT pathway, which participates in diverse cel-
lular processes (3, 8). The PI3K-~AKT pathway is
linked to mammalian target of rapamycin (mTOR)
(6), which is a specific molecule for targeted thera-
peutics (sirolimus or everolimus). Further investigation
into potential treatments for overgrowth syndromes is
essential.

In summary, we have described two patients with
either an AKT3 or a PIK3R2 mutation. Our data
highlight the importance of the SH2 domain of PIK3R2
in MPPH, and support that MPPH and MCAP have the
same genetic origin.
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Patient (diagnosis)

Mutation
Features

MPPH, megalencephaly-polymicrogyria-polydactyly-hydrocephalus syndrome; MCAP, megalencephaly-capillary malformation syndrome; HC, head circumference; SD, standard

deviation; y, years; m, months; ND, no data; CBTE, cerebellar tonsillar ectopia.

Table 1. Phenotypes associated with PIKGR2 and AKT3 mutations
a Riviere et al. (2) and Mirzaa et al. (1).
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Ehlers-Danlos Syndrome
Associatec
with Glycosaminoglycan
Abnormalities

Noriko Miyake, Tomoki Kosho,
and Naomichi Matsumoto

- Abstract
Ehlers-Danlos syndrome (EDS) is a genetically and clinically heterogeneous
group of connective tissue disorders that typically present with skin hyper-
extensibility, joint hypermobility, and tissue fragility. The major cause of
EDS appears to be impaired biosynthesis and enzymatic modification of
collagen. In this chapter, we discuss two types of EDS that are associated
with proteoglycan abnormalities: the progeroid type of EDS and dermatan
4-O-sulfotransferase 1 (D4ST1)-deficient EDS. The progeroid type of
EDS is caused by mutations in B4GALT7 or B3GALT6, both of which
encode key enzymes that initiate glycosaminoglycan (GAG) synthesis.
D4ST1-deficient EDS is caused by mutations in CHST14, which encodes
an enzyme responsible for post-translational modification of GAG. The
clinical and molecular characteristics of both types of EDS are described
in this chapter.

Ehlers-Danlos syndrome (EDS) ¢ Progeroid type * B4GALT7 « B3GALT6
* Xylosylprotein beta 1,4-galactosyltransferase, polypeptide 7 « UDP-
Gal:pGal f 1,3-galactosyltransferase polypeptide 6 ¢ Dermatan 4-0O-
sulfotransferase 1 (D4ST1)-deficient EDS ¢« CHST14
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Abbreviations

CHST14  Carbohydrate (N-Acetylgalactosamine
4-0) Sulfotransferase 14

D4ST1 Dermatan 4-O-sulfotransferase 1
EDS Ehlers-Danlos Syndrome

GAG Glycosaminoglycan

Gal Galactose

GalNAc  N-Acetylgalactosamine

GlcA Glucuronic Acid

IdoA Iduronic Acid

PG Proteoglycan

Xyl Xylose

10.1 Introduction

Ehlers—Danlos syndrome (EDS) is a heteroge-
neous connective tissue disorder that affects as
many as 1 in 5,000 individuals. It is characterized
by joint and skin laxity, and tissue fragility [44].
In a revised classification, Beighton et al. classi-
fied EDS into six major types and several minor
types [2]. The major causes of EDS are thought
to include abnormal collagen biosynthesis
through dominant-negative effects, haploinsuffi-
ciency of mutant procollagen a-chains, or defi-
ciencies in collagen processing enzymes [29].
Abnormal glycosaminoglycan (GAG) synthesis
and incorrect post-translational modification of
GAG in proteoglycans (PGs) were recently iden-
tified in the progeroid type of EDS (EDS,
progeroid form; MIM#130070, MIM#615349)
and dermatan 4-O-sulfotransferase 1 (D4ST1)-
deficient EDS (EDS, musculocontractural type;
MIM#601776), respectively. In this chapter, the
clinical and molecular characteristics of both
types of EDS are described.

10.2 Background

Glycosylation is the addition of a sugar chain (a
glycan) to a protein (generating a glycoprotein)
or lipid (generating a glycolipid). More than 40
human disorders are thought to be caused by
abnormal glycosylation [15, 19]. PGs are
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composed of core proteins and one or more
glycans with modifications. PGs are present in
the extracellular matrix and have important
diverse biological functions [5]. PG synthesis is
initiated by the sequential addition of four mono-
saccharides (xylose [Xyl], two molecules of
galactose [Gal] and glucuronic acid [GlcAl),
known as a linker tetrasaccharide, to the serine
residue of the core protein backbone (Fig. 10.1a).
Additional sugar chains are extended from the
linker tetrasaccharide by the addition of repeated
disaccharides (usually consisting of 50-150
disaccharides in vivo). Afterwards, some sugars
are modified by a series of epimerases (epimer-
1zation) and sulfotransferases (sulfation).

GAGs are long unbranched polysaccharides
consisting of repeating disaccharide units. GAGs
are highly negatively charged because of the
acidic sugar residues and/or sulfation.
Consequently, GAG can change its conforma-
tion, attract cations, and bind water. Hydrated
GAG gels enable joints and tissues to absorb
large pressure changes, providing tissue elastic-
ity. Post-translational modifications such as
epimerization, sulfation, and acetylation/deacet-
ylation result in the formation of diverse motifs
in the GAG chains, which can bind to a large
variety of ligands. Therefore, GAG chains play
important roles in regulating growth factor sig-
naling, cell adhesion, proliferation, differentia-
tion, and motility {3, 5, 45].

GAGs can be divided into two groups: (1)
galactosaminoglycans such as chondroitin sul-
fate (CS) and dermatan sulfate (DS), and (2) glu-
cosaminoglycans such as hyaluronic acid, keratan
sulfate, heparan sulfate, and heparin [42]. Two
types of glycosylation are known: O-glycosylation
and N-glycosylation (Fig. 10.2a). Most GAGs
(except for keratan sulfate and hyaluronic acid)
are O-glycans that bind to the glycan via an oxy-
gen molecule in the serine or threonine residue of
the core protein (Fig. 10.2a). Notably, failure to
add the first or second galactose residue of the
tetrasaccharide results in the progeroid type of
EDS (Fig. 10.1b, ¢).

The CS and DS GAGs are produced via the
same pathway (Fig. 10.3a). In this pathway, after
the linker tetrasaccharide attaches to the serine



