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FIG. 1. Resulis of different diagnostic modalities in patient 10. A,
Results of arterial stimulation venous sampling studies. The nsulin
concentration of the nght hepatic vein was measured after the
injection of calcium into the splenic (filled circles), gastroduodenal
(filled rectangles), and superior mesenteric (filled triangles) arteries. An
insulin response was observed only after stimulation of the splenic
artery. B, A curved planar reconstruction of a [18F]-DOPA PET scan.
The uptake in the head probably reflects an artifact. C, Chromogranin
A staning of the resected pancreas showing the area in which
abnormal islets were most densely distributed. Magnification, x40
(upper panel), X80 (lower panel). D, Mutational analysis of abnormal
islet samples. The upper two panels show the results of two separate
analyses of 30 (upper panel) and 40 (fower panel) islet samples. The
lower two panels show the results of a similar analysis of an adjacent
normal pancreatic area. The paternally inherited A allele (green)
predominates In the abnormal islets, whereas the A and the wild-type
G alleles (black) have similar intensities in the normal area of the
pancreas.

single lesion composed of a solid B-cell cluster was iden-
tified by serial sections of the specimen (Fig. 1C). LCM
was performed twice to collect samples from 30 and 40
of these islet clusters. Mutational analysis of the pooled
DNA collected from these LCM samples revealed the
predominance of the paternally inherited mutant allele
within these scattered large islets compared with the
surrounding normal pancreatic tissue (Fig. 1D).
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Discussion

The most important finding of this study is the higher
incidence of paternally inherited, monoallelic K +p chan-
nel mutations in Japanese patients with congenital hyper-
insulinism (P < 0.005 by the sign test), which suggests that
the majority of Japanese patients have the focal form. Al-
though the number of patients is small, we believe our
results represent the situation of the whole country for
several reasons. First, a national survey in 2008-2009
conducted by the Ministry of Health, Labor, and Welfare
of Japan estimated the incidence of persistent congenital
hyperinsulinism as 1:35,400 births. Our study captured
23% of all cases during that period. Second, the patients
were referred without geographical biases because ours is
the only laboratory currently offering a comprehensive
molecular diagnosis in Japan. Third, a previous report by
Ohkubo et al. (13) also reported a high frequency (seven
of 10) of monoallelic mutations in Japan. In contrast, pa-
tients with hyperinsulinism-hyperammonemia syndrome
were collected somewhat arbitrarily over a longer period;
therefore, the apparent higher incidence might not repre-
sent the actual incidence in Japan.

Conflicting results have been reported for the diabeto-
genesity of p.E1506K in ABCCS8 (12, 14, 15). The asso-
ciation might be a chance observation or might reflect a
difference in the genetic background. If the association
does exist, that might be due to the specific nature of the
mutation, which confers the instability of the B-cells such
as altered membrane potential of the cells.

Molecular diagnosis correctly predicted the histology
in all patients who underwent pancreatectomy. On the
contrary, the ability of [18F]-DOPA PET scans to identify
focal lesions was inferior compared with the results of
previous reports for other populations (16, 17). Histolog-
ically, at least two patients with ambiguous PET results
had large focal lesions. The third patient (patient 10) ap-
peared to have unusually scattered islets for a focal lesion.
However, there remains the possibility that these islets are
actually interconnected and represents a focal lesion with
greater admixture of exocrine tissues. Although the num-
ber of parients was too small to draw a definite conclusion,
larger lesions might be more common in the Japanese.

The reason that the incidence of the focal form of the
disease is higher in Japanese is unclear. One possibility is
that Japanese have a higher incidence of somatic isodis-
omy. If this occurred during the earlier stages of develop-
ment, it would lead to the development of Beckwith-
Wiedemann syndrome. However, the incidence of this
syndrome caused by paternal isodisomy is not particularly
higher in Japanese (18). Alternatively, cells with mutations
common in Japanese might be more prone to develop into
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a focal lesion, by either promoting a second hit of iso-
disomy or conferring a growth advantage after the di-
somic event. Further studies are necessary to address
this question.
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Abstract  Background: Succinyl-coenzyme A ligase (SUCL) is a mitochondrial enzyme that catalyses the reversible conversion
of succinyl-coenzyme A to succinate. SUCL consists of an o subunit, encoded by SUCLGI, and a § subunit, eacoded by
either SUCLA2 or SUCLG2. Recently, mutations in SUCLGI or SUCLA2 have heen identified in patients with infantile
lactic acidosis showing elevated urinary excretion of methylmalonate, mitochondrial respiratory chain (MRC) defi-
ciency, and mitochondrial DNA depletion.

Methods: Case description of a Japanese female patient who manifested 2 neonatal-onset lactic acidosis with urinary
excretion of methylmalonic acid. Enzymatic analyses (MRC enzyme assay and Western blotting) and direct sequencing
analysis of SUCLAZ2 and SUCLGI were performed,

Results: MRC enzyme assay and Western blotting showed that MRC complex I was deficient. SUCLG! mutation
analysis showed that the patient was a compound heterozygote for disease-cansing mutations (pMI14T and p.S200F).
Conclusion: For patients showing neonatal lactic acidosis and prolonged mild methylmalonic aciduria, MRC activities
and mutations of SUCLGI or SUCLA2 should be screened for,

Key words lactic acidosis, methylmalonic acid, mitochondrial respiratory chain, SUCLA2, SUCLGI.

Urinary excretion of methylmalonic acid is cansed by a defect in
the isomerization of L-methylmalonyl-coenzyme A to succinyl-
coenzyme A. The reaction is catalyzed by L-methylmalonyl-
coenzyme A mutase (MCM), sn enzyme that reguires
adenosylcobalamin as a cofactor.! Methylmalonic scidemia/
aciduria is mainly classified into two types: one resulting from 8
defect in the MCM apoenzyme and another resulting from a
defect in the steps leading to adenosylcobalamin synthesis. In
some cases, other canses of methylmalonic acidemin/aciduria
bave been reported. Recenty, deficiency of the succinyl-
coenzyme A ligase (SUCL) has been reported in cases of infantile
lactic acidosis with mild urinary excretion of methylmalonic
acid.?

Succinyl-coenzyme A ligase is a mitochondrial enzyme asso-
ciated with the Krebs cycle, catalyzing the reversible conversion
of succinyl-coenzyme A to succinate. The enzyme consists of two
subunits. The substrate specificity for guanosine diphosphate
(GDP) or adenosine diphosphate (ADP) is determined by the §
subunit. The o subunit is encoded by the SUCLGI gene, whereas
the § subnnit is encoded by SUCLA2 for the ADP-specific
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subunit and by SUCLG?2 for the GDP-specific subunit. SUCLGI
is ubiguitously expressed, but its expression is particularly high
in the heart, brain, kiduey, and liver. The SUCLA2 protein is
primarily present in the brain, skeletal muscle, and heart, and the
SUCLG2 protein is present in the liver and kidney. More then 20
cases of deficiency in the « subunit (mutation in SUCLGI) or
ADP-forming B subunit (mutation in SUCLAZ2) have been
reported.>* These patients have mitochondrial respiratory chain
(MRC) deficiency, mitochondrial DNA (miDNA) depletion,
encephalomyopathy, and mild methylmslonic aciduria.®?

Here, we describe the case of a Japanese female patient who
presented with neonatal-onset lactic acidosis with urinary excre-
tion of methylmalonic acid. SUCLGI mutation analysis showed
that the patient was a compound heterozygote for disease-cansing
mutations. )

Cage report

In 1993 a female infant was born at 38 weeks gestation (birth-
weight, 2640 g; birth length, 47.3 cm). Her Apger scores were
normal. On the day after birth, she developed problems. Her
blood sugar was lower then 1.1 mmol/L, and hence, continucus
glacose infusion was started. Mechanical ventilation and perito-
neal dialysis were started when the infant was 2 days old becanse
of cyanosis, severe metabolic acidosis (pH, 6.638, base excess,
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Tolble 1 Laboratory data

2 days 4 days 4 months

WBC (ul) 46 500 19400
RBC (108L) 450 4.59
Hb (g/dL) 180 18.0
He (%) 59.0 515
Pt (10%pL) 105
Total bilirnbin (mg/dL) 8.8
OGP (UL 136
AST (TUIL) 607 217
ALT (TUL) 125 128
LIDE QUL 5400 3860
CE. (TU/L) 6370
CE-MB (TU/L) 216
Na (mBg/L) 140
K (mBo/L) 3.0
TP (mg/dL) 4.7
BUN (mg/dL) 23 24
Cr (mg/dL) 1.2
pH 6.638 T4TT
HCOy™ (mBo/L) 14.5
Bnse excess ~26.8 ~4.9
NHs (mumol/L) 191 45
Lactate (mmol/L) 11 8.1
Pyrovate (mmol/L) 041
BS (mg/dL) 101
Usine (organic acids excretion) High, lactate, pyravate; Moderate,

methylmalonate, methylcitrate;

Slight, glutarate, fumarate, succinate,

3-methylglutaconate
Acylearnitine (dried blood spots) increase in C3 and C4DC
Methylmsalonic acid (serumm) 13 pmol/L.

{control, pot detected MCM-deficient
patients, 220-2900)
Methylmalonic acid (urine) 321 mmiolmolCr
(control, mean [SD], 2.0 [1.2])

C-propionate fixstion (cultured fibroblasts) 8% of control

AL’I;alaxﬁmmnﬁxmamferm;AS’lﬁWWW;BS,bIMWBW,MWMWCK,GMMHW;m
Y-gintamyltransferase; Hb, hemoglobin; Hi, hematocrit; LDH, lactate dehydrogenase; MCM, L-methylmalonyl-coenzyme A mutase; Plt, platelets;

RBC, red blood cells; TP, total protein; WBC, white blood cells.

~26.8), lactic acidemia (11 mumol/L), and hyperammonemia
(191 pumol/L.; Table 1). She was transferred to Tohoku University
Hospital at 4 days old.

Upon admission there was a swelling in the liver 4 cm below
the costal margin. The lactate and pyruvate levels were
8.1 mmol/L. and 0.41 mmol/L, respectively (L/P ratio, 20). Gas
chromatography and mass spectrometry of vrinary organic acid
showed high levels of lactate and pyravate excretion; moderate
methylmalonate and methylcitrate excretion; and slight glutarate,
fumnarate, succinate, and 3-methylglntaconate excretion.

Acidosis improved on the following day, and mechanical ven-
tilation and peritoneal dialysis were stopped. She developed
prolonged hypotonia, At 1| month of age, anditory brainstem
response was absent, and severe hearing impairment was noted.
Head computed tomography showed diffuse atrophy. At 4
months of age, mild cardiac hypertrophy was seen on echocar-
diogram. The patient could not balance her head.

Lactic acidemia (4-9 mmol/L) with an elevated L/P ratio (20
25) and mild vrinary excretion of methylmalonic acid persisted.

© 2011 The Authors
Pediatrics International © 2011 Japan Pediatric Society

An acylcamitine profile of dried blood spots showed an increase
in C3 (propionylcarnitine) and C4DC (isomers of methylmalonyl
carnitine and succinylcarnitine). The serum level of methylma-
lonic acid was 13 pmol/L (control, not detected; MCM-deficient
patients, 220~2900 wmol/L). The urinary levels of methylma-
lonic acid and methylcitrate were 321 mmolmolCr and
81.7 mmol/molCr, respectively (control, mean % SD, 2.0 +
1.2 mmolfmolCr and 2.0 + 0.9 romol/molCr, respectively). A
“C-propionate fixation assay using’ cultured fibroblasts showed
that propionate fixation in the patient was 8% of that in the con-
trol, Enzymatic analyses of the pyruvate dehydrogenase complex
and pyravate carboxylase were normal,

Histology of a liver biopsy specimen indicated moderate mac-
rovesicular and microvesicular steatosis in the hepatic paren-
chyma. There was no active inflammation or fibrosis. On electron
microscopy hepatocytes containing lfipid droplets were seen.
Mitochondrial abnormatities and other specific findings were not
apparent morphologically. Muscle biopsy samples were stained
with hematoxylin and eosin, reduced nicotinamide adenine



dinucleotide teirazolium reductase, modified Gomori-Trichrome,
suceinate dehydrogenase, periodic acid-Schiff, and cytochrome
oxidase. No particular abnormalities were noted in the muscle
biopsy specimens.

At 6 months of age, the patient was discharged from hospital.
She was able to follow objects with her eyes. Because of feeding
difficulty, a naso-gastric tube was used. She developed a social
smile at 13 months of age but did not have head control. At 20
months of age, she suddenly died at home. Autopsy was not
performed.

Becaunse her clinical course was similar to that of previously
reported SUCL-deficient patients, we restarted diagnostic
analysis using fibroblasts and biopsied muscle samples that had
been stored for 16 years in liquid nitrogen.

Methods

Bilue native polyacrylamide gel electrophoresis and
Western blotting

Fxpression levels of the MRC complex (Co) L, I, T, and IV
proteins in cultured fibroblasts were assessed on Western blotting
using blue native polyecrylamide gel electrophoresis (BN-PAGE)
according to- previously - described methods.® Immunostaining
was performed using monoclonal antibodies specific for the
39 kD subunit of Co L, 70:kD sobunit of Co 0, core 1 subunit of
Co I, and subunit 1 of Co IV (nvitrogen, Camarillo, CA, USA).

Detarmination of en & et

Agctivities of MRC Co 1, II, III, and IV were assayed.' The
activity of each complex was presented as a percentage of the
mean velue obtained from 20 controls. The percentages of Co I,
I, T, and TV activities relative to that of citrate synthase (CS) as
a mitochondrial enzyme marker or Co Tl activity were calcnlated.
Deficiency of each complex is confirmed when eitherthe CS ratio
and/or the Co I ratio is <45% (fibroblasts) or 35% (muscle).

Cuaniftative polymerase chain reaction

The mtDNA was guantitatively estimated on real-time amplifi-
cation of NI fragments in the miDNA genome, as described
previously. ™ To deterniine the vverall abundance of mtDNA, the
real-time amplification result of NID1 was compared with that of
exon 24 of the cystic fibrosis transmembrane conductance regu-
lator (CFTR) gene, as nuclear DNA (nDINA).

Birect sequencing of the SUCLGT and SUCLAZ genss

Genomic DNA was extracted from cultured fibroblasts using a
Sepa Gene Kit (SaukoJunyaku, Tokyo, Japan). All coding exons,
including flanking introns, in SUCLGI and the SUCLAZ2 genes
were amplified using polymerase chain reaction (PCR). To facili-
tate cycle sequencing analysis, M13 universal and reverse primer
sequences were attached to the 5" ends of sense primers and
antisense primers, respectively. PCR products were directly
sequenced using a Big Dyve Primer Cycle Sequencing kit and an
ABI 310 Genetic Analyzer (PE Applied Biosystems, Foster City,
CA, USA),

The Ethics Commitiee of the Tohoku University School of
Medicine approved the present study.
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Fig. 1 Blue native polyacrylamide gel eléctrophoresis and subse-
quent Western blot analysis of mitochondrial respiratory chein com-
plexes. The amount of assembled complex [ was decreased. Complex
1, anti~39 kDa subunit; complex I, anti-70 KDa subunit; complex 1TF,
anti-core 1 subunit; complex TV, anti-subunit 1.

Hesults

The amount of respiratory-chain complex in fibroblasts was
determined on BN-PAGE Western blot. The intensity of the band
corresponding to the assembled Co 1 of fibroblasts was decreased
(Fig. 1). The intensity of the bands corresponding to Co T, 11,
and IV remained unchanged.

In fibroblasts, the enzyme sctivities of Co Y and Co IV relative
to that of Co I were decreased (<45%; Table 2). Bven in the
musclé biopsy samples, the ratios of (Co I + Co TIYCS, Co
IVICS, Co WCe T, (Co 11 + Co MYCo 11, Co HHCo 1, and
ColV/Co I were decreased.

Quantitative PCR showed thut the ratio of mtDNAMDNA of
the fibroblasts did not ‘decrease (72.9%:; control, 76.4%). The
ratio in the muscle biopsy specimen was also not decreased
(270.1%).

Mutation analysis showed a heterozygous T-io-C substitation
at position 41 in exon 1 of SUCLGI (e 417 > C; Fig, 2). This
c41T » C mutation changes the Met at position 14 o a
Thr (p.M14T). Additionatly, in exon 6, a heterozygous C-to-T
substitution at position 599 in exon 1 of SUCLGT was found
(¢.599C > T). This mutation changes the Ser at position 200 to
Phe {p.S200F). The p.MI4T mutation was transmitted to the
child from her mother; the other mutdtion (p.S200F) was trans-
mitted to the child from her father (data not shown). Both sub-
stitutions were absent in the 100 alleles screened from healthy
volunteers. Wo substitution was found in SUCLA2.

© 2011 The Authors
Pediatrics International © 2011 Japan Pediatric Society
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Table 2 Respiratory chain enzyme assay of the present patient

G Col Colt Coll + 111 Co L Co IV 8
Fibroblasts
% of normal 73 236 378 140 60 7
8 ratio 100 326 515 190 85 -
Co U ratio 30 - 158 58 26 -
Muscle
% of normal 89 291 40 76 17 197
C8 ratio 44 147 20 39 8 -
Co Ul ratio 36 - i3 26 & -

Enzyme activities are expressed as % of mean novmsl control activity relative to protein, relative to C8, and relative to Co I Bold, deficiency
of the respective complex: <45% (fibroblasts) or 35% (muscle) of either CS ratio and/or Co 11 ratio. Reference range, fibroblasts 45-170; muscle

35160,

Co I, complex I; Co I, complex IL Co HE complex HE Co IV, complex IV C8, citrate synthase.

Discussion

The patient was identified to have a compound heterozygote
mutation in SUCLGT (p.MIMT and p.S200F). Clinical manifes-
tations such as. infantile Jectic acidosis, mild methylmalonic
aciduria, hypotonia, and hearlng loss were compatible with
symptoms ‘previously: reported in patients with’ SUCLGI or
SUCLAZ mutations.™ The p.MI4T and p.S200F mutations have
notbeen nepmw previously. These substitations were not foand
in-the 100.alieles from healthy volunteers, pMi4 is Tocated
within the mitochondrial targefing sequence. Van Hove etul.

{&)

{c)
Home sapiens (humand

reported a patient with & mutation at the same methionine
(p.M14L) and speculated that the substitation of p.M 14 would
prevent proper translation initiation.”! p.8200 is conserved across
several species (Fig. 2). These data suggest that p.M14T and
p.S200F are not polymorphisms but discase-cansing mutations.
The amount of MRC complex I was decreased on BN-PAGE
and Western blotting using fibroblasts, and multiple MRC defects
were detected on enzyme assay. The ratios of mtDNAMDNA of
fibroblasts and muscle, however, did not decrease. Valayannopo-
wlos er al. also reported that miDINA depletion was not observed
in two patients® It is suggested that not all SUCL-deficient

{0}

2!3&

CKIGIPRIKHRICIY B RS

Pan troglodvtes {chimpanzee)

Canis familiaris (dow) CKIGINPGHIHGERIGIV

Bos taurus (cow) CKIGIMPGHIHGRYGTV X

Wus musculus (nouse) CKIGIMPGHIHKKERIGIV S [RS mmvmnmmmmmwlw
Rattus rorvezicus (rat) CKIGIMPGHIHGERIGTY (8 IRSGTLTYEAYHOTTOVELGASLCTGIGRDPFNGTNF 1DCL
Ballus gallus (chicken) CKIGINPGHIHGKGRIGIV 15 [RSGTLTYEAVHOTTOVGL GOSFCYGIGRDPFNGTNF 1DCL
Yenopus tropicalis (western clawed fros) CKIGIHPGHIHKKGRIGLY |5 IRSGTLTYEAVHATTOVGL GRSLOVGI GGOPFNGTNF 1DGL
Danio rerio {zebrafish) CKIGKWI%@HQW S IRSGTLTYEAVHATTQVGLGOSLCIGIGGDPFNGTNF IDCL

B PRicickapieioiiacoRck, &, sioioieioioick ok diok

Fig: 2 (8) Heterozygous Tio-C substitution detected ot c.41 in exon 1 of SUCLGL. This ¢.41T > C mutation changes the Met at position 14
to Thr (p:M14T). (b) Heterozygous C-to-T substituiion detecied st £.599 in exon 6 of SUCLGI. The ¢.599C > T substinition changes the Ser

atposition 200 to Phe' (p.SZOOF) {c) Compatison of suctinyl-coenzyme A ligase (SUCL) o subunits from several species. Serine at p.200 was
conserved across all the species tested,

© 2011 The Authorg
Pediatrics International © 2011 Japan Pediatric Society



patients have miDNA depletion, and that some mechanisms other
than miDNA. depletion might participate in the multiple MRC
deficiency observed in these patients. _

In the present case, serum methylmalonic acid accumulation
and low “C-propionate fixation capacity suggested disturbance
of methylmalonic acid metabolismn. Blevated methylmalonic acid
may result from the accumulation of succinyl-coenryme A under
the assumption that accumulated succinyl-CoA inhibits the reac-
tion catalyzed by MCM or causes an equilibrivm shift, leading to
the sccumulation of methylmalonyl-coenzyme A, which is con-
verted to methyhnalonic acid. As usual, increased levels of C4DC
are detected in patients with severe MCM dsficiency daring acute
crises. It is suggested that the C4DC of the present patient was
associated with an increased level of succinyleanritine due to
accumulated succinyl-coenzyme A.

In conclusion, we identified two novel SUCLG] mutations in
a Japanese female patient with neonatal lactic acidosis and pro-
longed mild methylmalonic aciduria. For patients showing these
combined manifestations, MRC activities and mutations of
SUCLGI or SUCLAZ should be screened for.
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ARTICLE

ewborn Screening for Lysosomal
Storage Disorders

KIMITOSHI NAKAMURA, * KIYOKO HATTORI, anp FUMIO ENDO

Lysosomes are intracellular organelles containing acid hydrolases that degrade biological macromolecules.
Lysosomal storage disorders (LSDs) are caused by absent activity of one or more of these enzymes due to
mutations of genes encoding lysosomal hydrolases or enzymes that process, target, and transport these enzymes.
The specific signs and symptoms of each LSD derive from the type of material accumulated within the lysosome,
the site (organ) of accumulation and the response of the body (sometimes in the form of an inflammatory or
immune response) to the accumulated material. interest for inclusion of these disorders in newborn screening
programs derives from the availability of effective therapy in the form of enzyme replacement or substrate
reduction therapy and bone marrow transplant that may improve long-term outcome especially if started prior to
irreversible organ damage. Based on the availability of therapy and suitable screening methods, Gaucher disease,
Fabry disease, Pompe disease, mucopolysaccharidosis | and If, Niemann—Pick disease, and Krabbe disease are
candidates for newborn screening. Pilot newborn screening projects have been performed for some of these
conditions that indicate the feasibility of this approach. This review will provide insight into these screening

strategies and discuss their advantages and limitations.
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INTRODUCTION

A lysosome is an intracellular organelle
containing acid hydrolases that degrade
proteins, glycoproteins, proteoglycans,
lipids, and other complex macromole-
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© 2011 Wiley-Liss, Ine.

cules from phagocytosis, endocytasis,
and autophagy [Futerman and van Meer,
2004: Fletcher, 2006: Eckhardt, 2010].
These macromolecules are degraded to
smaller molecules through the action of
various acid hydrolases. The resulting
small molecules are then catabolized or
recycled by the cell after export to the
cytoplasm by passive diffusion or
through the use of transporters. For
some pathways, these recycled metabo-
lites play a major role in the synthesis
pathway. For example, almost 90%
of sphingolipids are synthesized in
this recycled pathway in many cells
[Fredman, 1998: Gillard et al., 1998].
Lysosomal hydrolases are transported
from the endoplasmic reticulum to the
Iysosome by a vesicular transporter. This
vectorial transport is dependent on the
presence of mannose 6-phosphate resi-
dues on their oligosaccharide chains
attached to the lysosomal enzyme by
a  Golgi-localized phosphotransferase
complex [Kollmann et al, 2010].
Mannose-6-phosphate receptors cap-
ture these processed enzymes into trans-
port vesicles of the trans-Golgi network

and deliver them to the lysosome. These
enzymes can be endocytosed again by
neighboring cells and delivered to the
lysosome. This latter pathway plays a key
role in allowing enzyme replacement
therapy (ERT) to reach the lysosome of
target cells.

More than 40 LSD are known and
have a total estimated incidence of
1:7.000-1:9,000 [Meikle et al.. 1999;
Fletcher, 2006]. Symptom severity and
disease onset of most LSD vary. This
heterogeneity can be explained to some
extent by the difference in organs
affected and, in part, by the type of
mutation. In general, mutations leaving
very low residual enzyme activity cause
the most severe early onset forms of the
diseases. In contrast, higher residual
enzyme activity delays disease onset
[Kolter and Sandhoff, 1999]. Disease
severity and onset are remarkably differ-
ent in the late-onset forms of LSD and
can vary even between siblings with
identical mutations [Clarke et al., 1989:
Wenger et al., 2000; Zhao and Grabow-
ski, 2002]. The major lysosomal storage
disorders (LSDs) for which a therapy is
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More than 40 LSD are
known and have a total
estimated incidence of
1:7,000~1:9,000. Symptom
severity and disease onset of
most LSD vary. This
heterogeneity can be
explained to some extent by
the difference in organs affected
and, in part, by the type of
mutation. In general,
mutations leaving very low
residual enzyme activity cause
the most severe early onset
forms of the diseases.

available and newborn screening is at
different stages of development will be
briefly described.

SELECTED LYSOSOMAL
STORAGE DISORDERS

Fabry Disease

Fabry disease is an X-linked LSD
that was initially described in 1898
{Anderson, 1898: Fabry, 1898]. Women
can also have symptoms, but onset is
generally later than for men and life
expectancy is reported better. Fabry
disease is caused by o-galactosidase A
(Gal A) deficiency [Desnick etal., 2001].
The enzymatc defect leads to progres-
sive accumulation of glycosphingolipids
such as globotriaosylceramide (GL-3),
especially in the brain, heart, kidney, eye,
and skin. The classic disease phenotype
consists of angiokeratomas, acropares-
thesias, hypohidrosis, and corneal opac-
ities during childhood. Accumulation of
GL-3 in the vascular endothelium leads
to renal and cardiac failure and cerebro-
vascular disease. Late-onset cardiac and
with residual Gal A
activity have been identified in individ-
vals lacking some or all of the early
classic manifestations mentioned above.

renal variants

Patients with the cardiac variant present
with left venericular hypertrophy (LVH),
arrhythmia, and/or cardiomyopathy
[Nakao et al., 1995}, whereas patients
with the renal variant develop protei-
nuria and end-stage renal disease
(ESRD) [Kotanko et al., 2004] after
50 years of age. In additon, some
patients with acute strokes after adoles-
cence were found to have previously
undiagnosed Fabry disease, 30% of
whom had, retrospectively, classic man-
ifestations. Fabry disease is diagnosed by
measuring enzyme activity in white cells
or plasma in males. Females can have
normal enzyme activity and DNA test-
ing is necessary to confirm or exclude
the diagnosis in them.

ERT for Fabry discase was approved
in Eng et al. [2001] and clinical trials are
ongoing for pharmacologic enzyme
enhancement therapy [Desnick and
Schuchman, 2002]. The estimated inci-
dence of classic Fabry disease is 1 in
50,000 males. Screening of males in
hemodialysis, cardiac, and stroke clinics
by determination of plasma Gal A
activities detected previously undiag-
nosed Fabry disease in 0.25-1% of males
undergoing hemodialysis, in 3—4% of
males with LVH or hypertrophic car-
diomyopathy, and in 5% of males with
acute cryptogenic strokes [Brouns et al.,
2010].

Newborn screening using a fluoro-
metric enzyme assay in 37,104 males in
Italy with follow-up mutation analysis
identitied 1 in 3,100 patients with Fabry
disease. The mutations identified in this
cohort predicted later-onset rather than
classic Fabry disease with an 11:1 ratio
[Spada et al., 2006]. In Japan, a newborn
screening pilot program for Fabry dis-
ease has been carried out by Nakamura
et al. (submitted for publication) using
the fluorometric enzyme assay and
subsequent mutation analysis. The inci-
dence of the disease was approximately 1
in 4,700 males, with 88% of mutations
being associated with a later-onset
phenotype. [Sands and
Davidson, 2006], a newborn screening
pilot program for Fabry disease using the
fluorometric enzyme assay found an
incidence of approximately 1 in 1,250
males [Hwu etal., 2009; Lin etal., 2009].

In Taiwan

All these studies suggest that Fabry
disease may be underdiagnosed, espe-
cially the late-onset variants.

Mucopolysaccharidoses

Mucopolysaccharidoses (MPS) are LSDs
that are characterized by the accumu-
lation of glycosaminoglycans (GAGs)
in urine, plasma, and various tissues.
Primary treatment options for MPS
include hematopoietic stem cell trans-
plantation (HSCT) and ERT. ERT is
now available for MPS I, MPS I, and
MPS VI [Kollmann et al., 2010]. ERT
reduces GAG accumulation, improves
the clinical status and quality of life.
Clinical trials of ERT for other types of
MPS are underway.

Newborn screening for these con-
ditions can be accomplished by measur-
ing urinary GAG or directly by
measuring enzyme activity in blood
spots. Methods have been proposed for
the quantification and qualitative evalu-
ation of GAGs in urine by LC-MS/MS.
This method can screen for MPS 1, 11,
and VI by quantifying dermatan sulfate
(DS) and heparan sulfate (HS) in urine.

In blood spots, eight lysosomal
enzymes (0-L-iduronidase. iduronate
sulfatase, arylsulfatase B, f-p-glucu-
ronidase, B-p-galactosidase, -1
mannosidase, o-L-fucosidase, and -
hexosaminidase),  including  those
involved in selected MPSs, can be
assayed. This can screen for MPS [,
MPS 1I, MPS VI, MPS VII, GM1
gangliosidosis, galactosialidosis, MPS
IV B, o-mannosidosis, fucosidosis,
Sandhoff disease, and mucolipidosis II
and I [Chamoles et al., 2001a,b, 2004].
Unfortunately, there are still no methods
described for multiplexing these assays.

More recently, specific substrates
have been developed to allow the use of
MS/MS [Duffey et al., 2010a,b]. The
advantage of this approach is that it
allows multiplexing with simultaneous
assays for MPS I, MPS I, MPS I1IA, and
MPS VI

Pompe Disease

Pompe disease, also known as glycogen
storage disease type I, is an autosomal
recessive disorder caused by deficiency
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of the enzyme o-glucosidase (GAA),
resulting in the accumulation of lysoso-
mal glycogen in the skeletal muscles and
heart [Kishnani et al., 2006}. This
disorder causes a steady accumulation
of glycogen substrate that leads to
progressive muscle damage and organ
failure. The rates of substrate accumu-
lation and dssue damage are variable and
reflect the residual enzyme acuvity and
immune response to the accumulated
material. In 2006, alglucosidase alfa was
approved as the ERT for Pompe disease.
A pilot program for Pompe disease
newborn  screening  was  started  in
Taiwan in 2005 that measures GAA
activity using a  fuorometric  assay
[Chien et al., 2009]. A thorough exami-
nation was performed to screen positive
newborns. A diagnosis of Pompe disease
was made clinically after the onset of
symptoms. Screening  revealed  five
severely affected infants with an inci-
dence of approximately 1 in 41,000
screened newborns. ERT for Pompe
disease was started in the five severely
affected infants. In unscreened infants,
the clinical diagnosis of Pompe disease
was made later, at an average of 4 months
of age. Initiation of earlier treaunent of
infants after newborn screening resulted
in normal cardiac function and growth
and acquisition of age appropriate mile-
stones.

Krabbe Disease

Krabbe disease (globoid cell leukodys-
trophy) is an autosomal recessive disor-
der caused by deficiency of the lysosomal
enzyme galactosylceramide P-galactosi-
dase (GALC). This results in the accu-
mulation of galactosylceramide and
psychosine that in most cases cause
abnormalities of the brain white matter.
Most patients present early in life with an
carly infantile or “classic” phenotype.
Symptoms usually appear before
6 months of age and death occurs before
2 years of age. Other patients can present
later in life with an attenuated pheno-
type. HSCT is the only available treat-
ment for infants with early infantile
Krabbe disease and must be performed
prior to neurodegeneration. Newborn
screening  has been performed for

Krabbe disease [Duffer et al., 2009].
Newborns treated with HSCT can have
progressive central myelinationn and con-
tinued gains in developmental skills and
cognitive function, whereas children
who transplantation  after
symptom onset experience munimal
neurologic improvement. Transplanta-
tion is not effective in all cases of Krabbe
disease and some transplanted patients
have experienced developmental delays.
GALC  activity
detection by a fluorescent assay and
subsequent DINA mutation analysis.
Molecular analysis of the GALC gene
is used for diagnostic confirmation.

undergo

Screening  involves

THERAPEUTIC ADVANCES
FOR LYSOSOMAL STORAGE
DISORDERS

Hematopoietic Stem Cell
Transplantation

Allogenic HSCT was one of the first
therapies attempted in  LSDs to
introduce metabolic cross-correction.
Therapy may also be useful for neuro-
degenerative LSDs because microgha
cells are derived from hematopoietic
stem cells [Asheuer et al., 2004; Boelens,
2006]. Clinical trials of HSCT have
suggested that cells migrate across the
blood—brain barrier. In animal models,
it has been shown that donor cells
produce the detective enzyme and that
donor macrophages replace microglial
cells in the brain [Kennedy and Abko-
witz, 1997, Malatack et al., 2003].
Repopulation of wansplanted cells in
the brain is relatively slow because of the
long lifespan of microglia [Kennedy and
Abkowitz, 1997].

HSCT has shown efficacy in pre-
symptomatic or mildly affected patients
with some LSDs. It has been used in
patients with MPS I, I1, and VI; Gaucher
disease; Wolman disease; metachromatic
leukodystrophy: and Krabbe disease.
Each LSD responds differently to HSCT,
and transplantation timing relative to
symptom onset seems critical  for
some disorders. HSCT is not effective
for the patients with Fabry disease
because secreted w-galactosidase lacks
mannose-6-phosphate residues and the

enzyme is seldom taken up by cells with
the enzyme defect. Complications atter
HSCT are common and limit the
of this treatment. These
include gratt versus host disease, toxicity
of the conditioning regimen, and graft
failure.

In addition to HSCT, transplanta-
tion of neural stem cells to the brain has
been performed in an animal model for
LSDs. This was first demonstrated in an
MPS VII mouse model by injection
of neural stem cells overexpressing
B-glucuronidase into the ventricles of
newborn mice [Snyder et al., 1995].
Clinical improvement has been observed
atter neural stem cell transplantation in
animal models [Lee et al., 2007; Strazza
et al., 2009]. There are no human data
for this type of therapy.

usefulness

Enzyme Replacement Therapy

Marked progress has been made in the
treatment of LSDs over the past few
decades [Brady et al.,, 1974; Achord
et al., 1978; Brady, 2006]. Recombinant
DNA techniques have allowed produc-
tion of lysosomal enzymes in vitro.
The recombinant enzymes are trans-
ported via the mannose-6 receptor
pathway in Fabry disease, MPS I, 1II,
and VI; and Pompe disease. In contrast,

Marked progress has been
made in the treatment of LSDs
over the past few decades.
Recombinant DNA techniques
have allowed production of
lysosomal enzymes in vitro.
The recombinant enzymes are
transported via the mannose-6
receptor pathway in Fabry
disease, MPS I, II, and VI;
and Pompe disease. In contrast,
they are transported by
macrophage mannose receptors
in Gaucher disease.
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thev are wansported by macrophage
mannose receptors in Gaucher disease.
The exogenous enzymes are internal-
1zed by somatic cells and transterred to
the lysosome where they degrade accu-
mulated substrate and diminish the
burden of the disease. ERT has been
approved by regulatory agencies for
Gaucher, Fabry, and Pompe disease in
addition to MPS 1L 11, and V1. Before the
introduction of ERT, no specitic therapy
was available for LSD patients, and
supportive care and treatment were used
only to manage complications. ERT
consists in the regular administration of
recombinant enzyme intravenously and
since its success in patients with Gaucher
disease, was extended to other LSDs.
Clinical trials have demonstrated the
clinical benefit of ERT in Fabry disease
[Eng et al., 2001]: MPS I [Kakkis et al..
2001], 1T [Muenzer et al., 2006], and V1
[Harmatz et al., 2005]; and in Pompe
disease [Amalfitano et al., 2001].

The usefulness of ERT is limited
because the enzyme is not always
effective for all clinical symptoms. Clin-
cal studies have shown that many
symptoms of LSDs are irreversible in
advanced cases despite the use of long-~
term ERT. Theretore, early diagnosis
and treatment is important. In addition,
recombinant proteins cannot cross the
blood—brain barrier, and ERT has little
or no cffect on central nervous system
(CNS) manifestations. Current clinical
trials are assessing the effect of intrathecal
enzyme replacement in MPS I and I1.

Substrate Reduction Therapy

Substrate  reduction therapy partially
inhibits the biosynthesis of the accumu-
lated product to reduce substrate influx
into  the catabolically compromised
lysosome. A small-molecule oral sub-
strate reduction therapy, nuglustat, is
available for Gaucher disease. The effi-
cacy of substrate reduction therapy was
evaluated 1 patents with Gaucher
disease [Coxetal.. 2000]. Adult Gaucher
patients not teated with ERT were
treated with N-butyldeoxynojirimycin
tor 12 months. Mean liver and spleen
volumes were significantly decreased,
and hematological parameters showed

slight improvement. The most frequent
adverse effect was diarthea. In the
extension study, statistically significant
improvement was achieved in all major
efficacy end points. indicating that treat-
ment  with N-butyldeoxynojirimycin
was increasingly effective with tme
[Elstein et al., 2004]. The use of
N-butyldeoxynojirimycin, known as
miglustat (Zavesca), has been approved
for Gaucher disease and is considered
safe for adult patients, with mild or
moderate symptoms, who are unwilling
or unable to receive or to continue ERT
or for patients with persistent signs of
disabling disease activity despite max-
imal enzyme dosing. The drug may be
applied in combination with ERT in
these patients.

N-Butyldeoxynojirimycin is also
considered an option for patients with
Sandhotl disease, Tay—Sachs disease, or
Niemann—Pick disease type C (NPC)
because the drug is a small enough to
cross the blood—brain barrier [Lach-
mann et al., 2004]. The drug is usually
given at higher doses than in Gaucher
disease to allow increased entry into the
brain. A randomized clinical trial in
patients with NPC demonstrated that
nuiglustat improves or stabilizes horizon-
tal saccadic eye movement velocity, a
clinically relevant markers of NPC, with
improvement in swallowing capacity,
stable auditory acuity, and a slower
deterioration in ambulatory index [Pat-
terson et al., 2007: Wraith et al., 2010].
An open-label extension confirmed the
persistence of clinical benefit that is
more marked in patients with milder
forms of the disease A lower dose of
this drug was not effective in late-
onset Tay Sachs [Shapiro et al., 2009].
Nevertheless,  further  developments
in this area have the potential of devel-
oping effective an treatment for this
condition.

Chemical Chaperons

Chemical chaperones can enhance the
residual activity of the defective lysoso-
mal enzyme. Imino sugars, such as
deoxynojirimycin  can  act as both
inhibitors and chaperones,
which control the quality of newly

enzyime

synthesized proteins [Sawkar er al,,
2002; Fan, 2008]. Under physiological
conditions, chaperones help restore the
native conformation of misfolded pro-
teins. Chaperone therapy by using small
molecules to stabilize and targer a
misfolded enzyme to the lysosome is in
chinical trial tor Gaucher. Fabry, and
Pompe diseases caused by mutated but
catalytically active enzymes. In animal
models, these small molecules cross
the blood~brain barrier and may be
effective  for CNS  manifestations
of LSDs. N-(n-nonyl)deoxynojirimycin
for Gaucher disease and 1-deoxygalac-
tonojirimycin for Fabry disease are good
examples of chemical chaperones that
show satisfactory response In  vitro
[Sawkar et al., 2002; Yam et al.. 2005].
A similar effect was observed in fibro-
blasts from adult patients with Tay—
Sachs disease and Sandhofl disease
[Tropak et al., 2004]. Chemical chaper-
ones may be therapeutically useful for
treatment of various LSDs. although
they are currently experimental and
nome is approved for the treatment of
any LSD.

Gene Therapy

Many LSDs respond to HSCT and are
excellent candidates for gene transfer
therapy [Sands and Davidson, 2006],
since they are generally well-character-
ized single gene disorders, the enzymes
defective are usually not subject to
complex regulation mechanisms, and
enzyme activity even only a little higher
than normal should be clinically suffi-
cient. In vivo and ex vivo gene therapy
techniques have been developed to
administer the gene to defective organs
in L8> animal models via the blood-
stream or directly to the brain. Gene
therapy using adenoassociated  viral
(AAV) or lentiviral vectors has been
tested in small animal models of LSDs
and resulted in normalized enzyme
activity [Cachon-Gonzalez et al., 2006;
Broekman et al., 2007]. However, gene
therapy was initiated before the appear-
ance of clinical symptoms in these
studies. Testing in large animal models
of LSDs 1s under current study [Haskins,
2009]. After intracerebral injection of
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AAV-encoding human arylsulfatase A
(ASA) into nonhuman  primates,
ASA  expression could be detected
[Colle et al., 2010]. The wide distribu-
tion of enzyme expression appears to
be mediated by axonal transport
and secretion by transduced neurons.
At present, gene therapy in humans with
their much larger brains has yet to be
mitiated.

SCREENING FOR DISEASES

Newborn Screening

Newborn screening for metabolic dis-
orders started with Robert Guthrie’s
study of phenylketonuria (PKU) in the
early 1960s. After demonstration that
carly diagnosis and therapy could pre-
vent mental retardation in PKU, neo-
natal screening has become routine
practice in developed countries as part
of a public health program [Guthrie and
Susi, 1963; Scriver and Kaufiman, 2001].
Newborn screening identifies a high-
risk group of patients from normal
mnfants and then thoroughly investigate
this group. Initial tests screened for one
disorder at a time. The introduction of
screening by tandem mass spectrometry
permits the measurement of muldple
analytes at the same tme, allowing the
detection of multiple classes of metabolic
disorders.

The potential use of MS/MS for
newborn screening was first suggested in
1990 [Millington et al., 1990}, and early
studies soon demonstrated its practicality
[Chace et al., 1993; Rashed et al., 1995;
Ziadeh et al,, 1995]. MS/MS could
simultancously detect a number of dis-
orders, making it possible to screen for
some disorders that might otherwise
have seemed too rare. Many compounds
are initially separated by mass to charge
ratio in MS/MS. Each compound is then
fragmented for identification. The proc-
ess requires roughly 2min per sample
and can detect 30 or
errors of metabolism just screéning for
amino acids and acylcarnitines. At the

more inborn

present time, expanded screening is used
to detect disorders of amino acid,
organic acid, and fatty acid metabolism.

However, the technology can be applied
to a much wider range of compounds,
and the field appears ready to expand.
Table I summarizes the enzymes defec-
tive in several LSDs and those for which
newborn screening assays have been
developed.

Advances in Newborn Screening
Technologies for LSD

Enzymatic assays.  The initial system to
diagnose LSD was the measurement of
enzyme activity using a fluorescent
artificial substrate [Meikle et al., 2006].
Diagnosis of MPS I is performed on
leukocyte or cultured fibroblast homo-
genates to assay oi-L-iduronidase activity
by wusing 4-methyhylumbeliferyl-r-
iduronide. For newborn screening, the
standard method was adapted to measure
o-L-iduronidase activity in dried blood
spotted on filter paper [Chamoles et al.,
2001a}]. A 3-mm-diameter punchout of
a blood spot on filter paper is added to
elution buffer containing 4-methyhy-
lumbeliferyl-o-L~iduronide as the sub-
strate. Fluorescence of the enzyme
product 4-methylumbelliferone is then
measured. Methods for detection of
other LSD, including MPS I, Pompe,
Fabry, Sandhoff, Gaucher, Niemann—
Pick (type A/B, not C), and Tay—-Sachs
diseases have been reported using the
revised enzymatic assay of dried blood
spot samples [Chamoles et al., 2001b,
2004]. The limitation of these ap-
proaches is that each assay uses 4-
methylumbelliferone as an indicator of
enzyme activity. In these assays, multi-
plexing is not possible because all assays
(for MPS I, MPS II, Pompe, Fabry,
Sandhoff, Gaucher, Niemann-Pick,
and Tay-S8achs diseases) yield the same
product (4-methylumbelliferone) as the
fluorescent product of the enzyme
reaction.

A variation of this approach
includes the use of antibodies to enrich
for the enzyme to be tested. In the case of
Pompe disease, antibodies against GAA
are used to coat microtiter plates. The
endogenous GAA from the dried
blood spots is eluted, attaches to the
antibodies and is assayed for enzyme
activity using fluorescent substrate

[Umapathysivam et al., 2000]. Hypo-
thetically, microtiter plates could be
coated with several different primary
antibodies to capture different endoge-
nous enzymes. However, it all of the
substrates produce the same fluorescent
enzyme product (4-methylumbellifer-
one), then multiplexing is not possible.
These hmitations would work against
practical newborn screening using this
method.

Functional Detection of Enzymatic
Products by Using MS/MS

The second advancement in LSD
screening technology involves analyzing
the activity of endogenous lysosomal
enzymes with electrospray ionization-
MS/MS [Gerber et al., 2001; Li et al.,
2004]. This method, modified from the
one for cell lysates for use with dried
blood spots, was used in Krabbe disease
to detect galactocerebroside B-galacto-
sidase (GALCQ) activity. The substrate -
Gal-C8-Cecr 1s broken down by GALC
to C8-Cer by the enzyme cluted from
the dried blood spots. Both C8-Cer and
C10-Cer, which is used as an internal
standard, are quantified using MS/MS to
detect GALC activity. The GALC
enzyme on the dried blood spots is
stable, allowing for sample transporta-
tion. A pilot program for Krabbe disease
screening using MS/MS was started in
2006 [Orsini et al., 2009]. Out of
555,000 newborns, 10 were identified
at risk for Krabbe disease. MS/MS has
the advantage of being able to detect
products of different mass to change ratio
enabling the analysis of the results of
ditferent enzyme reactions. In theory,
multiplexed assays can be developed for
multiple diseases, including Pompe,
Fabry, Gaucher, Niemann~Pick types
A/B (NP A/B), Krabbe disease, and
MPS-1 [Zhang et al., 2008] and for five
of them a multiplex assay has been
proposed [Gelb et al., 2006]. In reality,
the amount of activity measurable in a
single blood spot is still limited. The
assay for Pompe, Fabry and MPS-I can
already be performed on the same blood
spot [Dutfey et al, 2010a]. MS/MS
assays for blood spots have also been
reported for MPS-VI [Duffey et al.,
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TABLE I. Lysosomal Storage Disorders Amenable to Newborn Screening
Availability of screening Chromosomal
Disease Protein detect strategies localization OMIM
Defects in glycosaminoglycan degradation (mucopolysaccharidoses)
MPS I (Hutler, Scheie) o-Iduronidase Fluorometric, immune- 4p16.3 607015
quantitication. multiplex
MPS 1I (Hunter) Iduronate sulfatase Fluorometric, immune- Xq28 309900
quantification, multiplex
MPS ITA (SanfHlippo A) Heparan N-sulfatase Immune-quantitication, 17q25.3 252900
multiplex
MPS TIB (Sanfflippo B) N-Acetylglucosaminidase None 17921 252910
MPS TIIC (SantHippo C) Acetyl-CoA transterase None 8pll.l 252930
MPS TITD (Sanfflippo 1) N-Acetylglucosamine-6-sultatase None 12q14 252940
MPS IVA (Morquio A) N-Acetylgalactosamine-6-sulfatase  None 16q24.3 253000
MPS IVB (Morquio B9Y) B-Galactosidase None 3p21.33 230500
MPS VI (Maroteaux—Lamy) N-Acetylgalactosamine-4-sulfatase  Fluorometric. MS/MS, 5q11-13 253200
immune-quantification,
multiplex
MPS IX Hyaluronidase None 3p21.3 601492
Detects in glycoprotein degradation (oligosaccharidoses)
o~Mannosidosis a-Mannosidase None 19q12 248500
B-Mannosidosis f-Mannosidase None 4q22 248510
a-Fucosidosis a-Fucosidase None 1q34 230000
Sialidosis a-Sialidase None 6p21.3 608272
Galactosialidosis Cathepsin A None 20q13.1 256540
Aspartylglucosaminuria Aspartylglucosaminidase None 4q32 208400
Schindler disease. Kanzaki disease  a-Acetylglucosaminidase None 22q13.1 104170
Others
GM-gangliosidosis B-Galactosidase None 3p21.33 230500
GM2-gangliosidosis (Tay—Sachs)  a-Subunit of B-hexosaminidase Fluorometric 15923 606869
GM2-gangliosidosis (Sandhott) B-Subunit of B-hexosaminidase Fluorometric 5q13 606873
GM2-gangliosidosis (variant AB)  GMZ2 activator protein None 5¢q31 272750
Gaucher disease B-Glucocerebrosidase Fluorometric, MS/MS, 1q21 606463
immune-quantification,
multiplex
Fabry disease a-Galactosidase Fluorometric, MS/MS, Xqg22.1 301500
immune-quantification,
multiplex
Pompe disease Acid a-glucosidase Fluorometric, MS/MS, 17g25.2-q25.3 232300
immune-quantification,
multiplex
Niemann—Pick type A and B Sphingomyelinase Fluorometric, MS/MS, 11p15.2 607808
immune-quantification,
muldplex
Krabbe disease Galactosylceramidase Fluorometric, MS/MS, 14q31 245200

2010b] and Gaucher disease [Legini SUMMARY
et al., 2011]. One ssue with newborn
screening is the identification of patients
whose phenotype is not clear. For

example, most patients identified by

screening tor Fabry disease have late-
onset variants [Spada et al., 2006] and
it is unclear whether they would
have had clinical symptoms without
treatment.

Newborn screening is a major public
health achievement that has improved
the morbidity and mortality of inborn
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errors of metabolism. The introduction
of newborn screenmg tor LSDs presents
new challenges. The first 1s to be able to
design a multiplex assay for multiple
enzymes applicable to the limited
amount of enzyme present in blood
spots. These new assays must be validated
in large numbers of newborns to
sensitivity and  specificity.
The second challenge is to have a better
understanding of which forms of these
diseases need treatment. This will allow
us to determine if and when to start
therapeutic interventions. In the absence
of a family history, presymptomatic
detection of an LSD can be achieved
only through a newborn screening
program. The efficacy and cost of the
currently available therapies and the
detection in newborns of diseases with
later onset, often in adulthood, may raise
ethical The advancement of
therapeutic options for treatment of
LSD, especially in the field of small
molecules, capable of entering he brain
offers new hopes to affected patients in
whom a timely diagnosis will become
even more essential.

confirm

ssues.
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(38.7mg/dl) ® LR/ % a7z, M » AR (#EIRMm) 12
T pH7.183, BE - 19.7mmol/L, HCO;™ 6.7mmol/L &1t
HET7T Y F—2R2A%8D FLET7VEST7ME
(162ug/dl), {EMPE (30mg/dl &), BUN FHEMH (39
mg/dl) L. BRBETIEY M 3+) Thoiz
BHRREICEREZED b o7z,

AR oEE © AR, Rk, REET7T -3
AL, 20% 7R ERS, BEREBS M)LK
HREZTTozL IARKIIEE, RE®TY F-YAD
YEERTEDL, WRICL AR SE LA, B
MEEIEACEEL, MHPIWCJCSI-20, 81 A4
HIZIZERIIBEHL 2o 7. BREZORRKREZED L
DI MRI, BB RARAT U722, SENEBRCRE
AES % RbE 2R 2B L h o2, HBEIERD
9, 1 A7 HICEPERRE o,

BRI, SEiosm, RFE7S -3, &
T RS T MEED HARBHREE R Y, RBERREE



962-(26)

F1ORBIL ABhs (SE(FRG) RAHTR

LRI 2 ) L A4
pH 7.183 TP 6.3 g/dL
PCO: 179 mmHg Alb 4,1 g/dL
B.E. 432 mmol/L | AST 43 TU/L
HCO3~ 6.7 mmol/L ALT 16 IG/L
LDH 338 IU/L
Lo~ T.Bil 0.3 mg/dL
WBC 23380 suL BUN 39 mg/dL
RBC 355 J7 sul Cre 045 mg/dL
Hb 98 g/dL Glu 30 & mg/dL
Ht 30.8 % Na 132 mEq/L
Plt 32677 /ul K 54 mEq/L
Cl 100 mEq/L
RIIRVH Ca 8.1 mg/dL
CRP 3.7 mg/dlL T YEST 162 ug/dL
bR ] (i i AR ) [l AR A ]
Jeil 1019 ke 1/3
=311} (-) AV 15 mg/dL
B sy (=) B 185 mg/dL
¥ 3+)
b (3 +)

AWTRAEBRIIN 21T 7. TOFRE, xFi<o
YE AFNIIVE e FREY O VBOE
Bz B, SLEE - ¥ VBB, BL O
h—YADFEEERT 3 Fod VEBRLT & M
oW YN Z # (K1 (2)), MMA &{b&
E A

BBk, JESERCAT o A BB T, AF
vuyig AFNVr B e Fudisaod v
BoOPHEREN 2R 722, 7Y F—Y Ry b= A
PRTRBEWRED Ao (M1 1), 72, #
Bz Rwey yFAIEESHCR e A VAV
=F v (C3) /Ty NANZF Y (C2) H035 (Fv b
F7f022), TOEF VAN ZF Y TT4M(F v b
F 7525 & LB, MMA TR 2T B2 20
7z (3 2).
REEAEBEL 28, ¥4 3 U Bl2IcHT 5 REHED
FELWRET A0, €4 3 v Bl2(—% : anw
IF, ERE N anN—-L) BERBRORERERS
WMol FORE AFLea @ AFLrT
YBOPHEORAE RS (F3). LiL, €3I
B2 #5Hi D A F v =1 > FEEE A% 13814.4umol/
mol + Creatinine L EHFEWETH YV, €% I ¥ Bl2
¥ 5 # b 46283umol/mol « Creatinine & 1,000 #F
Ho T Ehd, ¥¥3IryrBlR2IENLTHAEE
BORIGEH2b00, TOFHRIIZLL, ¥¥3I ¥
B12 FEAER MMA & E 2 Hhis.

HIEsE 114 (6). 2010

)
% 2 gt
i H
| 5
2
’:;gl 6 iﬂl L: ﬂﬁ‘L L] ut ial @

M1 RERERSW
(a) FEB L, e
1) LB 2) 3eFuxry o4 v 3) AFNw
oy 4) TaYFoArY Yy B AFNTIY
M X OEHLRIEEEINE#ED S, 2, F =T A
BRT, 3k Fud SEEEER (), Tb MEEER (k%)
OB P ME D B,
(b) fEBI 1, FEFRIERS
2y 3eraFy ot LB 3) AFvo s
5) AFNIxrEBOYREEME BD B,
{(c) #EP] 2, FEZEVEEE
2) 3k FuFy7oli v, 3) AFvo s
5) AFNox rEOIRENE D 5.

£2 ¥ rFLERSW

WPl | w2 |, oo
GERAER) | GRgfER) | 77 DA 7
C3 (uM) 7.74 798 <525
C3/C21k 0.35 046 <022
CO (uM) 2345 18.23 10 ~ 60

C3: 7uvd=nhr=+
C2:ThFNANZF
CO: E#EAN=F >

MMA L8, EFHERICLE 5 7 BEHIR
AT Y, AN FrAREEBLLEZ S, BEHS
ez {HBLTWA,



FR2426H1H

#£I YY I BIR2EYSWBEORAERSN

580 4%
AFNwo 138144 4,628.3
AF N L gl 731 46.2
A I D 54.1 317

(HA7 © pmol/mol * Creatinine)

FEF 2610, &R g1F

FFF B SEEO A

FRESRIE © 36 M 5 H, 2216g, WHBERB#MD
ORBWEEWRICTHAE, [FBIXRDT, Fo80
FEEDERTH - 72

BEAE 3O ARL ) EHREZ6EEYE
L, AERHETOBRBEELL. BEH, BEOAT
B U AT R & Bl S Tz,

HIEEE - Bk GEBI 1) 28 MMA

HUSEE C 68 1 A, R0 MMA LBl S h/z 3
BELD AR L, FRAEELEL THELEEE
BOBELBOTNz20), ERZEVEETRT- 2.

SR & E1177cm (+09SD), 4 & 19.3kg
(—01SD). v - [FEICHEROT, BEEALEY
RO o7z

WMAFR  RERBSW R AF Lo VB A5
VoI e kFudi Tyt rBodaEEmng
e (1 (0)), MMA &{b230 L7z im% A
W2 Y FLAERGTICBLTS, ot AN
ZF VTNV ANSTF 046, TREF VAL =
F798uM & EHLTHBH, MMA BB R R
2RO (E2).

BMIETFHBTER  EMLIZBNT, €% 3 ¥ BI12
FEFER MMA LB L2800, XFbvamil
CoA L7 —PRBEZRWAF IV CoA A
y-VYREFEBT 2T 2OER EML 2
DWVIFRIZH c1139G>A (p.G380E) & c1943G>A
(p.G648D) DEENT O EHAEREFEL, AFL<
TV CoA Ly —VREEREICLSMMA EEHIL
7o EWMBOBITDIT-7/28 2 A, I ¢1139G>
A (p.G380E) O~TuEaER L, I c.1943G>
A (p.G648D) OATFREEERT TN ENREEL, W
ﬁ@i%@%”@?ﬁﬂ 7z,

£ ®

MMAWEAF VTl CoA & ¥ —EEEORE
XD RET AREERETH Y, THRERTH S A
Fwa )l CoA Ly —FPREEREE AFLeaL
CoA LY —CYORMBHRTHHLEY I VBIZORHE
FRECOEESND, 5612, AF w2l CoA &

963-(27)

¥ —EREREE, »7—¥EEZEADTVWELKIERE
(mut)Y &, 57— EEEIHAIBERELTVAES
RIBFE (mut™) IS8R5, FEERER & LT,
AR - ALNE 2 S A8RERTREL, FBEE
PEHBEENTROIARTH A EEM L, SLLIEH
DRECEES 2BENICHE SN, mut' 0% TEE
BTHY, mut W ZBEMTH B HE [ERIZES
1IN, BEERHURL EOBICH R EICKRY,
SERERERE & L] 2, [ Y B4R 34
TEBICBE S RM] PRESNTEY, BEN
MMA REHBHEREET LI AW LI E DD
2;)53*%37‘

FHIZBIT B MMA OHER, ChETH1/205
ANEEZ LN TR, RNz AWy v FLEE
AMCEBTARZ ) = FOEENS, 1/96
FATHBEOREDPRENTWEY, ZRITEERT
BB LTVWBH, D5\ 2SR N5
LTmEeEh, MMA OBEICE > TW R WHIATHEE
TAHRUEETRBELTWA, EH 1 TR, ZREE:
S ESER 3EBRYEL Tz, WHo 2HO
BUECHBIICEL dhor. TEM2 D, 38ELL
EHEEZRYEL TV, BB LT
BANTEBY, B MMA L3IFEhi-o 25U
LT MMA OBICE -7z, 20 ETELRBELZH0
7ZHEIE, MMA 2 EORBREERELZENBHIC AN
T, M4, 7rE=F, MPETRAZUEL, E5124%
YFELEBMRRARBROT AT BT A
IRATEETHA. T2, HEATR, BHHERTH
AN =F NI R OHURZ B 5 2 Lok iEE
H2iTH) 2Lk o T, BHEBEIZEDLOTHERZW. &
BEMETAILIZL T, ANVoF AR RER
EDZ ML AROBHLLEL TV, REREORE
HAEVIBEOFHNTETH - 72,

MMA FEFIORICHE, Y7 3 v BI2RBEEEDSL
263, AF Nl CoA LT —BREETH-T
b, FOBEETHHLE Y IV BIZIIH LTREBNS
RTFHENDHH. BEH GEF D IcBwTEy 3~
BI2~NOFSEZFMLA LA, ¥ 3y Bl2#ES
ko TRPAF 7T ¥ BRI 13814.4umol/
mmol * Creatinine 7* %4,628.3umol/mmol - Creatinine
NERT LA

ZRET, ¥¥3 VBLR2ESICLoTAF MO Y
B 8 BE A% 1,000mol/mmol - Creatinine BLTFIZEETF L
TEER, 50% LEETLEEAERZ LW, ¥y
BI2IZ 5 S fENH A E SN TE. L Lk
L, CNLOEERTEIEORIGE ML TWERED
PHECERWEWIER DD Y, HBHETIE, MMA
WBUIABYSY I Y BIR2AORBHEICHT A E5HITF



964-(28)

ML SIhTwhv, Fi AFbvo ryBREN
10,000pmol/mmol * Creatinine ML £ % 2 L9 5% MMA
BETE, €3 YBR2AORKBE2ED A613EE
KWENRTEHL LI FELHLY. Zhoofihz
BIZEF1ICBITHESY IV BRAOEBEIZOW
THRES L7, EMoRPAF Vo VEBIRED
10,000umol/mmol * Creatinine I\ £ O ZEHEE TdH
D, 5 # b 1,000umol/mmol - Creatinine # T H &
Bl h, ¥PIVBRENLTHAEEORGL
Hiddh 5 H 00, HRMIIZZOFRIIZ LV EE R
AFNTRZNCA LY —LIEAF VTN
CoA LA —EHETFICINI—-FERTHE, Zoji
EFiEep2l ICHFEEL, 13027V 26z 5s. MMA
DERERHERE, ChITI0ULELFAZEENT
BY, FIEPITEDI c1943G>A (p.G648D) EEIX
FKRUEBILHHEBORRTHEEINR TS, 20D
c1943G>A (p.G648D) EE AT O BAERTH DA
FiE, mutm EHESNTBY, REFAOBRERE —
BaHY. —7F, cl1139G>A (p.G3SOE) (2 E £ TH
EOLRVWHROERTHE. 2Fvwa=) CoA 2
Y-V 2o00F Ty bholy, YTy
MIBEOBEEHMTH B B/abarrel &, ¥ % 3 ¥
Bl2#EHEo 200 F AL 28D, pG3BE XN
RMD B/abarrel FA AL YICHETHI ALY RAE
RTHHY, ZORBIE /o FAL yoRdEz Bl
BHBEEZLNTWAPAITTE L W) I ALV R
BERVEETH”. F-pAVTE 2 RET 5 MMA
BEORBIHI mut® L 25 2 EFHFEINTVREY,
INHOZE XY pG3ROEERIIB/a F AL Y ORE
BOEHES L, EROREE 2 BEERET%
ELTERTHLEHER L.

W AHRREEFHERETMRBENEEZTC
fTo7z.

BANERFE0ED 2 FRHELICET AHREHID
DEEA.
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