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Supplementary Figure 3 Histological analysis of lung. Lung sections of Braf<?*'RNeo’

fQ241R/+;

and Bra Cre embryos at E18.5 were stained with H&E. The arrows indicate

alveolar hemorrhage. Lower panels show higher-magnification views of lung. Scale bars
in upper panels = 200 um and those in lower panels = 100 pum.
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Supplementary Figure 4 Assessment of lung maturation in Braf***"®"; Cre embryos.
Sections of lungs from Braf***"* V" and Braf***'?*: Cre embryos at E18.5 were stained
with antibodies against TTF-1 (A-C), pro-SP-C (D-F) and periodic acid-schiff (PAS, G-I).

Scale bars = 100 um.
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Supplementary Figure 5 Cardiac phenotype of Braf*?**’**: Cre embryos at E12.5 and
E14.5. (A-C) Sequential anterior to posterior sections of embryonic hearts from Braf”";
Cre and Braf®*'"™*: Cre at E12.5 (A) and E14.5 (B) stained with H&E. Ventricular septal
defect (VSD, open arrowheads), enlarged pulmonary valve (solid arrowhead) and
abnormal hypertrabeculation (arrows) are shown. (C) Representative of the enlarged
pulmonary valves in Braf®**'™*: Cre embryos at E14.5. LV, left ventricle; RV, right
ventricle; LA, left atrium; RA, right atrium; PT, pulmonary trunk; PV, pulmonary valve; AO,

aorta. Scale bars = 500 um.
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Supplementary Figure 6 Changes in phosphorylation level of kinase proteins in
Braf***"™*: Cre embryos. Protein extracts of embryonic hearts from embryos at E16.5
were subjected to Phospho-Kinase Antibody Array. Each phosphorylated protein
displays duplicate signal spots, as well as three internal controls and two negative

controls.
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Supplementary Figure 7 Changes in expression level of Ets transcription factors in
Braf®**'"?*: Cre embryo hearts at E13.5 and E16.5. (A,B) Cardiac mRNA levels were
determined by quantitative reverse transcription-PCR. mRNA levels were normalized by
those of Gapdh, and those in Braf”"; Cre are set at 1. Data are the means + S.D. At
E13.5; Braf”"; Cre (n = 11) and Braf***'*"; Cre (n = 11), At E16.5; Braf”*; Cre (n = 10)
and Braf®*'"™": Cre (n = 14).", P<0.05, **, P<0.01, ***, P<0.0001 vs. Braf”*; Cre. Etv1,
Etv4 and Etv5 encode ER81, Pea3 and ERM, respectively.
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Supplementary Figure 8 Lymphatic vessel development of Braf***'**: Cre embryos.

2415 Cre embryos at

(A) H&E staining of transverse sections of Braf”*; Cre and Bra
E16.5. The arrows indicate blood cells in jugular lymph sac. (B-E) Sections of Braf”*;
Cre and Braf®*"™*: Cre embryos at E12.5 (B), E16.5 (C,D) and E18.5 (E) were stained
with antibodies against a-SMA, CD31 or LYVE-1. Jugular lymph sac was negative for
a-SMA and CD31 in both Braf"*; Cre and Braf®**'®"; Cre embryos (B-D). Distended

fQ24 1R/+;

subcutaneous lymphatic vessels were observed in Braf”*; Cre and Bra Cre

embryos (E). Scale bars = 500 um (C,D).
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Supplementary Figure 9 Teratogenic effects of PD0325901 treatment in Braf’*; Cre
and Braf®*'*Neo* mice at P0. (A-C) PD0325901-treated (1.0 mg/kg) Braf”*; Cre and
Braf®?4"RNeo’ mice at PO showed congenital anomaly (A), craniofacial abnormalities (B)
and open eyes (B,C). PD0325901-treated (1.0 mg/kg) Braf***"™*; Cre mice appeared
normal (D).

10

- 105 -



Braf**; Cre Braf®241"~ Cre

P-AKT

(Sera73)’| = - ————

P-AKT
(Thr308)

B-ACTIN »

3|IUBA
F0B52E00d
P-MS0
BloIUBA
LO6E2E00d
P-MSO

Supplementary Figure 10 Influence of treatment with PD0325901 or GSK-J4 on the
cardiac signaling of Braf***"™*; Cre embryos. Western blotting of the hearts from Braf”*;
Cre and Braf®**'™""; Cre embryos at E16.5 (vehicle-treated pooled samples; Braf”"; Cre
(n = 8), Braf***"™*: Cre (n = 8). PD0325901-treated pooled samples; Braf”; Cre (n = 6),
Braf“*""*: Cre (n = 7)). GSK-J4-treated pooled samples; Braf”*: Cre (n = 8), Braf**'**
Cre (n=T7)). B-ACTIN is shown as a loading control. The arrowheads indicate the bands
corresponding to each protein.
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Supplementary Table 1
Protein levels of the MAPK pathways and PI3K/AKT pathway in Braf***'?"*: Cre

embryos

E12.5 E14.5

Braf”"; Cre (n =5) Braf®*"'™*; Cre (n =5) Braf™; Cre (n =4) Braf®*™™*. Cre (n =5)

BRAF 1.00+0.15 0.79 £ 0.15 1.00 +0.06 1.03 +0.11
CRAF 1.00 +0.06 0.96 £0.15 1.00 + 0.06 1.03+0.09
MEK 1.00+0.15 1.18 £0.26 1.00 £0.12 0.72+0.28
P-MEK 1.00+0.35 1.00 + 0.53 1.00 £0.18 1.77+£0.95
ERK1/2 1.00 + 0.04 1.01+0.08 1.00 +0.09 0.95 + 0.05
P-ERK1/2 1.00+£0.19 1.10+0.25 1.00 £0.23 129+0.18
p38 1.00 +0.02 0.93+0.13 1.00 £ 0.06 1.05+0.08
P-p38 1.00 + 0.11 0.84 £ 0.11 1.00 £ 0.07 0.72£0.117"
P-SAPK/INK 1.00+0.06 0.97 £ 0.11 1.00 +0.13 0.99 +0.05
AKT 1.00  0.03 0.98 +0.14 1.00 £ 0.06 1.14 +0.11
P-AKT (Serd73) 1.00 £ 0.13 0.95+0.10 1.00+0.14 0.85+0.11
P-AKT (Thr308) 1.00£0.18 0.68+0.05" 1.00 £ 0.06 0.67 017"

Lysates from E12.5 and E14.5 whole embryos were subjected to western blotting. For
the quantification of phosphorylated protein levels, the ratios of phosphorylated protein
to non-phosphorylated protein were determined by using Imaged software and were
then normalized to B-Actin. Intensity of non-phosphorylated proteins was normalized to
B-Actin. Data are the means + S.D. *, P<0.05, **, P<0.01, ***, P<0.001 vs. Braf™*; Cre.

12
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Supplementary Table 2
MAPK protein levels of brain from embryos

Brain
Braf™: Cre (n=5)  Braf™'"": Cre (n=5)
BRAF 1.00 + 0.20 1.24+0.35
MEK 1.00+0.05 1.06 + 0.06
P-MEK 1.00 + 0.21 1.32+0.11"
ERK1/2 1.00 £ 0.04 1.02 £ 0.06
P-ERK1/2 1.00+£0.28 116+ 0.13

Protein extracts obtained from the brains of E16.5 embryos were subjected to western
blotting. Phosphorylated protein was measured to determine the ratios of
phosphorylated protein to non-phosphorylated protein and normalized to f-Actin.
Intensity of non-phosphorylated proteins was normalized to f-Actin. Data are the means
+8.D. ", P<0.05 vs. Braf'""; Cre.

13
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Supplementary Table 3
Frequency of cardiac phenotypes in Braf***'?*; Cre embryos at E16.5 (excluding

edematous embryos)

Cardiac anomaly No./Total Percentage
VSD 2/14 14
Abnormal endocardial cushion 2/14 14
Enlarged
PV 714 50
AV 3/14 21
TV 8/14 57
MV 9/14 64
Hypertrabeculation 3/14 21
Noncompaction 4/14 29
Epicardial blisters 2/14 14
Coronary artery hypoplasia 3/14 21

VSD, ventricular septal defect; PV, pulmonary valve; AV, aortic valve; TV, tricuspid

valve; MV, mitral valve.

14
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Supplementary Table 4

A list of cardiac phenotype in Braf™; Cre and Braf***'*"*; Cre embryos at E16.5
Genotype Ventricular septum Va!ve Trabecula g_nd compact layer Epicardium Others
Braf"": Cre-1

Braf™'"*: Cre-1

Enlarged PV, hypoplaksia TVand MV

Hypertrabeculétion of left and right ventricles

Epicardial blisters

Braf"*;, Cre-2

Braf®*"™* Cre-2

‘Enlarged TV.and MV

Braf®* R Cre-3

Enlarged TV and MV

Abnormal endocardial cushion

Braf”"; Cre-3

Bral"™™": Cre-4 Enlarged TV Left ventricular‘hor;compaction
Braf®*"™"*; Cre-5 Membranous VSD Enlarged TV Right ventficulafjhbhconipaétibn'
Braf™, Cre-4
Braf""; Cre-5
Braf*'®": Cre-6 Enlarged PV, AV, TV and MV  Hypertrabeculation of left and right ventricles,
Left ventncular noncompactlon ! . e
Braf™; Cre-6
BrafowR”; Cre-7 Enlarged PV and TV Left and right ventricular.noncompaction Abnormalkéhdooardia!f;ushio;m
Braf™"™*. Cre-8 Enlarged PV ' k : : k Epicardial blisters ‘Hypoplaéia of coronary arteries
Braf™: Cre-7
Braf®*""* Cre-9 Enlarged:PV, AV and MV
Braf™: Cre-8
Brat"**"*: Cre-10 ;
Braf®"®"*. Cre-11 Enlarged PV, AV, TV and MV : Hypeﬁrabeculatiéﬁ of Iéft ahd' rig htkventricieks k ‘%‘Hypoplasia of corbna"rfyk, arteries
Braf"™*: Cre-12 Enlarged MV L ‘ : g
Braf™: Cre-9
Bra®**"®*: Cre-13 Muscular VSD

Braf®"'?*: Cre-14

Enlarged PV, TVand MV

?“'Hypopla3|a of coronary artenes

The thick frame represents littermates from a pregnant mouse. VSD, ventricular septa! defect PV, pulmonary valve; AV, aortic valve;

MV, mitral valve; TV, tricuspid valve.
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Supplementary Table 5§

Probes used for Southern blotting

Probe Sequence (5’10 3)

5’ probe Forward: CATCATACCCAGCAATAGTTTCAGT
Reverse: TCAGCTGCTAATTCCTTATGATAGC

3’ probe - Forward: ACAGTGTTCAGTAACTTGCCTACAG
Reverse: ATACCTGCATATTGTGGACTCTTTC

Neo probe Forward: GAACAAGATGGATTGCACGCAGGTTCTCCG
Reverse: CGCCAAGCTCTTCAGCAATA

16
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Supplementary Table 6

Primers used for genotyping

Gene Sequence (5'to 3')

Braf Forward: GTGTTGTTCTGCCCATACTTACTGC
Reverse: GTGACTTAATGTACAGCATGGATCA

Cre Forward: CTGATTTCGACCAGGTTCGTTC
Reverse: CTAAGTGCCTTCTCTACACCTGC

Ptpni1 Forward: GACAGACCTGGTGGAGCATTAC
Reverse: CAGCTTGCTTAACTCTCGAACC

Neo Forward: GAACAAGATGGATTGCACGCAGGTTCTCCG

Reverse:

GTAGCCAACGCTATGTCCTGATAG

17
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Noonan syndrome with multiple lentigines (WSML), formerly
referred to as LEOPARD syndrome, is a rare autosomal-domi-
nant condition, characterized by multiple lentigines, electrocar-
diographic conduction abnermalities, ccular hypertelorism,
pulmonary stenosis, abnormal genitalia, growth retardation,
and sensorineural deafness. To date, PTPNII, RAFI, and
BRAF have been reported to be causal for NSML. We report
on a 13-year-old Japanese boy, who was diagnosed with NSML.
He was found te have a novel heterozygous missense variant
{(c.305A > G; p.E102G) in MAP2ZKI, a gene mostly causal for
cardio-facio-cutaneous syndrome (CFCS). He manifested fetal
macrosomia, and showed hypotonia and poor sucking in the
neonatal period. He had mild developmental delay, and multiple
lentigines appearing at approximately age 3 years, as well as
flexion deformity of knees bilaterally, subtle facial character-
isticsincluding ocular hypertelorism, sensorineural hearing loss,
and precocicus puberty. He lacked congenital heart defects or
hypertrophic cardiomyopathy, frequently observed in patients
with NSML, mostly caused by PTPNI I mutations. He also lacked
congenital heart defects, characteristic facial features, or intel-
fectual disability, frequently observed in those with CFCS caused
by MAPZKI or MAP2ZKZ mutations. This may be the first patient
clinically diagnosed with NSML, caused by a mutation in
MAPZK]. © 2014 Wiley Periodicals, Inc.

Key words: Noonan syndrome with multiple lentigines
(NSML); MAP2K]; cardio-facio-cutaneous syndrome (CFCS)

INTRODUCTION

Noonan syndrome with multiple lentigines (NSML), formerly
referred to as LEOPARD syndrome, is a rare autosomal-dominant
multiple congenital anomaly condition, characterized by multiple
lentigines, electrocardiographic (ECG) abnormalities, ocular
hypertelorism, pulmonary stenosis, genital abnormalities, growth
retardation, and sensorineural deafness [Sarkozy et al., 2008;

© 2014 Wiley Periodicals, Inc.
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Gelb and Tartaglia, 2010; Martinez-Quintana and Rodriguez-
Gonzalez, 2012]. The diagnosis of NSML is made on clinical
grounds by observation of specific features. Standard diagnostic
criteria for NSML, proposed by Voron et al. [1976]; included
multiple lentigines and two other cardinal features.

Together with Noonan syndrome (NS), Costello syndrome,
cardio-facio-cutaneous syndrome (CFCS), and neurofibromatosis
type 1, NSML is classified as RASopathy, a disorder affecting the
RAS-MAPK signal transduction pathway [Aoki and Matsubara,
2013]. NSML is genetically heterogeneous and three causative genes
have been identified, accounting for approximately 95% of affected
individuals [Martinez-Quintana and Rodriguez-Gonzilez, 2012].
Approximately 85% of patients with NSML have heterozygous
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missense mutations in the protein-tyrosine phosphatase, non-
receptor type 11 (PTPNI1I1) gene (OMIM#151100). To date, 11
different PTPN11 mutations, all localized in the protein-tyrosine
phosphatase (PTP) domain, have been reported in NSML, two of
which (p.T279C and p.T468M) constitute approximately 65% of
the cases [Martinez-Quintana and Rodriguez-Gonzalez, 2012].
Two unrelated patients with NSML were found to have heterozy-
gous missense mutations in the v-Raf-1 murine leukemia viral
oncogene homolog 1 (RAFI) gene (p.L613V and p.S257L)

(OMIM#611554) [Pandit et al., 2007]. The p.L613V mutation
increases kinase activity and enhances downstream ERK activation
[Pandit et al., 2007]. Two unrelated patients with NSML had
heterozygous missense mutations in the v-Raf murine sarcoma
viral oncogene homolog Bl (BRAF) gene (p.T241P and p.L245F)
(OMIM#613707) [Koudova et al., 2009; Sarkozy et al., 2009].
Mitogen-activated protein kinase 1 (MAP2K1) and MAP2K2 are
dual-specificity protein kinases, which function as effectors of the
serine/threonine kinase RAF family members by phosphorylating

FIG. 1. Clyinylyty:al 'phntt‘:gréphsbf the p"a‘tie‘nt at the age 7 mo‘nfhs' (A VVB], at2 S/iZ‘géars (C, D), and at 11 years '[“Ey—'K].'
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and activating ERK proteins. A heterozygous missense mutation in
MAP2K1 is known to be causal for CFCS or NS [Allanson and
Roberts, 2011; Rauen, 2012]. To date, all published MAP2KI
mutations occurred in exons 2, 3, and 6.

In this report, we present a patient clinically diagnosed with
NSML, who had a de novo novel and heterozygous MAP2K]1 variant
with probable pathogenicity.

CLINICAL REPORT

The patient, a 13-year-old Japanese boy, was the second child of a
healthy 30-year-old mother and a healthy 35-year-old nonconsan-
guineous father. His two brothers were healthy. He was born by
normal vaginal delivery at 41 weeks and 4 days of gestation after an
uncomplicated pregnancy. His birth weight was 4,350 g (4-3.2 SD),
length was 51 cm (41.0 SD), and OFC was 37 cm (+2.6 SD). He
showed hypotonia and sucked poorly in the neonatal period. He

CATCTGG AG ATLA AL
199 205 211

~ Control

raised his head at age 3 months, rolled over at 4 months, and sat
unsupported at 7 months. He showed no distinctive facial features
and only a few lentigines in infancy (Fig. 1A, B).

His growth was impaired with a weight of 8.25kg (—2.1 SD),
height 0f76.9 cm (—1.6 SD), and OFC 0f45.6 cm (—1.4 SD) atage 1
7/12 years. His weight was 11kg (—2.5 SD), height was 90.0 cm
(—2.4 SD), and OFC was 49 cm (—0.4 SD) at age 2 10/12 years.
Lentigines increased on the face and the limbs (Fig. 1C, D). He
walked unassisted at age 3 3/12 years, and spoke a two-word
sentence at 3 years. His intellectual quotient was 60 at 4 years,
and 82 at 7 years. He showed growth acceleration from age 8.5 years,
accompanied by a change in voice, and was diagnosed as precocious
puberty at 9 years with an advanced bone age of 11.5 years. At
age 10 years, his weight was 22.1 kg (—1.5 SD), height was 130 cm
(—1.28D),and OFCwas 51.8 cm (—1.0 SD). He underwent surgical
elongation of his hamstrings, which reduced the limitation of
bilateral knee extension from —60° degrees to —20° degrees.
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Atage 11 years, his facial features included ocular hypertelorism,
a long philtrum, thick upper and lower lip vermilions, and thick-
ened ear helices (Fig. 1E, F). He had hyperextensible and dark skin
with multiple lentigines all over the body, several café-au-lait spots,
and fine wrinkles on the palms (Fig. 1G-J). He had a slender habitus
with pectus carinatum, mild scoliosis, slender extremities, and
limited extension of both elbows and knees (Fig. 1K). His weight
was 23.0 kg (—1.8 SD) and height was 141 cm (—0.4 SD).

He had no abnormalities in the external genitalia. Resting or
24-hour ECG detected no conduction abnormalities. Echocardi-
ography showed no congenital heart defects, pulmonary valve
stenosis, or hypertrophic cardiomyopathy (HCM). Brain magnetic
resonance imaging showed no structural abnormalities. He had
bilateral mild sensorineural hearing loss with the threshold of 40 dB
at approximately 2 kHz. G-banded chromosomes were normal.

MOLECULAR INVESTIGATION

Genomic DNA was isolated from the patient’s leukocytes and saliva
and his parents’ leukocytes after appropriate informed consent. All
coding exons and flanking introns in PTPN11, KRAS, HRAS, and
SOS1, exons 6 and 11-16 in BRAF, exons 7, 14, and 17 in RAFI,

TABLE | C

Causative gene

BRAF [n _zj

exons 2 and 3 in MAP2K1/2, and exon 1 in SHOC2 were amplified
by polymerase chain reaction (PCR) with primers based on Gen-
Bank sequences. The primer sequences are available on request.
PCR amplification was performed under standard condition using
Taq DNA polymerase. After amplification, the PCR products were
gel-purified and sequenced on the ABI 3500xL automated DNA
sequencer (Applied Biosystems, Carlsbad, CA). A heterozygous
missense variant (c.305A > G, p.E102G) was identified in exon 3 of
MAP2K1 in the patient’s DNA extracted from his leukocytes and
saliva. The variant was not detected in the parental samples (Fig.
2A). No mutation, other than ¢.305A > G in MAP2KI, was
identified by the analysis using custom HaloPlex panel (Agilent
Technologies, Santa Clara, CA) designed to identify mutations in
exons and exon-intron boundaries of the following RASopathy-
related genes: PTPNII, HRAS, KRAS, NRAS, BRAF, RAFI,
MAP2K1/2, SOSI, SHOC2, CBL, RITI, NF1, SPREDI, and RRAS.

DISCUSSION

The present patient had multiple lentigines, café-au-lait spots, ocular
hypertelorism, growth impairment, sensorineural hearing loss,
hypotonia, low average intelligence, and skeletal abnormalities.
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He lacked ECG conduction abnormalities, pulmonary stenosis, or
abnormal genitalia. These findings were compatible with the stan-
dard diagnosis of NSML by Voron et al. [1976]. The variant
¢.305A > G, p.E102G was found de novo and not detected in db
SNP Release 137 (http://www.ncbi.nlm.nih.gov/projects/SNP/),
the Exome Sequencing Project (NHLBI-ESP) database
(ESP6500S1-V2) (http://evs.gs.washington.edu/EVS/), the 1000
Genomes Project (1KGP) (http://www.1000genomes.org/), or
the Human Gene Mutation Database (http://www.hgmd.cfac.
uk/ac/index.php). In the COSMIC database, ¢.302_307delTG-
GAGA, resulting in an in-frame deletion (p.E102_1103delEI),
has been identified in two samples with malignant melanoma
and lung cancer (http://cancer.sanger.ac.uk/cancergenome/proj-
ects/cosmic/). The glutamine residue at codon 102 is located in the
kinase domain (residues 68-361) of MAP2AI (Fig. 2B) and is
conserved in higher organisms (Fig. 2C). Polymorphism Pheno-
typing v2 (PolyPhen-2) (http://genetics.bwh.harvard.edu/pph2/)
predicts the variant to be possibly damaging, with a score of 0.711.
In view of this evidence, the variant p.E102G may be causal for
various clinical features consistent with NSML in the patient.
However, no functional characterization of the variant was avail-
able and Sorting Intolerant From Tolerant (SIFT) (http://sift.jcvi.
org) predicts the variant to be tolerated, with a score of 0.09.

We reviewed clinical features of the present patient, previously
reported patients with NSML caused by PTPN 1] mutations in most
(including two caused by RAFI mutations and two caused by BRAF
mutations), and patients with CFCS caused by MAP2KI or
MAP2K?2 mutations (Table I) [Pandit et al., 2007; Dentici et al.,
2009; Koudova et al., 2009; Sarkozy et al., 2009]. Patients with
NSML frequently had congenital heart defects and/or HCM, and
sometimes had pulmonary valve stenosis and/or ECG abnormali-
ties [Wakabayashi et al., 2011; Martinez-Quintana and Rodriguez-
Gonzélez, 2012], none of which were found in the present patient.
Both patients with NSML caused by RAFI mutations had HCM,
additionally, one had pulmonary valve stenosis, and the other had a
mitral valve anomaly [Pandit et al., 2007]. One of the two patients
with NSML caused by BRAF mutations had tetralogy of Fallot and
the other had mitral and aortic valve dysplasia {Koudova et al,,
2009; Sarkozy et al., 2009]. Patients with CFCS caused by MAP2K1
or MAP2K2 mutations frequently had congenital heart defects,
polyhydramnios, characteristic facial “coarseness” (sparse hair/
eyebrows, palpebral ptosis, and flat nasal bridge), and intellectual
disability [Dentici et al., 2009], which were not found in the present
patient. They rarely or sometimes had nevi, café-au-lait spots, or
sensorineural hearing loss [Dentici et al., 2009], which were found
in the present patient. Fetal macrosomia, postnatal failure to thrive/
growth impairment, macrocephaly, hypotonia, developmental
delay, and facial features including hypertelorism and thickened
helices were shared by the present patient and over half of the
patients with CFCS caused by MAP2KI or MAP2K2 mutations.

In conclusion, the present patient may be the first to fit the
standard clinical diagnostic criteria for NSML by Voron et al.
[1976]; associated with a MAP2KI mutation. He lacked congenital
heart defects or HCM, frequently observed in those with NSML,
mostly caused by PTPNI11 mutations. He had fetal macrosomia,
postnatal failure to thrive/growth impairment, macrocephaly,
hypotonia, developmental delay, and hypertelorism but lacked

congenital heart defect, characteristic facial features, or intellectual
disability; which are frequently observed features in CFCS caused by
MAP2K1 or MAP2K2 mutations. These observations could offer
new insight into the phenotypic spectrum of RASopathies.
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Mabry syndrome, hyperphosphatasia mental retardation syn-
drome (HPMRS), is an autosomal recessive disease characterized
by increased serum levels of alkaline phosphatase (ALP), severe
developmental delay, intellectual disability, and seizures, Recent
studies have revealed mutations in PIGV, PIGW, PIGO, PGAPZ,
and PGAP3 (genes that encode molecules of the glycosylphos-
phatidylinesitol {GPD-anchor §;;e}%};z!§zw;a pathway) in patients
with HPMRES, We performe
patient with severe intellectual disability, distinctive facial ap-
pears
ALP. The result revealed a compound heterozygote with a 13-bp
deletion in exon 1 (¢.36_48del) and a two-base deletion in exon 2

d whole-exome sequencing of a

{.254_255del) in phosphatidylinositol glycan anchor, class L
{PIGL) that caused frameshifts resulting in premature termina-
tions. The 13-bp deletion was inherited from the father, and the
two-base deletion was inherited xpressing
¢.36_48del or ¢.254_255del cDNA with an HA-tag atthe C- or N-
terminus in PIGL-deficient CHO cells only partially restored the
surface expression of GPI-anchored proteins (GPI-APs). Non-
synonvmous changes or frameshift mutationsin PIGLhave been
identified in patients with CHIME syndrome, a rare autosomal
recessive disorder characterized by colebomas, congenital heart
defects, early onset migratory ichthyosiform dermatosis, intel-
lectual disability, and ear abnormalities. Our patient did nothave
colobomas, congenital heart defects, or early onset migratory
ichthyosiform dermatosis and hence was diagnosed with
HPMES, and not CHIME syndrome. These results suggest
that frameshift mutations that result in premature termination
in PIGL cause a phenotype that is consistent with HPMRS.
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nee, fragile nails, and persistent increased serum levels of
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INTRODUCTION

In 1970, Mabry et al. reported three siblings with increased serum
levels of alkaline phosphatase (ALP), severe developmental delay,
intellectual disability, and seizures [Mabry et al., 1970]. Subse-
quently, a condition displaying the aforementioned symptoms was
referred to as hyperphosphatasia with mental retardation (HPMR)
syndrome or Mabry syndrome [Krawitz et al., 2010]. Other clinical
features included distinctive facial features such as hypertelorism, a
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