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of whom were below 1 year of age [8]. Recognizing that MPS 1l is a
progressive disease that has some irreversible features, a panel of
MPS 1l experts has recommended starting ERT as early as possible to
achieve the best outcomes [9].

In this report, we describe our treatment experience in two japanese
brothers with the severe form of MPS Il who started ERT at 4 months of
age (pre-symptomatic) and 3 years of age (symptomatic). Our findings
suggest that early, pre-symptomatic treatment is associated with a
better clinical outcome as evidenced by the amelioration or prevention
of certain somatic manifestations, e.g. dysostosis multiplex and cardiac
valve disease, which once established, appear to be irreversible,

1.1. Case report

1.1.1. Patient 1 (older brother)

A 2 year 7 month old boy presented to our metabolism clinic with
dysmorphic features, cardiac and skeletal disease, and severe devel-
opmental delay. He was the first child born to non-consanguineous
Japanese parents. Following an uneventful pregnancy and neonatal
period, he was noted to have a small ventricular septal defect during
a febrile illness at 3 months of age. At 9 months of age, the ventricular
septal defect had closed but mild mitral valve regurgitation was
present. His parents noticed a gibbus deformity at approximately
1 year of age, and by age 2 he had developed stiffness in his elbow
and fingers. His psychomotor development was moderately delayed:
he walked at 1.5 years and was still non-verbal. Other past medical
history was notable for a febrile seizure, umbilical hernia, enlarged
adenoids, and bilateral otitis media. On physical examination, the
boy had a coarse facies and disproportionately short limbs. His was
above average in height (92.2 cm, + 0.6 SD), overweight (17.0 kg,
+ 3.2 SD), and had macrocephaly (50 ¢m, +0.5 SD). He had marked
hepatomegaly and a nonpalpable spleen. Urinary GAG analysis re-
vealed an elevated uronic acid level of 254 mg/g creatinine (normal
mean = SD, 30.0 4 12.8) with increased amounts of dermatan sulfate
(63%) and heparan sulfate (12%) relative to chondroitin suifate
(25%), consistent with MPS I or II. The diagnosis of MPS Il was con-
firmed by the absence of detectable 125 activity in leukocytes.

No potential disease-causing mutation was found by sequencing
all 9 exons of the IDS gene and their intron-exon junctions by conven-
tional PCR-based methods [10]. To detect a recombination mutation
between IDS and its adjacent putative pseudogene, IDS-2, that leads
to an inversion and non-functional IDS gene, we performed a simple
and rapid assay involving two PCR reactions. The first reaction selec-
tively amplifies a 2.8 kb DNA fragment from the recombinant gene
but not the wild type IDS gene, while the second reaction selectively
amplifies a 3.5 kb DNA fragment from the wild type IDS gene but not
the recombinant gene (Fig 1a) [11]. Genetic testing of the patient re-
vealed an abnormal banding pattern indicative of recombination be-
tween the IDS gene and the IDS-2 pseudogene (Fig 1b).

1.1.2. Patient 2 (younger brother)

The younger brother was born just after his older brother was diag-
nosed with MPS 1. Birth weight (2.966 kg) and length (47 cm) were
normal for his gestational age of 39 weeks. There were no abnormal
findings on initial physical examination, but the urinary uronic acid
level was elevated at 423 mg/g creatinine (normal mean=SD, 434+
12.9), and urinary GAG analysis showed increased amounts of
dermatan sulfate (55%) and heparan sulfate (11%) relative to chondroi-
tin sulfate (34%). IDS activity in leukocytes was below the detectable
limit, As expected, Patient 2 had the same recombination mutation as
his older brother.

1.1.2.1. Enzyme replacement therapy. Treatment with intravenous
recombinant idursulfase was started at 3.0 years of age for Patient
1 and 4 months of age for Patient 2. Although the recommended
dose of idursulfase is 0.5 mg/kg/week, Patient 1 received only

0.3-0.4 mg/kg/week for the first 1.5 years until his weight reached
20 kg (4.5 years of age) because of a restriction by the health insurance
systemn; subsequently, he received 0.5 mg/kg/week of idursulfase. The
dose for Patient 2 was 0.5 mg/kg/week from the start of treatment. As
of December 2012, Patients 1 and 2 had received ERT for 34 and
32 months, respectively. Both patients have tolerated ERT well with
only mild and intermittant urticaria. ' :

2. Resuits
2.1. Urinary GAG

The uronic acid in urine was measured at several -time points
after initiation of ERT using the carbazole reaction method (SRL
Medisearch, Tokyo, Japan). Fig. 2 shows the changes observed in
both patients over time. In Patient 1, the uronic acid level decreased
to approximately half of the baseline level after 3 months and then
plateaued at 130-180 mg/g creatinine (29-49% reduction from base-
line) (Fig. 2a). The uronic acid level in Patient 2 showed a continuous
decrease to below 100 mg/g creatinine (76% reduction from base-
line), but remains above the normal range (Fig. 2b). :

2.2. Liver and spleen size

The liver edge of Patient 1 extended 4 cm below the right costal
margin at baseline, and it rapidly became non-palpable after the initi-
ation of ERT. The spleen was not palpable at any time, and by ultra-
sound, it was at the upper limit of normal size for age and remained
stable during the first 28 months of ERT. Patient 2's liver and spleen
were normal in size before and during ERT.

2.3, Cardiac function

At baseline, Patient 1's echocardiogram revealed moderate mitral
valve regurgitation and a mildly distorted left ventricular wall,
although the ejection fraction was normal at 69 %. These findings
showed little change after 22 months of ERT. In Patient 2, no abnormal-
ities were detected by echocardiography before and after 11 months
of ERT.

2.4, Respiratory and Hearing

Patient 1 had bilateral exudative otitis media and adenoid hyper-
trophy at baseline that did not respond well to ERT. Although an
adenoidectomy was performed at 3.5 years of age, exudative otitis
media and hearing impairment persisted. Patient 2 also had exuda-
tive otitis media during the ERT period. Neither patient developed
sleep apnea. ' ‘

2.5. Skeletal X-rays

At baseline, dysostosis multiplex was already apparent in Patient 1.
The most prominent findings were hypoplastic changes of the vertebral
bodies giving rise to a characteristic protrusion of the antero-inferior
surface, the so-called inferior tongue. Other mild signs of dysostosis
multiplex included oar-like ribs, bullet-shaped phalanges, and iliac flar-
ing. After 27 months of ERT, these findings showed little change. Simi-
lar, but milder findings of oar-like ribs and bullet-shaped phalanges '
were present in Patient 2 at 3 months of age. After 25 months of ERT,
“inferior tongue” had become notable and oar-like ribs had progressed
(data not shown). o

2.6. Joints

Patient 1 had stiffness in multiple joints of his extremities at base-
line. There was no obvious change with ERT, although accurate
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Fig. 1. Genetic diagnosis of MPS 1l by detecting recombination of the IDS and IDS-2 genes. The pseudogene IDS-2, which consists of sequences that are homologous to exons 2 and 3
and intron 7 of the IDS gene, is located ~20 kb telomeric to IDS in Xq27.3-q28. In the recombinant gene, exons 1, 4, 5, 6, 7a are transiocated to the IDS-2 locus, thereby grossly
altering the structure of the DS gene. PCR reaction 1 amplified a 2.8 kb fragment of the recombinant gene in Patients 1 and 2 and the heterozygous carrier, but not in the normal
control. PCR reaction 2 amplified a 3.5 kb fragment of the wild-type IDS gene in the heterozygous carrier and normal control, but not in the two patients.

measurement was difficult, Patient 2 had normal joint mobility that

was maintained during ERT.

3. Magnetic resonance imaging of the central nervous system

By MRI, Patient 1 had dilated perivascular spaces in the cerebral
white matter both at baseline and after 22 months of ERT, and at

the latter timepoint, mild dilatation of the lateral ventricles also was
apparent. At baseline, Patient 2's MRI showed only subtle changes in
the corpus callosum that were suggestive of dilated perivascular
spaces. After 14 months ERT, the dilated perivascular spaces became
more typical and resembled those of his brother. Patient 2 did not
show any evidence of hydrocephalus or cerebral atrophy (Data not
shown).
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Fig. 3. Facial appearances of the brothers. (a) Patient 1 at the age of 2 years and
S months, before initiation of ERT. (b) Patient 2 at the age of 2 years and 10 months,
after 31 months of ERT.

Patient 1 (Fig. 3a; 2 years and 9 months old). Patient 1 had coarse
features affecting his nose, lips, and tongue, whereas Patient 2 did
not show any MPS ll-related facial features.

4. Discussion

Since idursulfase ERT for MPS Il became commercially available
(2006 in the US; 2007 in the European Union and jJapan), there
has been an increasing number of reports on its clinical effects.
Idursulfase has been shown to improve walking capacity while reduc-
ing hepatosplenomegaly and urinary GAG levels. The most common
adverse events have been infusion-related reactions, including some
reports of anaphylactic reactions {5]. However, most of the treatment
effects described to date have been in patients above age 5 who
manifested typical symptoms of MPS Il before initiation of ERT
[12,13]. The results suggest that once established, pathological
changes in certain organs and tissues, e.g. the bones, joints, heart
valves, and central nervous system are difficult to correct [9]. A recent
analysis of the effects of ERT in patients younger than 6 years old
enrolled in the Hunter Outcome Survey (HOS) has shown a similar

safety profile and reduction in hepatomegaly as in older patients
[8]. Of these 124 children treated ERT, 11 initiated treatment during
the first year of life, and the youngest treated was 1 month of age.
However, no individual outcome data have been reported.

There is limited information on the ability of idursulfase to pre-
vent the occurrence of disease manifestations in pre-symptomatic
MPS I patients. MPS Il is difficult to diagnose in early infancy before
the development of typical signs and symptoms due to the insidious
progression of disease [14,15]. The few patients that have been diag-
nosed early usually had a previously affected relative that prompted
pre-symptomatic testing, as was the case for our siblings. Only one re-
cent case report has described the effects of idursulfase ERT initiated
in an asymptomatic infant with MPS 1l [16]. This boy was diagnosed
at 14 days of life on the basis of an older affected sister, who interest-
ingly, was found to have low IDS activity and be heterozygous for a
missense mutation, p,Tyr523Cys/c.1568A>G in exon 9, with almost
totally skewed X-inactivation of the normal IDS gene. Idursulfase
(0.5 mg/kg/wk) was initiated at 3 months of life and 3-year follow-
up was provided. The affected boy did not develop coarse facial
features, joint disease, or organomegaly, and his cardiac function
remained normal; the only abnormal finding was a mild deformity
of one vertebrae. In contrast, the older sister showed typical clinical
features of MPS Il when she was diagnosed at age 3, including severe
intellectual disability (IQ=50) that worsened over time (IQ=24 at
age 10) despite 5 years of ERT. Considering her severe phenotype, it
is surprising that her affected brother has maintained a normal iQ of
98 at 3 years of age. An earlier report had described this mutation
as mild [17]. It is possible that the sister had other unknown central
nervous system complications or effects of skewed X-inactivation
that affected her cognitive status, or that the original assignment as
a mild mutation was incorrect. Another possibility is that ERT started
in early infancy had a protective effect on the central nervous system,
but animal data suggest that intravenously administered idursulfase
is unable to cross the blood-brain barrier at this dose.,

Our experience has been similar to this recent case report, with a
better outcome observed when treatment was initiated at 4 months
of age instead of at 3 years of age, a difference of 2.7 years. The reduced
dose that the older brother received for the initial 15 months of treat-
ment may have contributed to some of the differences in outcomes,
Nevertheless, somatic symptoms were present in Patient 1 before
2 years of age, but none were seen in Patient 2 at the same age except
for possibly exudative otitis media. The only other somatic finding has
been slight signs of dysotosis multiplex by X-ray. The prognosis for his
mental development seems less promising, given the gradual decline
in DQ from normal to slightly below normal. Although hearing prob-
lems due to chronic exudative otitis media may have contributed to
the apparent decline in DQ, it has been reported that speech develop-
ment is less affected in patients with mild compared to severe MPS 11
despite similar otological findings [18]. The inversion mutation is pre-
dicted to be a severe mutation that leads to a non-functional /DS gene,
and in one series it was present in 13% of boys with MPS 11 [19]. Treat-
ment options to prevent further deterioration of his intellectual abilities
appear limited at this time. Previous reports on the therapeutic effects
of hematopoietic stem cell transplantation (HSCT) in MPS 1l patients
have generally been negative, but most patients had pre-existing CNS
disease and little clinical data exists on the use of this procedure as a
preventative measure in patients with normal cognitive function [20].
According to a recent report, donor-derived cells were detected in the
brain of a transplanted MPS II patient [21]. To determine whether
HSCT may be beneficial to MPS 1l patients at risk for CNS involvement,
additional data must be collected on cases in which HSCT is performed
as early as possible. Intrathecal delivery of ERT to treat MPS Il-related
CNS disease is currently being investigated in an ongoing Phase 1 clini-
cal trial, and the results have not yet been published.

In summary, this is the second detailed case report of idursulfase
ERT started in early infancy in a patient with MPS [I. In contrast to
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the older brother who had typical features of MPS 1 at the initiation of
ERT that did not completely resolve after 2 years of treatment, we be-
lieve that the near absence of somatic findings in the younger brother
after 2 years of treatment is attributable to early ERT administered in
the pre-symptomatic state. The effect of early ERT on the younger
brother's intellectual development is less clear. Long-term observa-
tion of these and other similar cases should help to clarify the extent
of the preventative effects of ERT on the somatic and CNS aspects of
MPS 11 as well as to define the optimal timing of treatment to achieve
the best possible outcomes.
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ARTICLE INFO ABSTRACT

Hematopoietic stem cell transplantation (HSCT) has not been indicated for patients with mucopolysaccharidosis
I (MPS 11, Hunter syndrome), while it is indicated for mucopolysaccharidosis I (MPS I) patients <2 years of age
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and an intelligence quotient (IQ) of > 70. Even after the approval of enzyme replacement therapy for both of MPS
Tand If, HSCT is still indicated for patients with MPS [ severe form (Hurler syndrome). To evaluate the efficacy and
benefit of HSCT in MPS II patients, we carried out a nationwide retrospective study in Japan. Activities of daily
living (ADL), 1Q, brain magnetic resonance image (MRI) lesions, cardiac valvular regurgitation, and urinary gly-
cosaminoglycan (GAG) were analyzed at baseline and at the most recent visit. We also performed a question-
naire analysis about ADL for an HSCT-treated cohort and an untreated cohort (natural history). Records of 21
patients were collected from eight hospitals. The follow-up period in the retrospective study was 9.6+
3.5 years. ADL was maintained around baseline levels. Cribriform changes and ventricular dilatation on brain
MRI were improved in 9/17 and 4/17 patients, respectively. Stabilization of brain atrophy was shown in 11/17
patients. Cardiac valvular regurgitation was diminished in 20/63 valves. Urinary GAG concentration was remark-
ably lower in HSCT-treated patients than age-matched untreated patients. In the questionnaire analysis, speech
deterioration was observed in 12/19 patients in the untreated cohort and 1/7 patient in HSCT-treated cohort.
HSCT showed effectiveness towards brain or heart involvement, when performed before signs of brain atrophy
or valvular regurgitation appear. We consider HSCT is worthwhile in early stages of the disease for patients with
MPS 1L

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Hematopoietic stem cell transplantation (HSCT) is a standard

Abbreviations: ADL, activities of daily living; DQ, development quotient; ERT, enzyme re-
placement therapy; FIM, functional independence measure; GAG, glycosaminoglycan;
HSCT, hematopoietic stem cell transplantation; 1Q, intelligence quotient; JSPH, Japanese
Society for Pediatric Hematology; MPS, mucopolysaccharidosis; MRI, magnetic resonance
imaging; SD, standard deviation.
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therapy for young patients with mucopolysaccharidosis I (MPS 1,
Hurler syndrome, OMIM 607014) [1-4]. HSCT is indicated when
MPS I patients are <2 years of age and show an intelligence quotient
(IQ) of >70. However, HSCT has not been indicated for patients with
mucopolysaccharidosis II (MPS 1, Hunter syndrome, OMIM 309900)
as no obvious efficacy has been shown on the brain involvement of
MPS II patients [5-8].

— 562 —



514 A. Tanaka et al. / Molecular Genetics and Metabolism 107 (2012) 513-520

Enzyme replacement therapy (ERT) for MPS II was approved in
the USA and Europe in 2006, and in Japan in 2007. Its efficacy has
been demonstrated for visceral organ and soft connective tissue in-
volvement [9,10], but poor or no efficacy was observed for brain in-
volvement [11,12] because of poor penetration across the blood-
brain barrier. Poor efficacy has also been speculated towards hard
connective tissues such as bone and heart valves because of poor vas-
cularity. Moreover, weekly injection can prove inconvenient to pa-
tients and their families, and the high cost of treatment is another
issue to be taken into consideration.

MPS 11 is the most frequent type of MPS in Asian patients, account-
ing for 60% of all MPS types in Japan. Before the approval of ERT, HSCT
was indicated for MPS II as a standard therapy in Japan. The efficacy of
HSCT on visceral organs was clear and similar to that of ERT [13].
However, efficacy on the brain or heart valves has not been clearly
evaluated for either ERT or HSCT.

We present the results of a retrospective evaluation of the efficacy
of HSCT on MPS II by collecting the clinical records of the patients
with MPS Il who received HSCT from 1990 to 2003. We also analyzed
the answers to a questionnaire given to two cohorts: HSCT-treated
and HSCT-untreated (natural history) MPS Il patients.

2. Methods
2.1. MPS II classification

Disease severity was evaluated in all patients into four types (A-D)
on the basis of chronological development, history of disease onset, ini-
tial symptoms, and clinical records before transplantation. Because of
the wide spectrum of clinical phenotypes in MPS 1], it is important to
compare patients within the same type of disease for the evaluation of
efficacy. Types A and B are attenuated forms with normal intelligence,
while Types C and D are severe forms with mental impairment. MPS II
was classified as follows:

= Type A is the most attenuated form. Onset is at school age with joint
stiffness. Patients show normal intelligence, can go to and learnat a
normal school, and work.

 Type B shows onset before school age with joint stiffness and/or ab-
dominal distension. They show normal intelligence in primary school
but hearing and physical impairments may impact development to a
low degree in high school.

 Type C is a severe form. The abnormality is noted at >2 years of age.
They start to speak words at 12-18 months of age and speak sentences
at 2-3 years of age. Developmental delay and abnormal features be-
come obvious after 3 years of age.

» Type D is a most severe form. The abnormality is noted at <2 years of
age. Abnormal features are obvious around 1 year of age. Speech is
definitely delayed. They start to speak words at >2 years of age
(or may not speak), but sentences are never spoken.

2.2. Retrospective study from transplanted patients' records

This study was approved by the HSCT committee the Japanese So-
ciety of Pediatric Hematology (JSPH) and the ethics committees of the
participating institutes.

A questionnaire was sent to 12 transplant centers in Japan to ask
whether they had any type of MPS patients who had received HSCT
and were surviving with donor cell engraftment and complete or
incomplete chimera. We then mailed the physicians in charge of the
patients with MPS II to obtain informed consent from the patients
and/or their guardians so that data could be collected from their clin-
ical records.

School status, movement and daily activities, conversation, and
toileting were graded into Levels A (independent), B (assisted occasional-
ly), C (assisted in every event), and D (bedridden, lack of communication,

or wholly assisted) for each item from questionnaires and/or clinical re-
cords. Data on intelligence quotient (IQ) and development quotient
(DQ) were also collected from clinical records. Functional independence
measure (FIM) score was also analyzed and compared with the natural
history of the disease as described in a previous report [14].

Brain magnetic resonance imaging (MRI) abnormalities were clas-
sified into four distinct types (Categories I-1V) and graded by scores
according to a previous report [15]. The score was judged by two pe-
diatricians and one radiologist. The categories were as follows:

Category L Cystic or cribriform lesions were graded from T1-weighted
MRI as follows: 0 =none; 1=mild (<10 cystic lesions<3 mm); 2=
moderate (>10 small cystic lesions of <3 mm); and 3 = severe (many
cystic lesions including those >3 mm).

Category II. White matter signal changes observed on T2-weighted
MRI were graded as follows: O=none; 1=mild (a few limited to
the periventricular area); and 2 =severe (in most parts of the peri-
ventricular area and other white matter areas).

Category III. Ventricular enlargement was graded as follows: 0= none;
1=mild (<3 mm widening of the third ventricle without temporal
horn dilatation); 2 = moderate, (>5-10 mm widening of the third ven-
tricle); and 3 = severe (>10 mm dilatation of the third ventricle with
bulbous configuration).

Category IV. Brain atrophy was graded as follows: 0 =none, 1=mild
(mild widening of Sylvian and interhemispheric fissures by <3 mm,
but not all of the sulci are involved); 2 =moderate (widening of all fis-
sures and sulci by 3-5 mm); and 3 =severe (widening of all fissures
and sulci by >5 mm with definite loss of cortex and white matter).

Cardiac valvular regurgitations were analyzed by color Doppler
echocardiogram with each valve graded according to severity into
four levels (I-1V) by the Sellers’ classification [16].

Urinary glycosaminoglycan (GAG) was analyzed as the amount of
uronic acid. These data were compared with the values in HSCT-
untreated MPS II patients and also with those in ERT-treated MPS 11
patients.

2.3. Family questionnaire analysis

We sent a questionnaire to each of the 60 families with 66 MPS Il
patients registered with “the Japanese MPS Family Society”. Informa-
tion was collected about chronological development and course of
deterioration for both HSCT-treated and HSCT-untreated (natural his-
tory) patients. Patients were first classified according to MPS Il Types
A-D on the basis of information on chronological development, be-
fore HSCT if performed, and at disease onset. Data were compared
between HSCT-treated and HSCT-untreated patients for MPS Il Type
C or D patients.

3. Results
3.1. Retrospective study from transplanted patient records

Among transplanted patients with MPS, 63% (26/41) had MPS IL
The 5-year survival rate after treatment of MPS I was 88.5% during
the period from 1990 to 2003. Clinical records were collected for
the 21 surviving patients (81%) from eight hospitals: Type A (n=1),
Type B (n=6), Type C (n=7), and Type D (n=7) [Tables 1 and 2].
Donor state, transplantation protocol, and chimeric status are also
summarized in Table 2. Two patients with Type B disease (patients 10-
3 and 10-5) received total body irradiation (TBI) in the transplantation
protocol. The donors for patients 10-7 and 7-6 were carrier siblings: pa-
tient 10-7 showed extremely low iduronate 2-sulfatase activity (25% of
normal) even though complete chimera was obtained, while iduronate
2-sulfatase activity was normal in patient 7-6. Chimeric status was deter-
mined by short tandem repeats analysis in all patients except for four pa-
tients (patients 10-7, 7-8, 7-1, and 1-1) where sex chromosome was
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Table 1
Patient numbers for each MPS II type and the results of HSCT effectiveness.

No. of patients

TypeA TypeB TypeC Type D
Retrospective study from transplant 1 6 7 7
patient records (n=21)
ADL (see Table 2)
Patients analyzed (n=13) 1 3 5 4
Patients stabilized/improved from baseline 1 2 3 4
1Q/DQ (see Table 2)
Patients analyzed (n=11) 0 2 4 5
Patients stabilized/improved from baseline 0 2 1 0
FIM (see Table 2)
Patients analyzed (n=11) 1 1 6 3
Patients stabilized/improved from baseline 1 1 2 1
Brain MRI (see Tables 2 and 3)
Patients analyzed (n=17) 1 6 5 5
Patients stabilized/improved from baseline 0 5 4 2
(see Tables 2 and 3)
Cardiac valvular regurgitation
(see Tables 2 and 4)
Patients analyzed (n=21) 1 6 7 7
Patients stabilized/improved from baseline 1 4 5 6
Family questionnaire analysis (n=60) 7 13 26 14
(see Table 5)
HSCT (+) (n=17); [no. rejected] 31} 3p1} 7 4
HSCT (—) (n=43) 4 10 19 10

Abbreviations: ADL, activities of daily living; DQ, development quotient; FIM, function-
al independence measure; IQ, intelligence quotient; MRI, magnetic resonance imaging.

analyzed. The activity of iduronate 2-sulfatase in patient 1-3 showed the
lower limit of normal activity, probably because of incomplete chimera.
All other patients showed activity within the mean--1 SD of normal
Age at transplantation was 64.2 & 30.2 months. The mean follow-up pe-
riod was 115.7 +-41.4 months. Patient numbers for each MPS Il type and
a brief summary of results for HSCT effectiveness are shown in Table 1.

Clinical background and outcome among HSCT-treated MPS II pa-
tients are detailed in Table 2. Not every patient underwent all clinical ex-
aminations. Answers to the questionnaire were obtained for the analysis
of ADL (school status, movement and daily activities, conversation, and
toileting) from 13 patients: Type A (n=1), Type B (n=3), Type C
(n=15), and Type D (n=4). Two patients with attenuated forms of
the disease (patients 1-3 and 7-3) maintained a normal level of
ADL (Level A) for each item throughout the observation period. None of
the patients with severe forms of the disease except two Type C patients
(patients 5-1 and 1-1) showed deterioration from baseline status.

1Q/DQ data were available for 11 patients: Type B (n=2), Type C
(n=4), and Type D (n=>5). Two Type B patients (7-3 and 7-2)
showed an IQ within the normal range both at baseline and at the
most recent assessment. Deterioration was observed in two Type C
patients (5-2 and 7-6) and two Type D patients (7-4 and 12-1). One
Type C (patient 5-1) and one Type D (patient 8-2) showed such se-
vere deterioration at baseline that evaluation of change was not pos-
sible. One Type C patient (7-1) and two Type D patients (7-5 and 9-1),
whose 1Q/DQ were > 70 at baseline, maintained their developmental
status without deterioration, while DQ decreased with increasing age
(Table 2).

FIM score was available in 11 patients: Type A(n=1), Type B (n=1),
Type C (n=6), and Type D (n=23). Patients with Type A/B disease
maintained scores in the normal range. Three Type C/D patients (7-8,
7-1, and 4-1) showed disease attenuation in FIM score when compared
with the natural history described in a previous report [14]. One Type C
(patient 7-8) and one Type D (patient 4-1) showed disease attenuation
in FIM score for motor function, while the score for cognition did not dif-
fer from untreated patients. One Type C (patient 7-1) showed disease
attenuation in FIM scores for both motor function and cognition. Other

patients with severe forms of the disease (4 Type C and 2 Type D)
showed no difference as compared to the previously reported untreated
patients [14]. The results are summarized in Table 2.

1Q/DQ and FIM scores were both obtained in seven patients: one
Type B (patient 7-2), four Type C (patients 5-2, 7-6, 7-1, and 5-1), and
two Type D (9-1 and 12-1). Among these patients with Type C/D disease
and brain involvement, only one patient (7-1) showed disease
attenuation in both FIM score and developmental status. The remaining
three Type C patients showed no difference in FIM score as compared to
natural history. While developmental status and ADL improved in
patient 9-1, no efficacy in FIM score was shown as compared to natural
history.

Brain MRI data were analyzed in 17 patients: Type A (n=1), Type B
(n=6), Type C (n=75), and Type D (n=75) [Table 2]. Improvements in
Categories [ and Il lesions were shown in nine (4 Type B, 2 Type C,and 3
Type D) and four patients (2 Type C and 2 Type D), respectively. Eight
out of 17 patients (59%) had an improvement in total score. All of the
six patients who showed an increase in total score had deterioration
in Category IV lesions (brain atrophy). Three of these six patients had
Type D disease (patients 7-4, 8-2, and 10-1). Two patients (7-1 and
4-1) who showed disease attenuation in FIM score also showed im-
provement in brain MRI abnormality scores. There was no difference
in the effectiveness between the attenuated forms (Type A/B) and se-
vere forms (Type C/D) of the disease or any correlation between the ef-
fectiveness of HSCT and age at HSCT, as summarized in Table 3.

Valvular regurgitation was analyzed for mitral, aortic, and tricuspid
valves. Pulmonary valves showed insufficient lesions to warrant analysis.
Twenty-one patients were analyzed: Type A (n=1), Type B (n=6),
Type C (n=7), and Type D (n=7), i.e. a total of 63 valves. Results are
summarized in Tables 2 and 4. Valvular regurgitation improved in 32%
and stabilized in 56% of valves. There was no difference in efficacy
between patients with the attenuated (Type A/B) and severe forms
(Type C/D) of MPS 1I (data not shown). However, valvular regurgita-
tion deteriorated more frequently in the patients transplanted at
>6 years of age (5 valves out of 8 patients), as shown in Table 4.

The amount of urinary GAG was analyzed from urinary uronic acid
concentrations. Mean urinary -uronic acid  concentrations in children
ages 7-16 years were 18.04+5.5 (n=24) and 1655779 (n=9)mg/g
creatinine for normal children and among untreated Types A-D MPS Il pa-
tients, respectively. Urinary GAG in HSCT-treated MPS II patients was
24.84+9.8 mg/g creatinine (n=7, ages 9-17 years). Urinary GAG in
ERT-treated patients with MPS II at Osaka City University Hospital was
37.6414.3 mg/g creatinine (n=©6, age 7-16 years).

3.2. Family questionnaire analysis

Answers to the questionnaire were collected for 60 patients with MPS
1I from 55 families. The numbers of HSCT-treated and HSCT-untreated pa-
tients were 17 and 43, respectively. As the questionnaire sheet was anon-
ymous, we could not identify the patients analyzed in the clinical study
described above. The patients were divided into Types A-D clinical
forms (Table 1), as previously described. Six out of 20 Type A/B patients
were treated by HSCT and two of them (one each with Types A and B)
underwent rejection. Four of 14 Type D patients received HSCT. However,
they showed deterioration before transplantation. We analyzed the
efficacy of HSCT in 26 Type C patents with respect to disease pro-
gression by age at onset of speech deterioration, walking disability,
and convulsion (Table 5). The numbers of patients in the HSCT-
treated and HSCT-untreated cohorts were 7 and 19, respectively.
Mean ages of these cohorts were 145.7 4+ 67.8 and 142.7 4 88.6 months,
respectively.

Seven Type C patients underwent HSCT at a mean age of 65.9+
22.1 months (range, 44-111 months). Before HSCT treatment, the
seven patients showed no difference in developmental milestones
as compared to the 19 HSCT-untreated patients. At the time of survey,
12 out of 19 (63%) HSCT-untreated patients showed deterioration of
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Table 2

Clinical background and outcome among HSCT-treated MPS If patients (n=21).

Patient no. Disease type Age at HSCT Donor Protocol Chimeric status GVHD Follow-up ADL (pre/post), [n=13] 1Q/DQ (developmental age)
School status Movement and Conversation Toileting Pre Post
daily activities
1-3 A 19y8m Unrelated BM CY +BU+ATG 50 No 6y7m (A/A) (A/A) (A/A) (A/A) NA
10-3 B 4y1im Unrelated CB CY+TBI 100 No 7y1lm NA NA NA NA NA
7-3 B 5y5m Normal sibling CY+BU+ATG 100 No 8y7m (A/A) (B/A) (A/A) (A/A) 114 (normal) 102 (normal)
7-2 B 6y0m Normal sibling BU-+ATG Mixed No 10y1lm NA NA NA NA 99 (normal) 91 (normal)
8-1 B 9y5m Normal sibling CY+BU 100 No 12y7m (E/E) (E/E) (B/B) (E/E) NA
10-7 B 7y9m Carrier sibling CY+BU+ATG 100 No 11y3m (A/A) (A/A) (A/A) (A/A) NA
10-5 B 11y6m Unrelated BM CY+TBI 90 Yes 6y6m (A/D)* (B/B) (A/A) (A/A) NA
5-2 C 3y4m Normal sibling CY+BU 100 No 7y4m (B/B) (C/B) (B/B) (D/B) 53(3y11m) NA
7-8 C 4y3m Unrelated BM CY+BU+ATG 100 No 7y4m NA NA NA NA NA
7-7 C 5y5m Unrelated CB CY +BU+ATG 100 No 7y7m NA NA NA NA NA
7-6 C 5y9m Carrier sibling CY+BU+ATG 100 No 6y1lm (B/B) (c/Q) (D/C) (D/B) 25(1y8m) NA
7-1 C 7y0m Normal sibling CY+BU 100 Yes 16y3m (B/B) (B/A) (B/A) (E/E) 78 (5y 6 m) 65(9y6m)
5-1 C 7y3m Normal sibling CY+BU 100 No 10y5m (B/B) (c/y* (c/C) (B/C)* NA NA
1-1 C 9y4m Normal sibling ~ CY+BU 100 No 16y (c/py* (c/y* (c/py* (c/y* NA
7-4 D 2y0m Unrelated BM CY+BU+ATG 100 Yes 9y1lm NA NA NA NA 50 (1 yOm) NA
7-5 D 2y2m Normal sibling CY+BU+ATG 96 No 8y8m NA NA NA NA 70 (1y6m) 29(2y2m)
9-1 D 2y2m Unrelated BM CY +BU+ATG 100 No 12y (E/B) (C/A) (B/A) (C/A) 100 (2y 2 m) 40 (5y6m)
12-1 D 2y6m Normal sibling CY+BU 100 No 8y3m (E/B) (C/C) (C/C) (b/D) 66 (5y6m) 30(1y10m)
8-2 D 2y9m Normal sibling CY-+BU 100 No 12y3m (D/B) (D/D) (D/D) (D/D) NA NA
4-1 D 4y2m Unrelated BM CY+BU+ATG 100 No 5y5m (B/B) (A/A) (C/B) (D/B) NA
10-1 D 5y4m Normal sibling CY+BU+ATG 100 No 7y8m NA NA NA NA NA

Abbreviations: ADL, activities of daily living; ATG, antithymocyte globulin; BM, bone marrow; BU, busulfan; CB, cord blood; CY, cyclophosphamide; DQ, development quotient; FIM, functional independence measure; HSCT, hematopoietic

stem cell transplantation; 1Q, intelligence quotient; m, month; MPS, mucopolysaccharidosis; MRI, magnetic resonance imaging; NA, not available (not found, not examined, and/or not measurable); TBI, total body irradiation; y, year.

* Regression of level or score.
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Table 2 (continued)

Patient no. FIM Brain MRI abnormality (pre/post) [n=17] Valvular regurgitation (pre/post) [n=21]

Difference from Category I (cribriform Category Il (white Category Ill (ventricular Category IV (brain Mitral Aortic Tricuspid

natural history change) matter signal change) enlargement) atrophy)
1-3 Normal range (2/2) (1/2)2 (2/2) (1/2)* -1V /1 H-1/1v
10-3 Normal range (1.5/0.5) (0/0) (1/1) (0/0) /(=) (=)(=) (=)/(=)
7-3 NA (1/0.5) (0/0) (0/0) (0/0) I-1/(—) /(=) (=)(=)
7-2 Normal range (1/0) (0/0) (0/0) (0/0) [-1/1-11 (—)/m2 1(—)
8-1 NA (1/1) (2/2) (1/1) (0/0) i (=) i
10-7 NA (3/2) (0/0) (0/0) (0/0) i (=)/(—) (=)(=)
10-5 NA (1/2)° (0/0) (0/1) (0.5/15) i 111 (=)(=)
5-2 No difference NA NA NA NA (=)(=) (=)(=) (—=)/(—)
7-8 Attenuation (1/1) (0/0) (0/0) (0/0) i (=)(=) i1
7-7 NA (1/0) (1/0) (1/0) (0/0) /-1 (=) I/(=)
7-6 No difference (1/1) (0/0) (2/2) (1/1.5) (=)(=) I/(—) /(=)
7-1 Attenuation (1/0) (0/0) (2/1.5) (1/1) /1 /(=) (=)/(=)
5-1 No difference NA NA NA NA (=) I/ (=) (=)
1-1 No difference (2/2) (2/2) (2/2) (3/3) i T/ (—=)/(=)
7-4 NA (0.5/0) (0/0) (0/1)? (0/1)* /1 /1 1/(-)
7-5 NA (1/0) (0/0) (0.5/0) (0/0) /I (=)(=) (=)(=)
9-1 No difference NA NA NA NA (=) i (=)(=)
12-1 No difference NA NA NA NA (=)(—) (—=)(—) (=¥(=)
8-2 NA (2/2) (1/1) (127 (2737 (=)(=) (—)ymr /(=)
4-1 Attenuation (1/0.5) (0/0) (1/0.5) (0/0) (—=)/(—) /1 (=)(=)
10-1 NA (0.5/0.5) (0/0) (373) (273 (=)/(=) (=)/(=) (—)/(=)
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Table 3
Effectiveness of HSCT on brain MRI lesions among MPS II patients according to age at
transplantation or MPS I clinical classification.

Table 5
Clinical course of HSCT-untreated and HSCT-treated Type C MPS Il patients in question-
naire analysis.

No. of patients

Age at HSCT MPS 11 classification
<4y 4-5y 5-6y >6y  TypeA/B Type (/D
(n=3) (n=3) (n=5) (n=6) (n=7) (n=10)
Improved (n=8) 1 2 3 2 4 4
Stable (n=3) 0 1 1 2 1 2
Deteriorated (n=6) 2 0 2 2 2 4

Abbreviations: HSCT, hematopoietic stem cell transplantation; MPS, mucopolysaccharidosis,
V, year.

speech, nine (47%) spoke no words, six (32%) had convulsions, and six
(32%) did not walk. All but one of the HSCT-treated Type C patients
showed no speech deterioration, loss of speech, or convulsions.

4. Discussion

We performed a retrospective study on the long-term efficacy of
HSCT in MPS II patients. Efficacy was noted, to some extent, even with re-
spect to brain involvement as long as HSCT was carried out before devel-
opmental delay became clinically manifest, without brain atrophy on
MRL The study of ADL from transplanted patient records showed that
HSCT-treated patients maintained aimost the same levels of speech abil-
ity and gait as at baseline or an improvement in most patients (Table 2).
The questionnaire study among Type C patients of HSCT-treated and
HSCT-untreated cohorts showed no deterioration in all except one
Type C patient in the HSCT-treated cohort, which is different from the
natural history of the disease (HSCT-untreated cohort) [Table 5]. Howev-
er, no difference was shown in FIM score when compared to the natural
history of the disease except for three patients (7-8, 7-1, and 4-1). More-
over, two patients with Type D disease (patients 7-5 and 9-1) with base-
line DQ of 70 and 100, respectively, showed severe deterioration and no
difference was shown with respect to the natural history of the disease
for patient 9-1 with respect to FIM score. Thus, HSCT may not be effective
with respect to brain involvement for Type D MPS II patients.

The effectiveness of HSCT on brain MRI was distinctive. Improve-
ment in Categories I and Il lesions was clearly shown. Category I le-
sions involve enlargement of perivascular spaces where GAG-loaded

Table 4
Changes in cardiac valve involvement according to age at HSCT among MPS Il patients.

No. of patients with cardiac valvular regurgitation (n=21)

Age at HSCT
<4y 4-5y 5-6y =6y Total
(n=6) (n=3) (n=4) (n=8) (n=21)
Mitral valve (n=21)
Diminished 1 1 2 3 7 (33%)
Stable 4[3%] 2[1%] 2 (23] 31[0% 11 [6%] (52%)
Increased 1 (] 0 2 3 (14%)
Aortic valve (n=21)
Diminished 1 0 2 4 7 (33%)
Stable 4[3%] 3027 1119 1{07] 9 [6%] (43%)
Increased 1 0 1 3 5 (24%)
Tricspid valve (n=21)
Diminished 2 0 2 2 6 (29%)
Stable 4[4%] 3129 2 [27] 6 [57] 15 [13%] (71%)
Increased 0 0 0 0 0 (0%)
Total (n=63)
Diminished 4 1 6 9 20 (32%)
Stable 12[10°] 8[5%] 5[5%] 1216% 35[25°% (56%)
Increased 2 0 1 5 8 (13%)

Abbreviations: HSCT, hematopoietic stem cell transplantation; MPS, mucopolysaccharidosis;

y, year.
2 Number with absence of regurgitation at HSCT (baseline).

Pre-treatment in HSCT-untreated

HSCT-treated cohort cohort
(n=7) (n=19)
Mean + SD age at developmental milestones (m)
Speak words 17.1+4.1 18.0+6.3
Speak sentences 32.0+£9.2 40.1+14.2
Age when noticed developmental 264+ 16.6 3424125
delay (m)
Mean4SD age at HSCT (m) 65.9422.1 -
Mean -+ SD age at survey (m) 145.7+67.8 142.7 +-88.6
Disease Post-treatment in HSCT-untreated cohort
progression HSCT-treated cohort
No. of Age when No. of Mean - SD age
affected (%)  noticed (m)  affected (%) when noticed (m)
Speech 1%7 (14%) 42 12/19(63%) 11354404
deterioration
Loss of speech 1%/7 (14%) 72 9/19 (47%)  150.4455.1
Convulsions 17 (14%) 125 6/19 (32%) 186.04+71.2
Unable to walk 0/7 (0%) - 6/19 (32%)  186.5::52.9

1*. The same patient.
Abbreviations: HSCT, hematopoietic stem cell transplantation; m, month; MPS,
mucopolysaccharidosis; NA, not applicable; SD, standard deviation.

cells are accumulated and Category Il lesions occur from insufficient
cerebrospinal fluid absorption or secondarily from brain atrophy. It is
speculated that engrafted cells migrate into perivascular and sub-
arachnoid spaces and secrete the deficient enzyme responsible for
diminishing GAG storage, thereby improving lesions. On the other
hand, for Category IV lesions, which results from neuronal cell loss,
deterioration was observed in six patients and none improved. It
may be that engrafted cells are not located to deep brain tissue. Of
these six patients, three were Type D patients and two of them
showed a worsening of Category III lesions, which probably resulted
from the progression of Category IV lesions (brain atrophy). Thus,
the efficacy of HSCT is not shown in Type D patients from the brain
MRI study.

Two patients with Type C/D disease (patients 7-1 and 4-1) showed
effectiveness in both intellectual (ADL, IQ/DQ, and FIM) and imaging
analysis (brain MRI), while three patients (patients 7-6, 7-4, and 8-2)
showed deterioration in both. These three patients already had severe
intellectual deterioration at baseline with low IQ/DQ. However, no
clear correlation between the effectiveness on brain MRI lesions and
on intellectual scores was shown in other Type C/D patients because
of insufficient data.

The most serious cardiac consequence in MPS I is valvular insufficien-
cy. Thickening of heart valves by GAG accumulation and fibrosis results in
valvular stenosis and regurgitation, culminating in heart failure, which is
one of the most frequent causes of death in MPS Il patients in our experi-
ence. Mitral valves and aortic valves were those primarily affected in our
patients. In particular, the aortic perivalvular area was enlarged in older
patients and caused regurgitation. Eighty-eight percent of valves showed
improvement (32%) or stabilization (56%) with respect to regurgitation. A
deterioration of valvular regurgitation was frequently observed in older
patients who received HSCT, who already had regurgitation on baseline
examination prior to engraftment. We have experience with different pa-
tients in a family with Type B MPS Il who received and did not receive
HSCT in this study. An uncle did not receive any therapy, could not walk
at 17 years, and died at 20 years from heart failure. His nephew was
18 years at survey (patient 10-7) and underwent HSCT at 7 years and
9 months old. Although he had mitral valve regurgitation, he remained
relatively well and was practicing kendo in high school. The efficacy of
HSCT on the respiratory system probably reduced his cardiac stress.
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It is known that the efficacy of HSCT is affected by the transplanta-
tion condition. TBI can sometimes result in brain atrophy or dementia
after many years delay. Since none of the Type C/D patients received
TBI as part of their transplantation protocol, their deterioration must
have resulted from the disease itself and not a consequence of TBL It
has been recently reported that lower enzyme activity after HSCT re-
sults in lower efficacy in the patients with MPS I severe form (Hurler
syndrome) in a multicenter survey study of 197 patients [17]. In our
study, two patients showed extremely low enzyme activity after
HSCT. However, it is unclear whether they had poor efficacy from
HSCT.

ERT has recently become available in Japan. It has demonstrated
clear efficacy with respect to visceral organ involvement and urinary
GAG secretion [9,10]. ERT is superior to HSCT in terms of safety and
availability. However, ERT requires weekly injection, its cost is high,
and antibody development is another problem. Moreover, the efficacy
of ERT has not been clearly demonstrated with respect to brain
[11,12] or heart valve involvement.

In patients who received HSCT, urinary GAG concentration was def-
initely decreased after engraftment. Values became almost the same as
those of normal children. In ERT-treated MPS I patients, however, uri-
nary GAG concentration was slightly higher than that in HSCT-treated
patients. Similar results have been previously reported in patients
with MPS1{4].Itis possible that engrafted cells provide the deficienten-
zyme more efficiently to the affected cells and organs than by systemic
ERT administration.

In contrast to the efficacy of HSCT with respect to MRI findings, our
personal experience with ERT of six patients aged 1-12 years with se-
vere MPS II showed a 4%-12% brain volume reduction following
2 years' treatment (data not shown). Moreover, none of them showed
any improvement in any MRI lesion category. However, Wang et al.
[18] reported that ERT reduced or stabilized brain MRI abnormalities.
Longer observation periods are necessary to evaluate the efficacy of
ERT on ADL, and heart and brain involvement.

Our study showed an improvement of brain MRI findings in
HSCT-treated patients. We speculate that the efficacy is due to mi-
grated microglial cells derived from donor cells. In 2009, Araya et al.
[19] reported the localization of donor cells in the brain of a patient
with MPS II after cord blood cell transplantation. Several studies
have shown the migration of transplanted bone marrow cells into
brain tissue [20,21]. In a recent report, autologous cord blood infusion
showed some efficacy in children with acquired neurologic disorders
[22]. It is known that HSCT shows efficacy on brain involvement in
patients with genetic leukodystrophies including adrenoleukodystro-
phy, metachromatic leukodystrophy, and globoid cell leukodystrophy
[23], and HSCT is a standard therapy for these patients in early stages
of the disease. HSCT combined with gene therapy (ex vivo gene
therapy) using a lentiviral vector has recently been shown to be
successful in two patients with adrenoleukodystrophy [24]. It is
speculated that stem cells can migrate across the blood-brain barrier
in some situations such as the environment induced by disease.

On the other hand, the efficacy of HSCT on 1Q/DQ was unclear in
patients with MPS II. However, it can be concluded that the disease
of lesser severity and an earlier time of transplantation will lead to
better efficacy on 1Q/DQ,

The disadvantages of HSCT are the mortality (11.5% in 1990-2003)
and morbidity associated with the transplantation procedure [25]. Suit-
able donors may not be found easily and quickly. However, once en-
graftment has been established, the quality of life of patients will be
better than in patients receiving weekly ERT treatment. Moreover, the
expense of HSCT is less than that for ERT. HSCT also improves morbidity
in patients with MPS II, particularly when performed early in the course
of the disease. Exogenous ERT is unable to correct cognitive and CNS
disease because of its inability to cross the blood-brain barrier. In con-
trast, HSCT allows donor-derived, enzyme-producing cells to migrate
into the brain and other organs, thereby providing a permanent form

of enzyme replacement [26,27]. The utility of HSCT should therefore
be re-evaluated in the treatment for MPS II. HSCT is a worthwhile treat-
ment for MPS Il when it is performed before signs of brain atrophy ap-
pear on MRI and before heart valvular regurgitation appear. Therefore,
neonatal screening for MPS Il may result in improving of the prognosis.
In the future, genetically engineered bone marrow cells, autologous
cord blood cells, or other cells may become good sources for cell trans-
plantation, or other novel intervention for genetic diseases may be
developed.
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founder mutation in the Japanese population. Furthermore, it is likely that the combination of these
SLCO2A1 mutations in PDP patients is also associated with disease severity.

Conclusion: We found that SLCO2A1 is a novel gene responsible for PDP. Although the SLCO2AT gene is
only the second gene discovered to be associated with PDP, it is likely to be a major cause of PDP in the

Japanese population.

© 2012 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

Pachydermoperiostosis (PDP), also known as primary hyper-
trophic osteoarthropathy, is a rare autosomal recessive condition
characterized by 3 major symptoms: cutis verticis gyrata (CVG),
periostosis, and finger clubbing. In addition, several other
symptoms, including sebaceous hyperplasia, hyperhidrosis, and
arthropathy have also been reported [1,2]. The phenotypic
spectrum of PDP is broad, and is generally categorized into 3
primary forms: the complete form, which involves all 3 major
symptoms, including CVG; the incomplete form, which has all
three symptoms but solely lacks CVG; and the “form fruste,”
characterized by the occurrence of pachydermia and minimal or
absent skeletal changes [3].

To date, homozygous and compound heterozygous mutations
in the HPGD gene, which encodes 15-hydroxyprostaglandin
dehydrogenase (15-PGDH), have been identified as the main
causative factor of PDP (MIM#259100) [4-10]. The primary
function of 15-PGDH is an enzyme to catabolize for prostaglandin
E2 (PGE2), prostaglandin F2 (PGF2), and prostaglandin B1 (PGB1).
The identified HPGD mutation results in chronic elevation of PGE2
levels in serum, but it is unclear whether this elevation of PGE2 is
associated with PDP phenotypes. Furthermore, several cases of PDP
patients with congenital clubbed nails and HPGD mutations have
also been reported [3-8]. We have also attempted to find HPGD
mutations in Japanese PDP patients; however, no HPGD mutations
have been identified so far, suggesting the existence of other
causative gene(s) responsible for PDP in the Japanese population.

Recent advances in DNA sequencing techniques, such as the
advent of next-generation sequencer (NGS), now allow for the
analysis of all coding regions in exons (whole exome sequencing).
In this study, we identified 5 different mutations in the solute
carrier organic anion transporter family, member 2A1 (SLCO2A1)
gene, which encodes prostaglandin transporter (PGT), in 4
unrelated PDP patients using whole exome sequencing and Sanger
sequencing approaches. In addition, we assessed the potential
impacts of the identified SLCO2A1 mutations on disease severity
and tested for associations between these variants and the clinical
forms.

2. Patients and methods
2.1. Clinical report

PDP was diagnosed in the patients in our study, all of whom
were of Japanese descent, on the basis of established clinical and
radiological criteria [1]. All individuals participating in the study
gave their written informed consent. This study was approved by
the ethics committee of the National Center for Child Health and
Development, and Keio University School of Medicine. HPGD
mutation analyses had been performed previously [9], and no
mutations were detected in any of the patients.

2.1.1. Patient1 (P1)

Clinical details for this patient have been reported in full
elsewhere [11]. Briefly, at the age of 19, the patient was referred to
evaluate his endocrinological status. He had a 6-year history of

clubbing of fingers and toes. On physical examination, a coarse
face, greasiness of facial skin (Fig. 1, P1), and hyperhidrosis were
observed. Marked thickening of the scalp (CVG) was not evident. A
skin biopsy specimen from the forehead skin showed thickening of
the dermis. Interwoven collagen bundles, hypertrophic sebaceous
glands, and increased density of sweat glands were subtle but
evident in the dermis [11]. Elastic fibers and fibrosis were not
observed only in the superficial dermis. Endocrinological exam-
inations showed no notable findings. Radiological examination
showed the presence of periostosis of the diaphysis of the radius,
ulna, tibia, and fibula. On the basis of these observations, the
patient was diagnosed with the incomplete type of PDP. At the age
of 21, hydrarthros is developed in the knee joints. Swelling in knee
joints was evident, but the patient did not complain of arthralgia or
local joint heat. He was born with normal measurements following
an uneventful pregnancy. None of the patient’s immediate family
members, including both parents and 2-year-old sister, had PDP or
associated symptoms.

2.1.2. Patient 2 (P2)

This patient was 23 years old at the time of the study. At the age
of 12, he noticed enlargement of fingers and toes, swelling of elbow
and knee joints, as well as hyperhidrosis. At the age of 14, he
presented with clubbing of fingers and toes, periostosis, and
pachydermia. He was then diagnosed with PDP. At the age of 15, he
was referred to one of the authors. Prominent swelling of the lower
legs, paw-like fingers, and greasiness of the facial skin were
observed. Radiological examination showed periostosis of the
diaphysis of the radius and a cauliflower-like appearance of
phalanx. Endocrinological examinations showed no notable
findings. By the age of 23, the patient showed no clinical symptoms
of CVG. He was diagnosed with the incomplete form of PDP. No
skin biopsy specimen of this patient was available. The patient has
no sibling, and his parents did not show any signs of the disease.

2.1.3. Patient 3 (P3)

The case of this patient has also been reported elsewhere [12].
At the time of the study, the patient was 41 years old. He first
presented with thickening and furrowing of the scalp (CVG) and
forehead (Fig. 1, P3), which the patient had noticed at the age of 17.
His facial skin appeared greasy, and digital clubbing was apparent.
Radiological examination showed periostosis of the diaphysis of
the radius and ulna. Arthropathy was not evident. A skin biopsy
specimen from the scalp and forehead (Supplementary Fig. 1)
showed thickening of the dermis, which was filled with hypertro-
phic sebaceous glands and dense thickened collagen bundles.
Abundant sweat glands and mucin deposition were also seen in the
dermis. These findings met the diagnostic criteria of the complete
form of PDP. His familial history was unavailable,

2.1.4. Patient 4 (P4)

The case of this patient has been reported elsewhere [13]. At the
time of this study, the patient was 25 years old, and had a 7-year
history of digital clubbing and acne on the scalp. He developed a
peptic ulcer at the age of 14. Since the age of 22, the patient showed
thickening and furrowing of the forehead skin and scalp. Physical
examination showed digital clubbing, greasiness of facial skin, and
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Fig. 1. Variation in forehead furrowing is associated with clinical forms of
pachydermoperiostosis (PDP). Forehead furrows are apparent in the complete form
of PDP, but less pronounced in the incomplete form. Greasiness of the skin was also
evident in the complete form but not in the incomplete form of PDP.

hyperhidrosis of palms and soles. Pachydermia was prominent
in the frontal, parietal, and occipital regions of the scalp as
well as in the cheek and forehead skin (Fig. 1, P4). Endocrino-
logical examinations showed no notable findings. Radiological

examination showed periostosis of the diaphysis of the radius,
ulna, tibia, and fibula. Arthropathy was not evident. A skin
biopsy specimen (Supplementary Fig. 1) taken from the scalp
and forehead showed thickening of the dermis. Thick and
interwoven collagen bundles, sebaceous and sweat gland
enlargement, and mucin deposits in the dermis were also
prominent. These findings met the diagnostic criteria of the
complete form of PDP. His familial history was noncontributory.
The patient refused the examination after being informed.

2.1.5. Patient 5 (P5)

The case of this patient has been considered in another study [ 14].
Briefly, a 53-year-old man was referred to one of the authors. He had
a 30-year history of digital clubbing and symmetric arthralgia of the
knees. Physical examination showed transverse forehead furrows
(Fig. 1, P5), but other skin manifestations, including seborrhea, acne,
or hyperhidrosis were not evident. All laboratory tests, including
thyroid function and serum levels of growth hormone, were within
normal ranges, which ruled out thyroid acropathy and acromegaly.
Magnetic resonance imaging of the brain showed CVG. Radiographic
examination of the knee region showed periostosis with cortical
thickening and ectopic ossification. Histological examination of the
forehead skin showed acanthosis in the epidermis, sebaceous and
sweat gland enlargement, and mucin deposits in the dermis. These
findings met the diagnostic criteria of the complete form of PDP. His
familial history was noncontributory.

2.1.6. Patient 6 (P6)

This patient was 52 years old when referred to one of the authors.
He presented with furrows in the occipital region of the scalp that he
had noticed since the age of 17. At the age of 30, he underwent plastic
surgery to lift these furrows. He had swelling and pain of the joints
with unsymmetrical manner. The patient had been treated for pain
in his right acromioclavicular joint, which had been persisted for 3
years. Physical examination showed no digital clubbing or thicken-
ing of the forehead skin. No biopsy specimen was available.
Folliculitis was evident in the occipital region of the scalp. He also
showed hypertrophic gingiva in the lower jaw. Radiological
examination showed no apparent periostosis of the diaphysis of
the radius and ulna. The patient was diagnosed with idiopathic CVG.
His familial history was noncontributory.

2.2. Measurement of prostaglandin E2 (PGE2) level in urine and serum

We examined serum and urinary levels of PGE2 using a
commercial enzyme immunoassay kit (Cayman, Cayman Bio-
chemical, Ann Arbor, MI, USA). Urinary and serum samples were
stored in complete darkness at —30 °C until use.

2.3. Extraction of genomic DNA and total RNA

Genomic DNA was isolated from peripheral blood samples
obtained from the patients and their parents using the QlAamp
DNA Blood Maxi Kit (QIAGEN KK, Tokyo, Japan).

For reverse transcriptase (RT)-PCR analysis, total RNA was
isolated from a skin sample of P3 using a commercial extraction kit
(RNeasy Mini Kit; QIAGEN KK, Tokyo, Japan).

2.4. Whole exome sequencing

DNA fragments derived from exon regions were enriched using
the SureSelect Human All Exon v4, according to the manufacturer’s
instructions (Agilent Technologies, Japan). The enriched DNA
fragments were sequenced with the Illumina Genome Analyzer 11
according to the manufacturer’s instructions, for 75 bp paired-end
reads (Illumina, Japan). The raw image files were processed with
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Illumina SCS2.8 software using the default parameters. Extracted
DNA sequence reads were mapped to the human reference genome
(hs37d5 assembly) using bwa [15]. Local DNA sequence alignment
was processed by Picard to remove PCR duplicates. The Genome
Analysis Toolkit (GATK) package was used to perform local
realignment, map quality score recalibration, and make SNP/indel
calls for each individual based on the following filter conditions:
base quality greater than or equal to 20 and sequence depth greater
than or equal to 4 [16]. Human transcript data in Ensembl database
was used as gene model to evaluate mutations. For filtering of
known SNPs, we used the Unified Genotyper module in GATK and
data from public SNP databases, including dbSNP build 135, the
1000 Genomes Project pilot study, and our in-house Japanese SNPs
dataset. Whole exome sequencing data of 100 Japanese controls,
generated by the 1000 Genomes Project, were analyzed to
calculate the frequency of the SLCO2A1 mutation in the Japanese
population (http://www.1000genomes.org/data).

2.5. Sanger sequencing analysis

We amplified and sequenced the entire coding region of
SLCO2A1 (NM_005630, 14 exons) to confirm mutations identified
by whole exome sequencing (see Supplementary Table S1 for
primer sequences and PCR conditions). The CodonCode Aligner
(CodonCode Corporation, Dedham, MA, USA) was used for
sequence data assembly and mutation confirmation.

2.6. RT-PCR and expression analysis

We analyzed the exon region surrounding an identified exon
boundary mutation in P3 using RT-PCR. Total RNA was extracted
from a skin biopsy specimen and reverse transcribed using an
oligo-dT primer (Super Script® Il First-Strand Synthesis System for
RT-PCR; Invitrogen, Carlsbad, CA, USA). The PCR primer sets were
designed to specifically amplify the transcribed region between
exons 6 and 9 (see Supplementary Table S1 for primer sequence
and PCR condition). Human Multiple Tissue cDNA (MTC) panels
(Clontech, Palo Alto, CA, USA) were used for expression analysis of
SLCO2A1.

2.7. Haplotype analysis

We analyzed 9 identified SNPs found by Sanger sequencing to
determine haplotypes in the SLCO2AT region. For 2 pairs of patient-
parent trios (P1 and P2), we determined each haplotype by
comparing patient genotypes at the 9 SNPs to those of their
parents. For P3, we treated as homozygous status because no
heterogeneity was found in SLCO2A1 region. For P5, 1 haplotype
with mutation was deduced by comparison with haplotype I-ii.
Finally we determined haplotypes of 16 alleles in 4 patients and
their 2 parents.

3. Results
3.1. Variability in clinical features of PDP patients

According to Touraine's criteria for the use of clinical and
radiological findings [1], 5 of the 6 patients were diagnosed with
PDP (see Section 2 and summary in Table 1). All patients were male
and had no familial history of PDP. All patients except P6 developed
1 of 3 major symptoms (also referred to as the “triad”) before the
age of 20, and subsequently suffered from all 3 symptoms of the
triad. According to the classic clinical definition established by
Touraine [3], the incomplete form of PDP consists of all triad
symptoms, including pachydermia (on the forehead). Based on
these criteria, only P1 and P2 were categorized as having the

incomplete form; however, all PDP patients in this study (P1-P5)
had pachydermia. Fig. 1 shows the clinical appearance of
pachydermia in this study. A variety of skin folds on the forehead
are seen. The typical appearance, characteristic of the complete
form of pachydermia, is apparent in P3, P4, and P5, but it was not
observed for P1. Furthermore, histological examination showed
various degrees of sebaceous hyperplasia. This variability was
associated with decreased density of elastic fibers and fibrosis
surrounding sebaceous glands (Supplementary Fig. 1). Table 1
shows the results of histological examinations. It was clear that
sebaceous hyperplasia was distinct in the complete form
compared to the incomplete form; it should also be noted that
minimal hyperplasia was evident from histological examination
even in the incomplete form.

We further determined whether PGE2 levels in serum and urine
were associated with the clinical forms, as increased PGE2 levels
are likely to be a causative factor of PDP. The results clearly showed
that high levels of serum PGE2 were detected in patients with the
complete form of PDP (Table 1). Taken together, the results
suggested that the differentiation of clinical forms of PDP is
dependent on the presentation of clinical features, including
pachydermia, its histology, as well as the PGE2 serum content.

3.2. Identification of SLCO2A1 as a gene responsible for PDP

In order to identify the responsible gene for PDP, we sequenced
entire coding regions of 3 PDP patients (P1, P2, and P5) and 1
patient with only CVG (P6), which served as a disease control by
whole exome sequencing. Approximately 100 million reads were
quantified and mapped to the hs37d5 human reference genome
DNA sequence, resulting in an average read depth of 70.0-96.5 for
each individual whole exome sequencing (see Supplementary
Table S2 for detail). We identified 36,392-41,957 variant sites
compared to the reference sequence, of which 10,342-11,222 were
splice site (SS) mutations or non-synonymous variants (NSVs).
NSVs were further classified as nonsense (NS), start codon loss (SL),
start codon gain (SG), frame shift (FS), and missense (MS)
mutations. By filtering the data using public SNP databases, we
finally identified 1-4 SS, 4-8 NS, 0-1 SL, 0-4 SG, 9-15FS, and 124~
157 MS mutations in the 4 patients (Table 2).

For subsequent mutation analysis, we focused on 5 genes in
which NS, SL, SG, FS, and SS mutations were identified in at least 2
of 3 PDP patients. Detailed validation of mutations in these 5 genes
showed that mutations in 3 of them were located in putative exons
of minor transcript gene model in Ensembl database. The
remaining genes (SLCO2A1 and ZNF98) were selected as candidate
genes for PDP. Using the IGV viewer [17], we analyzed entire
coding region of these 2 candidate genes to assess DNA sequence
quality and characterize all coding mutations. We found that all 3
PDP patients possessed compound heterozygous mutations in
SLCO2A1: namely, P1 possessed a single SS mutation (¢.940+1G>A)
and a deletion of 4 amino acids (¢.1279_.1290del12,
p.E427_P430del); P2 possessed an NS mutation (c.310G>A,
p.G104*) and an MS mutation (c.1040C>T, p.T3471); and P5
possessed an SS mutation (c.940+1G>A) and an MS mutation
(€.1668G>C, p.Q556H; Table 1). Although 2 PDP patients possessed
a single heterozygous mutation (c.217delA) in ZNF98, this
mutation was not found in other patients. We therefore identified
SLCO2A1 as a candidate gene responsible for PDP.

In order to confirm the mutations identified in SLCO2A1, we
sequenced all 14 exons of the gene by Sanger sequencing in 4 PDP
patients as well as in the parents of P1 and P2. We confirmed all of
the SLCO2A1 mutations identified by exome analysis (Fig. 2). In
addition, we identified a homozygous SS mutation (c.940+1G>A)
in P3 (Table 1). Each parent of P1 and P2 was found to be a carrier of
1 of the 2 mutations identified in P1 and P2.
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Table 1
Summary of clinical phenotype, genotype and PGE2 contents.
Case P1 P2 P3 P4 P5 P6
Current age (years) 24 25 45 37 53 52
Onset age (years) 13 12 17 108 20 17
Clinical form Incomplete Incomplete Complete Complete Complete Unclassified”
HPGD ND ND ND NA ND ND
SLCO2AT1 allele 1 €.940+1G>A c310G>A c.940+1G>A NA €.940+1G>A ND
p.R288Gfs*7 p.G104* p.R288Gfs*7 NA p-R288Gfs*7 ND
SLCO2AT allele 2 €.1279_1290del12 ¢.1040C>T c.940+1G>A NA ¢.1668G>C ND
p.E427_P430del p.T3471 p.R288Gfs*7 NA p.Q556H ND
Serum PGE2 (pg/ml)” 30 83 3880 NA 1762 647.4
Urinary PGE2 (pg/ml) 650 2940 68,160 NA 414.7 1725
Triad
Digital clubbing + + + + + —
Periostosis + + + + + -
Pachydermia + + + + + +
Cutis verticis gyrata - - + + + +
Skin
Palmar and plantar hyperhidrosis + + - — — -
Acne + + - + - +
Seborhoea and eczema + + + + - -
Sebaceous hyperplasia with fiibrotic +/-@2 NA + + +]— NA
change surrounding space®
Skeletal
History of bone fractures - - - + — _
Swelling of large joints + + — + +
Painful joints on exercise + + — +# +#
Hydrarthrosis + — — _ L
Others
Anemia - - - + - —
Peptic ulcers of the stomach and duodenum - - - +8 — -
General fatigue - — - — - +
References [11] Present study [12] [13] [14] Present study

NA, not available; +, positive; —, negative or unknown; ND, (tested but) not detected.

$ Treated with vagotomy at the age of 10.

* Having idiopathic cutis verticis gyrata (CVG).

™ Normal range: 25-200 pg/mL.

@ On histologic examination: ++, prominent; +, obvious; +/—, subtle.
@@ Fibrotic change was observed only in superficial dermis.

# Active stage at current age.

*## Arthroscopy revealed diffuse osteosclerosis and ectopic ossification.

Table 2
Variation summary statistics for whole exome sequencing of four PDP patients.

Total variation SS-NSVs Known variation Unknown variation
dbSNPs135 Other® SS NS SL SG FS MS
P1 38,746 10,484 9943 384 2 6 1 0 12 136
P2 36,392 10,342 9837 358 4 8 1 1 9 124
P5 40,539 11,037 10,492 389 2 6 1 2 10 135
P6 41,957 11,222 10,614 427 1 4 ] 4 15 157

? 1K genome, JPN exome,

We also analyzed whole exome sequencing data of 100
Japanese individuals generated by the 1000 Genomes Project to
ascertain the frequencies of these SLCO2A1 mutations in the
Japanese population. Although we found 6 known SNPs and 1 novel
synonymous mutation in the SLCO2A1 coding region, none of the
SLCO2A1 mutations identified in the PDP patients were found in the
200 Japanese control alleles (data not shown).

In summary, we identified SLCO2A1 compound heterozygous
mutations in 3 PDP patients, and SLCO2A1 homozygous mutations
in 1 PDP patient; no SLCO2A1 mutation was found in P6, who shows
only CVG in 3 major symptoms of PDP (Table 1).

To exclude the possibility that the c.217delA mutation in the
ZNF98 gene is a causative or a modifier mutation, we sequenced the
coding region of ZNF98 in 4 PDP patients as well as in the parents of
P1 and P2. We found a single heterozygous c.217delA mutation in 2
of the PDP patients and one of the parents. However, c.217delA was
not found in the other 2 PDP patients. Phenotypic comparisons

indicated that no specific phenotype was associated with the
c.217delA mutation. Therefore, we deduced that the c.217delA
mutation of ZNF98 does not have a modifier effect on PDP.

3.3. Haplotype and a founder mutation analysis of SLCO2A1

In this study, we characterized 4 alleles in 3 PDP patients with
the c.940+1G>A SS mutation. In order to determine whether this
mutation was a founder mutation, we analyzed SNPs in the
SLCO2A1 gene. On the basis of the analysis of 9 SNPs, we identified
6 haplotypes in the 46-kb region of the SLCO2A1 gene (Table 3).
Among the 4 alleles with the ¢.940+1G>A SS mutation, 8 of 9 SNPs
are identical and only one SNP is different in one of 4 alleles. This
SNP (rs10935090) is located in the most upstream region of
SLCO2A1 in exon1 among these 9 SNPs. In addition, we found that
SNP (rs10935090) is localized different LD block compared with
other 8 SNPs in Japanese HapMap data. These results suggest that
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A)mRNA SLCO2A1
exon 1 ORF: 1928 bases, 643 aa exon 14
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eon| | |73 | | 721%19?! [ e | I
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c.310G>T c.940+1G>A ¢.1040C>T  ©.1278_1290del12 c.1668G>C
p.G104* p.R288GR*7  p.T3471 p.E427_P430del p.Q556H
B
p.G104* {c. 310G>T) p.R288Gfs*7 (¢.940+1G>A) p.T3471 {c. 104OC>T)
exon 3 exon 7 intron 7 exon 8
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Fig. 2. Five mutations in SLCO2AT found by whole exome sequencing and confirmed using Sanger sequencing. (A) Five mutations in the SLCO2A1 gene characterized by
analysis of whole exome sequencing in this study. (B) SLCO2AT mutations confirmation by Sanger sequencing.

Table 3
Identified haplotypes and relation with mutation in SLCO2A1.

Haplotype SLCO2A1

rs10935090 rs4634113 1s6767522 rs6767412 rs55943046 rs34550074 rs2370512 rs1131597 rs1131598

mutation
I-i p.T3471 A C G G A A A G A P2, P2fa
1-ii p-R288Gfs*7 A C G G A A A G A P1, P1fa, P3 (homo)
1l p.R288Gfs*7 G C G G A A A G A P5
1 - A C G G A A T G G P2fa
v-i - A C A A G G T G A P1mo, P2mo,
IV-ii p-G104* A C A A G G T G A P2. P2mo
V-i - G C A A G G T A A Pifa
V-ii p-Q556H G C A A G G T A A P5
VI p.E427_P430del G C G G A A T G G P1, P1mo

fa, father; mo, mother.

the ¢.940+1G>A SS mutation in Japanese PDP patients is derived
from a single founder mutant allele.

3.4. SLCO2A1 transcript analysis for a ¢.940+1G>A splice site
mutation

In order to clarify the effect of the ¢.940+1G>A SS mutation of
SLCO2A1, we analyzed SLCO2A1 transcripts from a skin biopsy
specimen obtained from P3 (homozygote of c.940+1G>A SS
mutation) by RT-PCR. The ¢.940+1G>A SS mutation is located in
the donor site of SLCO2A1 intron 7, therefore, we designed an RT-
PCR primer set to amplify a 396-bp fragment of cDNA between
exons 6 and 9. However, the product generated from P3 cDNA was
only ~300 bp (Fig. 3A). Sequencing of this shortened PCR product
showed that the entire exon 7 (79 bp) was not included in the
transcript (Fig. 3B-D). The loss of exon 7 resulted in a frameshift at
amino acid position 288 and the introduction of a premature stop
codon after 6 amino acid residues (p.R288Gfs*7). In contrast, exon
7 was consistently observed in PCR products generated from cDNA

derived from 27 human tissues (Fig. 3A). Therefore, we concluded
that the ¢.940+1G>A SS mutation of SLCO2A1 resulted in the loss of
PGT function.

4. Discussion
4.1. Mutation analysis

In this study, we performed whole exome sequencing of
Japanese PDP patients and successfully identified SLCO2A1 as a
novel gene responsible for PDP. The SLCO2A1 gene encodes a PGT
protein with a total of 12 transmembrane domains. It is proposed
that the PGT is a members of the “eicosanoid signaling” system,
similar to the synaptic vesicle reuse system involved in neuro-
transmission [21]. In this system, PGT is thought to function the
reuptake of prostaglandin into the cytoplasm, and then prosta-
glandin is digested by 15-PGDH. This hypothesis is compatible
with the recent findings showing the genes encoding 15-PGDH and
PGT are responsible for PDP. Therefore, dysfunction of the SLCO2A1
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