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539delAC and 1159insA mutations cause a frame shift of
the CD36 gene, resulting in the formation of a stop codon
and a marked reduction in the CD36 messenger RNA
level [8,21]. DNA was extracted from whole blood
and amplified by polymerase chain reaction. The poly-
merase chain reaction products were digested with
endonuclease, electrophoresed on a 4% NuSieve GTG
agarose gel (FMC Bioproducts, Rockland, ME), and
stained with ethidium bromide for restriction fragment
length polymorphism analysis.

When these common mutations were not detected, we
directly determined the sequences covering all exons and
exon-intron boundaries [22].

2.6. Statistical analvsis

Values between groups were compared using the
Mann-Whitney U test. Values at 2 time points within
the group were compared using the 1-factor analysis of
variance test. Changes in parameters (A values) between
2 time points among the groups were compared using
the Mann-Whitney U test. All P values < .05 were
considered significant.

3. Results
3.1. Prevalence of CD36 deficiency

Of 53 children with histories of episodic hypoglycemia,
2 were diagnosed with glycogen synthase and gluta-
mate dehydrogenase deficiencies, respectively, which
were confirmed by gene analyses (Fig. 1). The parents
of the child with glycogen synthase deficiency were
first cousins.

The remaining 51 children without any abnormalities in
hormones, metabolic profiles, and muscle enzymes such as
creatine kinase and aldolase were divided into 3 hypogly-
cemic groups: type I, type II, and wild-type groups. The

numbers of type I, type I, and wild-type among these
children were 6 (2 girls and 4 boys), 4 (2 girls and 2 boys),
and 41 (18 girls and 23 boys), respectively. Accordingly, the
prevalence of type 1 and II deficiencies were 11.8% and
7.8%, respectively.

Of the 49 healthy control children, 3 children (2 girls
and 1 boy) exhibited the expression pattern of type I CD36
deficiency (6.1%); but no one showed that of type
I deficiency.

3.2. Gene mutations of CD36 deficiency

Of the 6 children with type I CD36 deficiency, 5 were
homozygous for the C478T mutation and 1 was compound
heterozygous for C478T/1159%nsA. Of the 7 children with
type I CD36 deficiency, 1 girl in the control group had a
heterozygous T970C mutation (a substitution of C for T at nt
970 in exon 9) in CD36 gene reported by Hanawa et al
(Fig. 1) [22].

3.3. Comparisons of clinical features

In general, the clinical features of children with type
I CD36 deficiency were similar to those of control
children as well as to those of other children with
episodic hypoglycemia. However, the number of hypo-
glycemic episodes in the type I group was significantly
greater than that in the other groups. It should also be
noted that the wild-type CD36 hypoglycemic group
showed lower body weight SD scores than the other 3
groups (Table 1).

3.4. Effects of extended fasting on glucose and
FA metabolism

Blood glucose concentrations were always significantly
lower in the type I CD36 group than in the other 2
hypoglycemic groups (type II CD36 deficiency and wild-
type groups) and the control group (Fig. 2A, left panel).

Table 1
Characteristics of the hypoglycemic and control groups
Group Hypoglycemic group (n = 51) Controls
Type I* (n = 6) Type II* (n = 4) Wild type® (n = 41) Total (n = 51) (n = 49)
Age,y 32+07 38x1.0 3.7£06 3.607 33£03
Sex. F'M 2/4 2/2 18/23 22/29 22127
No. of episodes, ranges 1.9£ 0.5 (1-4) 1.0=0(1) 1203 (1-2) 1.3+04 0
BW SD score ~0.4 = 0.5 ~0.1+0.7 -0.9 £ 0.5% ~0.6 £ 0.7 02+06
Ht SD score 0.1 +0.6 -0.2x0.6 0306 02+06 0.4 +£0.6
Total protein, g/dL 6.8+0.2 6.9=03 6.6 0.2 6.7+0.2 6.8+0.3
Albumin, g/dL 39+£0.2 40=02 39x02 39£02 4.1+02
AST. TU/L 19+3 174 16£3 173 16+35

Values are mean = SD. BW indicates body weight; Ht, height; AST, aspartate aminotransferase.
* Hypoglycemic group was classified into 3 subgroups according to CD36 phenotypes: type I CD36 deficiency (type I), type 11 CD36 deficiency (type I1),

and wild-type groups.
* P < .05 vs controls (Mann-Whitney U test).
T P < .001 vs controls (Mann-Whitney U test).
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Fig. 2. Differences in BG, insulin, FFAs, and TKB concentrations at the 12-, 14-, and 16-hour fasting points. Children were not allowed to ingest any food or
drink after supper on the day before blood sampling. “Data obtained from 24 of the 41 wild-type group children are presented. *Data obtained from 17 of the

49 control group children are presented.

After 16 hours of fasting, BG concentrations in the type 1
CD36 deficiency group were less than 50 mg/dL. Serum
insulin concentrations showed results similar to those of BG
concentrations (Fig. 2A, right panel).

The FFA concentrations were always significantly higher
in the type I CD36 group than in the other 3 groups (Fig. 2B,
left panel). The AFFA between 12 and 14 hours was larger in
the type I CD36 deficiency group (P < .001) than in the other
3 groups (P < .01).

The TKB concentrations were always lower in the type I
CD36 group than in the other 3 groups. The last 2 hours of

fasting induced a great increase in TKB in all the groups.
However, the ATKB was significantly smaller in the type I
CD36 group (P < .01) than in the other groups (P < .001)
(Fig. 2B, right panel).

Unlike type I CD36 group, these parameter levels in the
type I CD36 group were consistently similar to those in the
wild-type and control groups and did not show any
significant differences.

‘At any fasting point, serum lipid concentrations were not
significantly different among the groups. Triglyceride
concentration but not other lipid concentrations exhibited
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Table 2

Serum lipid concentrations at 12, 14, and 16 hours of fasting in the hypoglycemic and control groups

Group Hypoglycemic group (n = 51) Controls (n = 49)
Subgroup Type 1 (n = 6) Type 1T (n = 4) Wild type (n = 41)

Hours of fasting 12 14 16 12 14 12 14 16 12 14 16"

TC 15220 149=22 14419 155+17 151 +20 147+22 142+11 138+12 137x10 151+13 149=12 145+8
TG 53x15 49=x9 44=12" 56x17 49=15 47=15% 51=12 4710 44=100 51210 47=10 45=8
HDL-C 5612 56=11 354=x9 5510 57+9 55+9 5610 55x10 56=11 56x14 55x=13 55=x12
LDL-C 85+ 13 82£11 8l=x1l 8916 B83x14 81=x1S 8019 77x15 74%15 8013 7811 77x11

Values are mean = SD (in milligrams per deciliter). At any fasting point, there were no significant differences in lipid concentrations between each 2 groups
(Mann-Whitney U test). Triglyceride concentrations but not other lipid concentrations exhibited significant changes between the 12- and 16-hour fasting points
in respective groups:*P < .05 and TP < .01 (1-factor analysis of variance test). There were no significant differences in changes in lipid concentrations (A values)
between 2 fasting points among the groups (Mann-Whitney U test). TC indicates total cholesterol: TG, triglycerides; HDL-C. high-density lipoprotein-

cholesterol; LDL-C, low-density lipoprotein-cholesterol.
* Data obtained from 24 of the 41 wild-type children were presented.
P Data obtained from 17 of the 49 controls were presented.

significant changes between the 12- and 16-hour fasting
points in the respective groups (Table 2).

4. Discussion

The present study showed that fasting BG concentration
was lower in preschool children of type I CD36 deficiency
than in children of type II/wild-type CD36 hypoglycemic
groups and control children.

Type 1 CD36 deficiency accounted for 11.8% of 51
children with histories of hypoglycemia but was not
diagnosed in the 49 age-matched control children without
histories of hypoglycemia. On the other hand, the prevalence
of type II CD36 deficiency was not different between the
hypoglycemic and control children. According to earlier
reports, the prevalence of type I CD36 deficiency in the
general Japanese population is 0.5% to 1.0% [9-10,15]. Tt is,
therefore, plausible that this deficiency is highly prevalent
among hypoglycemic children. However, the children
groups enrolled in this study were too small to define the
reliable prevalence. To gain more informative data, more
extensive studies would be essential.

Besides fasting BG level, fasting insulin, TKB, and FFA
concentrations in type 1 CD36 group were different from
those in the other groups. We found that fasting insulin and
TKB concentrations were significantly lower in the type I
group than in the other groups, whereas the fasting FFA level
was significantly higher in the type I group. These
differences were more prominent as the fasting time was
extended (Fig. 2A, B).

High FFA levels at the fasting state can probably be
attributed to impaired FFA uptake by skeletal and heart
muscles in type I CD36 deficiency. Free FA is used as an
energy source in skeletal and heart muscles, as well as in the
liver. Long-chain FAs enter cells either by passive diffusion
or by transporter-dependent uptake. In humans, there are 3
transporters for LCFA: CD36, plasma membrane-associated
FA binding protein (43 kd), and FA transport protein (FATP,

63 kd) [23-25]. Although plasma membrane-associated FA
binding protein and FATP are expressed in the liver as well
as skeletal and heart muscles, CD36 is expressed in skeletal
and heart muscles, but not in the liver. Most serum LCFAs
are bound to albumin. CD36 promotes the dissociation of
LCFA from albumin, which results in increased passive
diffusion of LCFA [24]. Furthermore, CD36 is coexpressed
with FATP in skeletal and heart muscles [24]. This
colocalization strongly suggests that the FATP-mediated
uptake of LCFA is promoted by an interaction with CD36 in
skeletal and heart muscles. In patients with type 1 CD36
deficiency, the radiolabeled LCFA analog '**I-15-(p-idio-
phenyl)-(R,S)-methylpentadecanoic acid (BMIPP) does not
accumulate in heart muscles; and BMIPP clearance from the
circulation is delayed [5]. Furthermore, the oxidation rate of
LCFA is reduced by 40% to 60% in the isolated hearts of
CD36-deficient mice [25]. These observations agree well
with our hypothesis. ,

In skeletal and heart muscles, impaired FA uptake in
CD36 deficiency is probably compensated by shifting the
energy supply from FA dominant to glucose dominant. In
fact, CD36-deficient rats had high glucose oxidation rates
and maintained normal myocardial functions [26]. If this is
the case in humans, it would be a rationale for the increased
susceptibility of CD36-deficient children to hypoglycemia in
the fasting state. Similar to CD36-deficient children, CD36-
deficient rats had higher serum FFA concentrations; and their
BG concentrations were lower than those observed in control
rats [27].

Nevertheless, the findings obtained from this study were
not consistent with those in CD36-deficient adults described
in earlier reports [10-13]. It has been shown that CD36
deficiency predisposes one to insulin resistance and the
subsequent hyperglycemia. Most of the subjects described in
such reports were older than 30 years, and young subjects
have been scarcely examined. Yanai et al [14] previously
reported increased insulin sensitivity in young adults with
CD36 deficiency, suggesting different effects of CD36
deficiency on carbohydrate metabolism by age. To gain a
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better understanding of the relationship between CD36
deficiency and insulin sensitivity, we will perform
more extensive studies covering large groups of children
and adolescents.

The energy demands of young children exhibiting rapid
growth and development are quite high. Their glucose and
FA metabolisms must be greatly activated. In fact, ketone
body synthesis via FA B-oxidation is far greater in young
children than in adults [19,28]. Therefore, impaired FA
metabolism must have a more serious effect in children than
in adults, although both have the same genetic disorder
(CD36 deficiency).

The reason for the low TKB levels in type 1 CD36
deficiency remains to be elucidated. Ketone bodies are
generated mainly in the liver and secreted into the blood
circulation. The substrate of ketone bodies is acetyl-
coenzyme A, which is a product of FA f-oxidation. From
this context, we speculated that decreased FA B-oxidation in
heart and muscles led to the limited synthesis of ketone body
from acetyl—coenzyme A. In type 1 CD36 deficiency, hepatic
uptake of BMIPP (an analog of LCFA) is nearly double [5],
probably because CD36 is naturally absent in normal liver
and the other transporters play significant roles in hepatic
uptake of LCFA [23-25]. As a whole, ketone body synthesis
along with FA B-oxidation in type [ CD36 deficiency was
substantially but not definitely reduced.

The results of this study suggested that type I CD36
deficiency predisposes preschool children to hypoglycemia.
If this is true, affected children should avoid long-time
fasting and excess exercise without sugar supplementation.
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Comprehensive molecular analysis of Japanese patients with pediatric-onset
MODY -type diabetes mellitus.
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t Background: In Asians, mutations in the known maturity-onset diabetes of
© the young (MODY) genes have been identified in only <15% of patients.

These results were obtained mostly through studies on adult patients.

- Objective: To investigate the molecular basis of Japanese patients with

pediatric-onset MODY -type diabetes.

. Subjects: Eighty Japanese patients with pediatric-onset MODY -type diabetes.
- Methods: Mitochondrial 3243A>G mutation was first tested by the

polymerase chain reaction restriction fragment length polymorphism analysis
for maternally inherited families. Then, all coding exons and exon-intron
boundaries of the HNFIA, HNFIB, GCK, and HNF4A genes were amplified
from genomic DNA and directly sequenced. Multiplex ligation-dependent
probe amplification analysis was also performed to detect whole-exon
deletions.

i Results: After excluding one patient with a mitochondrial 3243A>G,

mutations were identified in 38 (48.1%) patients; 18 had GCK mutations, 11
had HNFI A mutations, 3 had HNF4A mutations, and 6 had HNFIB

- mutations. In patients aged <8 yr, mutations were detected mostly in GCK at

a higher frequency (63.6%). In patients >9 yr of age, mutations were identified
less frequently (45.1%), with HNFI 4 mutations being the most frequent. A

¢ large fraction of mutation-negative patients showed elevated homeostasis

model assessment (HOMA) insulin-resistance and normal HOMA-B indices.
Most of the HNFIB mutations were large deletions, and, interestingly. renal

© cysts were undetectable in two patients with whole-gene deletion of HNFIB.

Conclusion: In Japanese patients with pediatric-onset MODY -type diabetes,
mutations in known genes were identified at a much higher frequency than

. previously reported for adult Asians. A fraction of mutation-negative patients
© presented with insulin-resistance and normal insulin-secretory capacities
- resembling early-onset type 2 diabetes.
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Maturity-onset diabetes of the young (MODY) has
been defined as diabetes mellitus characterized by
dominant inheritance. non-obesity [body mass index
(BMI) <25], and early onset (<25 years of age).
To date, at least six causative genes (HNF4A, GCK,
HNFI1A, PDXI, HNFIB, and NEURODI) for MODY
1-6, respectively. have been identified. In addition,
several other genes (KLFII!, CEL, PAX4, and INS)
have been shown to be associated with MODY-type
diabetes (1-6). Since the terrn ‘MODY" has been
questioned by some investigators as inappropriate
and obsolete (1), ' MODY-type diabetes’ is used in this
study to describe diabetes with above characteristics.

Previous studies have revealed that mutations in
these genes, especially in the HNFIA, GCK. and
HNF4A genes, account for 54-86% of MODY-
type diabetes in Caucasians, whereas in Asians,
only 7.5-10.3% of patients have mutations in
these genes (7-13). In the Japanese, previous studies
have focused mainly on single genes (14-16), and
comprehensive molecular analysis is lacking. Taken
together. however, these studies point to a similarly
low prevalence of mutations (<15%) in the Japanese.

One possible explanation for this racial disparity
is the presence of an unidentified major MODY-X
gene in Asians. To date, a number of investigators
have pursued this possibility without much success,
only to identify genes with low prevalence (17-23).
Alternatively, this racial difference could be due to the
higher prevalence of early-onset type 2 diabetes mellitus
(T2DM) in Asians (24). Japanese patients with T2DM
reportedly have lower body mass indices (BMIs) than
do Caucasian patients (25). Although, T2DM is based
on insulin-resistance rather than on ?-cell dysfunction,
clinical differentiation between these is not easy when
the patients are not obese and the onset of diabetes is
earlier, because both tend to aggregate within families
and are autoantibody negative.

In this study, as part of an effort to address this issue,
we performed a comprehensive mutational analysis
on Japanese patients with pediatric-onset MODY-
type diabetes mellitus because previous results were
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obtained mostly through studies on adult patients.
This is also the most comprehensive molecular analysis
of known MODY genes in Japan. Unexpectedly,
our study revealed that the genetic background of
MODY-type diabetes in the Japanese pediatric age
group is similar to that reported for Caucasians. The
results of this study, therefore, served to delineate the
demographic and clinical characteristics of ‘unknown
MODY’ in the Japanese.

Subjects and methods
Subjects

The study subjects were 80 Japanese patients
who developed MODY-type diabetes before 20 yr
of age. Other inclusion criteria were (i) negative
autoantibodies, including anti-GAD and anti-IA2
antibodies; (ii) family history suggestive of dominant
inheritance; and (iii) non-obesity in the patients or
in affected family members. Patients who developed
diabetes before 6 months of age were excluded because
the genetic background of diabetes in this age group is
known to differ from those in later age groups (26). In
addition to the 77 patients who met the above criteria,
3 additional patients without a positive family history
were included because of the known presence of renal
cysts.

Out of these 80 patients. 56 were ascertained through
the nationwide school urinalysis program performed
annually in Japan, and 21 by incidentally identified
glucosuria/hyperglycemia. The rest of the patients were
ascertained after consulting primary care physicians
for diabetes-related symptoms. The patients were then
referred to local diabetes centers and blood samples
were sent to our laboratory during 2005-~2011 under a
suspected diagnosis of MODY -type diabetes. The local
diabetes centers were distributed throughout Japan
without geographical biases and each center basically
recruited all available patients for analysis.

The patients were enrolled after obtaining written
informed consent, and the study protocol was approved
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by the Institutional Review Board at Osaka City
General Hospital (No. 742).

Mutational analysis

Genomic DNA was extracted from peripheral blood
leukocytes with the QIAamp DNA Blood Kit
(QIAGEN, Hilden, Germany). In families with
maternal transmission, the mitochondrial 3243A>G
mutation was first tested by polymerase chain reaction
(PCR)-restriction fragment length polymorphism as
previously described (27). For patients negative for
3243A>@, all coding exons, exon—intron boundaries,
and promoter regions of the HANFIA, GCK, HNF4A,
and HNFIB genes were amplified from genomic
DNA. For HNF44, exon 1D and the P2 promoter
approximately 50kb upstream of exon 1A were
also amplified because previous reports identified
this region as a specific promoter for pancreatic
expression of this gene (28). For GCK, the pancreatic
form using exon 1A was sequenced (29). The primer
sequences and amplification conditions are listed in
Table S1 and Appendix S1. The amplified products
were purified using the Wizard PCR Preps DNA
Purification Kit (Promega, Madison, WI, USA) or the
Agencourt AMPure XP purification system (Beckman
Coulter Genomics, Danvers, MA, USA) and directly
sequenced using the BIGDYE TERMINATOR v3.1 Cycle
Sequencing Kit (Roche, Basel, Switzerland). They were
then analyzed by the aBi prisM 3100x! automated
sequencer (Applied Biosystems, Foster City, CA,
USA). After identification, co-segregation of the
mutations with the diabetic phenotype was confirmed
by sequencing analyses of other family members.
In addition, whole-exon deletion/duplications that
might escape the PCR-sequencing strategy described
above were tested using multiplex ligation-dependent
probe amplification (MLPA) analyses. Briefly, 200 ng
of genomic DNA was used to perform the MLPA
reactions for all exons in the HNFIA, GCK, HNF4A4,
and HNFIB genes. The reactions were performed
using the SALSA MLPA kit P241 (MRC-Holland,
Amsterdam. The Netherlands) as recommended by
the manufacturer and analyzed using the ABI PRISM
3100x1 antomated sequencer and GENEMAPPER software
(Applied Biosystemns).

Results

Mitochondrial 3243 A > G was found in one patient and
the patient was excluded from further analysis. Of the
remaining 79 patients, mutations were identified in 38
(48.1%), which is a much higher frequency than that
previously reported for Asians. The demographic and
clinical features of these 38 patients are listed in Table 1
together with the details of identified mutations.

28

Mutations of HNFIA4 were identified in 11. GCK
in 18, HNF44 in 3, and HNFIB in 6 (Table 1).
Most of these mutations have been previously
reported, and no predominant mutation was identified.
Novel missense mutations were not found in
the public domain single nucleotide polymorphism
databases, and the Sorting Intolerant from Tolerant
(SIFT) (http://sift.bii.a-star.edu.sg/) or the POLYPHEN-
2 (http://genetics.bwh.harvard.edu/pph2/) programs
predicted the deleterious nature of these mutations.
In addition, these mutations co-segregated with the
diabetic phenotype in each family, suggesting that these
are pathogenic mutations.

The majority of patients (five out of six) with HNFIB
mutations had exon deletions. All these patients with
deletions presented with a higher blood glucose level
at onset, necessitating immediate insulin treatment.
Interestingly, in two patients with whole-gene deletion
(patients 32 and 34), renal cysts could not be identified
by repeated abdominal magnetic resonance imaging or
echography.

We also identified a whole-gene deletion of the GCK
gene in one patient (patient 15). This patient was born
after 39 weeks of gestation with a birth weight of 2418 g.
Hyperglycemia was incidentally found at the age of
4years, and the patient showed no diabetes-related
symptoms. Fasting glucose and hemoglobin Alc were
slightly elevated at 124 mg/dL (6.88 mmol/L) and 6.6%,
respectively. All of these features were consistent with
those of other GCK-MODY patients, and no specific
features were observed for this patient.

When the patients were sorted by age at diagnosis
(Fig. 1), GCK mutations were found to be predominant
in patients <9 years of age, whereas detection of
mutations in the HNFIA and HNF4A genes began
after 8years of age. After 9years of age, HNFIA
mutations were the most common. The frequency and
spectrum of mutations did not change significantly
during 9-13years of age, and the identification rate
appeared to decline thereafter.

BMI percentiles at diagnosis were obtained for 76
patients. For patients who lost weight before the initial
presentation, the most recent height and weight data
before weight loss were used for the calculation of BMI.
Mautations were identified in 89% of the leanest patients
with BMIs below the 10th percentile (Fig. 2). Between
BMIs of the 10th—90th percentiles, mutations were
identified at a relatively constant frequency, although
the detection rate appeared to be lower (10%) for BMIs
above the 90th percentile.

The homeostasis model assessment insulin-
resistance (HOMA-IR) index as a marker of insulin
resistance (normal range, <2.0) and the HOMA-
f index as a marker of insulin-secreting capacity
(normal range for Japanese, 40-60) were calculated
for 57 patients (30). As shown in Table 2, a large
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éﬂ Table 1. Summary of patients with mutations

& .

5 Mutation . Previous Age  BMiper  FBS, mg/dlL IR, pU/mL

g No. Gene cDNA Protein report Gender yn centile (mmol/L) (pmol/L) HOMA-IR HOMA-8

o

& 1 GCK c.1517C>T p.T206M Yes F 3 95.2 82 (4.55) 1.5 (10.42) 0.30 28.4

o2 GCK ¢.130G>A p.G448 Yes M 5 83.48 118 (6.55) 2.8 (19.45) 0.81 18.3

< 3 GCK c.571C>T p.R191W Yes M 11 80.45 144 (7.99) 20.4 (141.68) 7.25 90.7

Mg GCK €.1278_1286dup9  p.S426_R428dup No M 6 76.17 120 (6.66) 4.16 (28.89) 1.37 29.1

5 5 GCK €.895G>C p.G299R Yes M 9 58.08 122 (8.77) 4.6 (31.95) 1.39 28.1

N 6 GCK c.1142T>G p.M381R No M 14 57.13 139 (7.71) 5.8 (40.28) 1.99 27.5

L7 GCK c.571C>T p.R191W Yes M 7 40.63 124 (6.88) 5.5(38.2) 1.68 32.5

N8 GCK ¢.175C>T p.P59S No M 5 32.61 118 (6.55) 2(13.89) 0.58 13.1

9 GCK c.781G>A p.G261R Yes M 4 24.88 106 (5.88) 1.54 (10.7) 0.40 12.9

10 GCK c.118G>A p.E40K Yes M 1 23.18 129 (7.16) 2(13.89) 0.64 10.9
11 GCK c.575G>A p.R191Q Yes M 5 21.5 118 (6.55) 7.1 (49.31) 2.07 46.5
12 GCK Cc.182A>G p.Y61C No F 8 20.52 118 (6.55) 1.82 (12.64) 0.53 11.9
13 GCK €.234C>G p.D38E Yes F 13 12.8 121 (6.72) 5.73(39.79) 1.71 35.6
14 GCK ¢.556C>T p.R186X Yes F 12 11.52 135 (7.49) 10.3 (71.53) 3.43 51.5
15 GCK All exon deletion No M 4 6.68 124 (6.88 3.42 (23.75) 1.05 20.2
16 GCK c.437T>G p.L146R Yes M 8 5.07 119 (6.6) 2.3 (15.97) 0.68 14.8
17 GCK c.576G>T p.G193W No M 12 1.92 © 118 (6.55) 6.36 (44.17) 1.85 416
18 GCK ¢.500G>A p.W167X No F 5 0.43 113 (6.27) 4(27.78) 1.12 28.8
19 HNF1A ¢.1043T>C p.L348P No F 15 83.1 175(9.71) 21.6 (150.01) 9.33 69.4
20 HNF1A c.779C>T p.T260M Yes F 12 80.53 124 (6.88) 10.6 (73.62) 3.25 62.6
21 HNF1A ¢.391C>T p.R131W Yes M 9 78.79 124 (6.88) 5.37 (37.29) 1.64 31.7
22 HNF1A Exon 7-9 deletion No M 11 68.07 165 (9.16) 11.4 (79.17) 4.6 40.2
23 HNF1A C.788G>A p.R263H Yes M 8 48.33 84 (4.66) 3.29 (22.85) 0.68 56.4
24 HNF1A ¢.872delC p.P291fs Yes M 13 43.38 83 (4.61) 11.3 (78.48) 2.32 2038.4
25 HNF1A ¢.1181delC p.P394fs Yes F 13 21.83 137 (7.6) 7.3(50.7) 2.47 35.5
26 HNF1A c.1054delT p.S352fs No F 11 18.66 153 (8.49) 2.7 (18.75) 1.02 10.8
27 HNF1A ¢.392G>A p.R131Q Yes F 11 2.0 167 (9.27) 7.9 (54.87) 3.26 27.3
28 HNF1A €.872_873insC p.P291fs Yes F 13 1.65 98 (5.44) 7.18 (49.87) 1.74 73.9
29 HNF1A c.598C>T p.R200W Yes M 14 0.33 77 (4.27) 0.9 (6.25) 0.17 23.1
30 HNF1B C.395A>C p.H132P No M 7 70 111 (6.16) 10.3 (71.53) 2.82 77.3
31 HNF1B Exon 1-4 deletion No M 1 62.16 NA NA NA NA
32 HNF1B All exon deletion Yes F 13 38.68 NA NA NA NA
33 HNF1B Exon 3-4 deletion No M 12 19.23 NA NA NA NA
34 HNF1B All exon deletion Yes F 12 8.42 NA NA NA NA
35 HNF1B Exon 3-4 deletion No F 10 NA NA NA NA NA
36 HNF4A ¢.802C>T p.Q268X Yes F 9 77.22 NA NA NA NA
37 HNF4A €.915_916insT p.V306fs No F 11 55.28 105 (5.83) 7.2 (50) 1.87 61.7
38 HNF4A c.970C>T p.R324C No F 13 45.36 188 (10.43) 8.5 (45.14) 3.02 18.7

BMI, body mass index; F, female; FBS, fasting blood sugar; HOMA-8, homeostasis model assessment-p; HOMA-IR, homeostasis model assessment insulin resistance; IRI,

immunoreactive insulin; M, male; NA, not available.

All sequence information is based on GenBank reference sequences NM_000162.3 (GCK), NM_000457.3 (HNF4A), NM_000545.5 (HNF1A), and NM_000458.2 (HNF1B).

Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the major start codon of exon 1 (HNFTA and HNF1B) and 1A (GCK), respectively. For
ttg HNF4A, conventional nucleotide numbering starting at the A of the Met9 of isoform b was used.
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Fig. 2. Distribution of body mass index percentiles at diagnosis.
ND. not detected.

fraction of mutation-negative patients showed ele-
vated HOMA-IR or normal HOMA-B indices. Muta-
tions were identified less frequently with increasing
HOMA-IR or HOMA-B indices (p = 0.0248 and 0.002,
respectively, by the Jonckheere’s trend test). In the
remaining 22 patients, these indices were not avail-
able because of the lack of fasting glucose and insulin
data at diagnosis. Nineteen of these patients presented
with a blood glucose level that was too high (>170
mg/dL, 9.44 mmol/L) at diagnosis to calculate these
indices, and/or insulin therapy was initiated immedi-
ately before calculating these indices. In three patients,
fasting glucose and insulin data were not recorded
or simply not obtained. Of these 22 patients with
missing HOMA-IR and HOMA-B data, mutations

Table 2. Distribution of HOMA-IR and HOMA-B indices

were identified in 6 (27.3%); 4 had HNFI B mutations
and 2 had HNF4A4 mutations.

Discussion

Contrary to previous studies on Asians, the results
of this study showed that the frequency of mutations
in known genes is significantly higher in pediatric-
onset Japanese patients with MODY-type diabetes.
Even if we exclude the three patients with renal cysts
and without positive family history., the mutation
identification rate (46.1%) was still higher than
previously reported. The overall frequency of mutation
was only slightly lower than that reported for
Caucasians (7-11), and the mutation spectrum did not
differ much between Japanese and Caucasian patients.
These results suggest that the genetic background of
MODY-type diabetes in the pediatric age group is
similar for these two ethnicities.

The cause of the difference in the frequencies of
mutations between adult Asian and Caucasian MODY
patients remains unclear. Assuming that the genetic
background of pediatric-onset patients is similar, the
racial disparity should be caused by a group of patients
who develop diabetes at a later age (15-25 yr).

Among pediatric-onset patients, mutation-negative
patients are likely to comprise a mixed population.
There is a group of patients who fit the classical
definition of MODY with normal insulin sensitivity
and diminished insulin-secretory capacity. Presumably,
some of these patients’ conditions can be explained by
mutations in the known MODY genes, including PA X4
and /NS, and the remaining was caused by mutations in
true MODY-X genes. At present, there is no evidence
of racial disparity in this group of patients.

The results of our study also showed that
a large fraction of mutation-negative patients
has elevated insulin-resistance and normal insulin-
secretory capacities as measured by the HOMA-IR and
HOMA-B indices. Although these patients’ conditions
might also be explained by an unknown monogenic
trait, these clinical features are more consistent with
those of early-onset T2DM, which is highly prevalent
in Japan. Considering the known racial difference in
the incidence of T2DM, the observed difference in the

HOMA-IR HOMA-f
0-0.99 1-1.99 >2 10-19.9 20-29.9 30-39.2 40-49.9 50-59.9 =60
No. of patients 15 20 22 12 7 6 6 17
Mutation positive 10 12 10 8 4 3 3 7
Fraction mutation positive 0.67 0.6 0.45 0.78 0.67 0.57 0.5 0.5 0.41

HOMA-8, homeostasis model assessment-f; HOMA-IR, homeostasis model assessment insulin resistance.
HOMA-IR was calculated as fasting blood glucose (mg/dL) x fasting insulin (LU/mL)/405 (normal range, <2.0), and HOMA-
was calculated as 360 x fasting insulin (uU/mL)/fasting blood glucose (mg/dL) — 63 (normal range for Japanese, 40-60).
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prevalence of MODY gene mutations in adult patients
appears to be more easily explained by inclusion
of early-onset T2DM in previous studies. Although
adult T2DM patients in Japan are not heavier than
non-diabetic controls (25), even in Japan, pediatric
patients with T2DM are heavier than their peers (31).
By focusing on non-obese pediatric patients, we may
be able to minimize the influence of early-onset T2DM
in our study. A similar explanation might also apply to
other ethnic groups, such as Mexicans, known to have
a higher prevalence of T2DM and lower prevalence of
MODY gene mutations (32).

As previously reported for pediatric patients with
HNFIB mutations, the majority of our HNFI1B-
MODY patients had deletions rather than point
mutations (33, 34). This is in contrast to the
approximately 30% prevalence of deletions in adult
patients (35). It was previously proposed that deletions
might lead to more severe loss of function, which
leads to earlier onset of diabetes (34). In our series,
patients with HNFIB deletions (patients 31-353)
actually presented with higher blood glucose at onset
compared with patient 30, who had a point mutation.
It appears more likely. however, that interactions with
other genetic or environmental factors play a more
important role in determination of the phenotype
of HNFIB mutations because none of the deletion
patients reported by Ulinski et al. (33) had diabetes,
and some patients with a whole-gene deletion do not
have renal structural abnormalities (34), including the
two patients in our series. Practically, it is important
to include the analysis of HNFIB deletions as a part of
routine mutation screening of MODY-type diabetes,
even without signs of renal abnormalities.
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and heterodisomy on chromosome 6
encompassing a CUL7 gene mutation

causing 3M syndrome

Sasaki K, Okamoto N, Kosaki K, Yorifuji T, Shimokawa O, Mishima H,
Yoshiura K-i, Harada N. Maternal uniparental isodisomy and heterodisomy
on chromosome 6 encompassing a CUL7 gene mutation causing 3M
syndrome.

Clin Genet 2011: 80: 478-483. © John Wiley & Sons A/S, 2010

We report a case of segmental uniparental maternal hetero- and isodisomy
involving the whole of chromosome 6 (mat-hUPD6 and mat-iUPD6) and a
cullin 7 (CUL7) gene mutation in a Japanese patient with 3M syndrome.
3M syndrome is a rare autosomal recessive disorder characterized by
severe pre- and postnatal growth retardation that was recently reported to
involve mutations in the CUL7 or obscurin-like 1 (OBSLI) genes. We
encountered a patient with severe growth retardation, an inverted
triangular gloomy face, an inverted triangle-shaped head, slender long
bones, inguinal hernia, hydrocele testis, mild ventricular enlargement, and
mild mental retardation. Sequence analysis of the CUL7 gene of the
patient revealed a homozygous missense mutation, ¢.2975G>C. Genotype
analysis using a single nucleotide polymorphism array revealed two
mat-hUPD and two mat-iUPD regions involving the whole of chromosome
6 and encompassing CUL7. 3M syndrome caused by complete paternal
iUPD of chromosome 6 involving a CUL7 mutation has been reported, but
there have been no reports describing 3M syndrome with maternal UPD of
chromosome 6. Our results represent a combination of iUPDs and hUPDs
from maternal chromosome 6 involving a CUL7 mutation causing 3M
syndrome.
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3M syndrome is a rare inherited autosomal reces-
sive disorder characterized by pre- and postnatal
growth retardation, characteristic facial features,
and skeletal anomalies. Clinical features of 3M
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syndrome include large head circumference, broad
forehead, a triangular facial outline, dolicho-
cephaly, long philtrum, short stature, short tho-
rax and neck, tall vertebral bodies, and slender



long bones and ribs. Males with 3M syndrome
occasionally have hypogonadism and hypospa-
dias (1-9). However. intelligence is unaffected
and karyotype is normal on conventional chromo-
some analysis.

In patients with 3M syndrome, disease-causing
mutations have been identified m the cullin
7 (CUL7., MIM *609577) uand obscurin-like |
(OBSLI. MIM *610991) genes (7-9). Mutations
of CUL7 are the major cause of 3M syndrome,
accounting for 80% of previously reported cases.
whereas OBSL/T accounts for 20% of cases (8. 10).

Uniparental disomy (UPD) is the transmission
pattern of either two copies of the identical chro-
mosome {uniparental isodisomy: iUPD) or of both
homologous chromosomes (uniparental heterodis-
omy. hUPD) from one parent with no contribu-
tion from the other parent (11). Phenotypes that
are clinically associated with paternal UPD of
chromosome 6 (patUPD6) and genomic imprinting
have been established, but because of the rarity of
maternal UPD of chromosome 6 (matUPD6). clin-
ical features have not yet been established. Here,
we report a patient with a homozygous mutation
m CULY due to a maternal iUPD of chromosome
6 (mat-iUPD6).

Materials and methods
Clinical report

A Japanese male patient with 3M  syndrome
was examined in this study. The patient was

(a) (b)

Maternal iUPD and hUPD on chromosome 6

delivered by caesarean section at 36 weeks of
gestation without a family history of 3M syndrome
(Fig. la). His birth weight was 1000 g (—4.8 SD).
length 33.0 cm (—6.8 SD). head circumference
30.2 cm (—~1.5 SD), and Apgar score 7/9. Feeding
difficulty was noted during the neonatal period.
He remained in a neonatal intensive care unit for
2 months and was referred to our group because
of developmental delay and muscle hypotonia
at 4 months. The patient displayed anomalies
including hypospadias, inguinal hernia. hydrocele
testis, inverted triangular gloomy face, malar
hypoplasia. long eyelashes, epicanthal folds, short
nose. anteverted nares, full lips. long philtrum,
pointed chin, short chest, grooved lower anterior
thorax. hypermobility of joints, and slender long
bones (Fig. la.b). Mild ventricular enlargement
was observed by neuroradiological studies. His
growth was severely retarded.

At 2 years 9 months. his height, weight, and
head circumference were 69.3 cm (—4.6 SD),
6.8 kg (—6.7 SD). and 48 cm (—1.2 SD), respec-
tively. His head size was disproportionately large
compared to his height. Thus the patient was diag-
nosed as suffering from 3M syndrome. He could
understand simple sentences. but could not speak
nor sit alone. Partial growth hormone (GH) defi-
ciency was noted. GH replacement therapy was
started from 2 years. GH was effective without
side effects. At 5 years. his height and weight were
84.8 cm (—=5.9 SD) and 10 kg (=3 SD), respec-
tively. He was moderately mentally retarded.

(c)

Fig. I. Facial and skeletal features of the patient at 2 years 7 months of age. (a) Note the inverted triangular gloomy face, short
nose. full lips, and long philtrum. (b) Note the slender long bones. (¢) Electropherograms of the patient and parents. DNA sequence
showing a single base change substituting cytosine for guanine. which results in p.R992P, in the patient. M. mother: P. patient:

and F. father.
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Conventional cytogenetic studies and FISH analysis

We obtained blood samples under written informed
consent for participation in this swudy. Con-
ventional cytogenetic examination of G-banded
chromosomes from peripheral blood lymphocytes
was performed. We also performed Huorescence
in situ hybridization (FISH) analysis on lympho-
cyte metaphase spreads from the patient using two
Bacterial Artificial Chromosome (BAC) clones
containing CUL7, RP11-628J2 and RP11-653G5.
as probes.

Genomic sequencing

Genomic DNA was extracted from peripheral
blood following standard protocols. For muta-
tion analysis. we designed primers to amplify
all the coding exons of CUL7 and the flank-
ing intron sequences. Direct sequencing was car-
ried out using a BigDye Terminator v3.1 Cycle
sequencing Kit™ and separated on a Genetic
Analyzer 3130x! (Applied Biosystems Inc.. Fos-
ter City. CA). Sequence electropherograms were
aligned with SEQUENCHER™ software (Gendcodes.
Ann Arbor, MI) to visually inspect base alterations.

Microarray analysis

We performed genome-wide single nucleotide
polymorphism (SNP) genotyping using Genome-
Wide Human SNP Array 6.0 (SNP6.0) following
the manufacturer’s instructions (Affymetrix, Santa
Clara, CA, http://www.affymetrix.com/index.affx).
The data generated from Genotyping Console
(GTC) 4.0 were loaded into CHROMOSOME ANAL-
vsis SUITE (CHAS) 1.0.1 software to display the
results. We carried out UPD analyses of the patient
using genotype data in trio. Genomic positions
of SNPs corresponded to the March 2006 human
genome (hgl8).

Results
Genomic sequencing

We sequenced all 26 coding exons and flanking
intronic regions of the CUL7 gene. which spans
a genomic region of approximately 16.3 kb. in
the family. In the patient. we detected a homozy-
gous missense mutation (¢.2975G>C) in exon 15,
which resulted in the substitution of proline for
arginine at amino acid residue 992 (p.R992P)
(Fig. 1c). The mother was a heterozygous car-
rier of the mutation. whereas the father was
homozygous for the wild-type allele (Fig. 1c). The
p.R992P mutation was not detected in 100 unre-
lated control individuals.
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Conventional and molecular cytogenetic analyses

G-banding and FISH analysis at the CUL7 locus
showed a normal karyotype in the patient and the
parents with no microdeletion at CUL7 locus in
the patient (data not shown).

Microarray analysis

To confirm paternity, and to find a small size
deletion. we performed SNP6.0 analysis. However.
no copy number variations (CNVs) were identified
in the region containing both CULY and OBSL]
genes (Fig. 2a). The other variants overlap with
reported regions of CNVs in the Database of Geno-
mic Variants (http://projects.tcag.ca/variation) or
were transmitted from the parents (data not
shown).

To confirm matUPDG6 in the patient. we exam-
ined the genotypes of the patient/father/mother
trio. The results using informative markers indi-
cated that there were two maternal heterodisomic
regions (hUPD6-1 and hUPD6-2) and two mater-
nal isodisomic regions (iIUDP6-1 and iUPD6-2) in
chromosome 6. respectively (Fig. 2 and Table 1).
The results indicated that the patient had inher-
ited two alleles from his mother, but none from
his father, in chromosome 6. The final karyo-
type of this patient was 46.XY,upd(6)mat and arr
6p25.3p22.3(110,391-16,287.166)x2 htz mat.6p
22.3q12(16,290,223-65.796.893)x2 hmz mat,6q
12g25.1(65.799.990-150.517.779)x 2 htz mat,6q
25.1g27(150.518,012-170,759.956)x 2 hmz mat.

Discussion

We identified a causative homozygous mutation in
CUL7 in a patient with 3M syndrome. The results
clearly indicate that mat-iUPD6 involving a mutant
allele of the CUL7 gene caused 3M syndrome in
the patient.

matUPD6 is relatively rare and seven cases
have been reported. The first case was a renal
transplant patient who showed growth retardation
at birth and mat-iUPDG6 (12). The second case
was a patient with congenital adrenal hyperplasia
(CAH) resulting from a homozygous mutation
in the 21-hydroxylase gene (CYP2]), and had
intrauterine growth retardation (JUGR) and mat-
1UPD6 (13). The third case was a macerated male
fetus from a pregnancy terminated at 23 weeks of
gestation because of intrauterine death. The patient
showed a mosaic trisomy 6 (14). The fourth case
was a male patient with two clinical phenotypes.
Klinefelter’s syndrome and CAH. His karyotype
was mosaic 48 XXY. +mar[30}/47.XXY[20] and
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Fig. 2. SNP6.0 data. (a) Plots of the SNP6.0 data displayed in ChAS 1.0.1 showing the log2 ratio plot of copy number state,
allele difference plot, and loss of heterozygosity (LOH) segment (purple box) (P, patient; M, mother; and F, father). (b) The allele
difference graph represents the genotypes for each individual single nucleotide polymorphism (SNP). Dots with a value of 1, —1.
and 0 represent SNPs with AA, BB, and AB genotypes, respectively. A vertical dashed line indicates the CUL7 locus. (¢) The LOH
segment plot indicates nine LOH regions on chromosome 6. iUPD6-1 and iUPDG6-2 denote the regions of uniparental isodisomy
(red box). hUPDO6-1 and hUPD6-2 denote the regions of uniparental heterodisomy (blue box). The genotypes on chromosome 6
indicate maternal heterodisomy or isodisomy in the affected offspring [only the uniparental disomy (UPD) markers are displayed].

Table 1. Examination of SNPs from a patient/father/mother trio?

hUPD6-1 iUPDB-1 hUPDB-2 UPD6-2
Genotype of trio iUPD AA/BB/AB 0 534 0 318
(patient/father/ BB/AA/AB -0 576 3 304
mother) : AA/BB/AA 178 543 605 272
UPD or huPD BB/AA/BB 196 506 563 262
Share 'geno’iype iUPD or hUPD AA/AA 2,812 5,897 9,716 3,009
(patient/mother) BB/BB 2,799 5,785 9,657 2,919
hUPD AB/AB 1,699 19 6,384 12
Total of share genotype 7,310 11,701 25,857 5,940
Share genotype rate (%) 99.82 78.20 99.89 73.31
Total SNP probe 7,323 14,963 25,684 8,103
Start SNP rs4959515 rs9370869 rs9354209 rs9384189
Start position 110,391 16,290,223 65,799,990 150,518,012
End SNP rs9477050 rs9453156 rs7765984 rs6931065
End position 16,287,166 65,796,803 150,517,779 170,759,956
Size (bp) 16,176,776 49,506,671 84,717,790 20,241,945
Cytoband p25.3-p22.3  p22.3-q12 q12-g25.1 g25.1-gq27

hUPD, uniparental heterodisomy; iUPD, uniparental isodisomy; iUPD or hUPD, UPD could not be defined as isodisomy or
heterodisomy; SNP, single nucleotide polymorphism.

“Each row contains information on each matUPDB inheritance block identified by trio haplotype analysis.
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both the X chromosome and chromosome 6
showed maternal iUPD. This case also was notable
for IUGR and growth retardation at § months of
age (15). The fifth case was a fetus with TUGR
at 29 weeks of pregnancy from a 45-year-old
patient. The case was ascertained as trisomy 6
mosaicism in cultured chorionic villi but disomy
in amniocytes; analysis of DNA markers in
amniocytes and parental samples revealed mat-
itUPD6 in disomy cells (16). The sixth case was a
male infant with molybdenum cofactor deficiency
who showed developmental delay. SNP analysis
with the trio revealed that at least 6p21.1-6p24.3
were mat-iUPD6, but not another region were
remain unclear (17). The seventh case was a
patient with cleft lip and palate, and showed
a complete maternal hUPD on chromosome 6
(mat-hUPD®6). This case had no notable TUGR
in the serial ultrasound examination (18). Taken
together, IUGR and growth retardation were found
in the cases with mat-iUPD6 (12, 13, 15-17),
while these were not found in cases with mat-
hUPD6 (14, 18). The IUGR and growth retardation
in cases of mat-iUPD6 may be the result of
homozygosity of chromosome 6. On the basis of
these reports, no clear maternal imprinting effect
of chromosome 6 can be established; however,
recently, a complete gain of methylation phenotype
at insulin-like growth factor 2 receptor was shown
in patients with growth restriction (19).

The patient with homozygous mutation in CUL7
and matUPD6 had clinical features compatible
with 3M syndrome. However, the patient dis-
played certain features that have not been previ-
ously reported among patients with CUL7 muta-
tions such as mild mental retardation, inguinal
hernia, hydrocele testis, and mild ventricular
enlargement (7, 8, 20). Mild mental retarda-
tion is an especially characteristic phenotype in
our case because most patients with 3M syn-
drome have normal intelligence. It is difficult
to determine whether matUPD6 had a signifi-
cant role in the development of certain feature in
our case.

Here we report a case of 3M syndrome with
a homozygous mutation that resulted from mater-
nal iUPD, including the CUL7 gene. Although
complete paternal or maternal UPD for chromo-
some 6 has previously been reported, this is the
first report of a patient with 3M syndrome who
has a mixture of mat-hUPD6 and mat-iUPD6
regions. Our results emphasize that UPD should
be considered possible mechanism for developing
the autosomal recessive disorders including 3M
syndrome.
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Molecular and Clinical Analysis of Japanese Patients
with Persistent Congenital Hyperinsulinism:
Predominance of Paternally Inherited Monoallelic
Mutations in the K, Channel Genes

Tohru Yorifuji, Rie Kawakita, Shizuyo Nagai, Akinori Sugimine, Hiraku Do,
Anryu Nomura, Michiya Masue, Hironori Nishibori, Akihiko Yoshizawa,
Shinya Okamoto, Ryuichiro Doi, Shinji Uemoto, and Hironori Nagasaka

Department of Pediatric Endocrinology and Metabolism (T.Y.), Osaka City General Hospital, Osaka
543-0021, Japan; Departments of Pediatrics (T.Y., R.K., S.N., A.S., H.D., A.N.), Diagnostic Pathology
(A.Y.), and Surgery (5.0., R.D., S.U.), Kyoto University Hospital, Kyoto 606-8507, Japan; Departments of
Pediatrics (M.M.) and Radiology (H.N.), Kizawa Memorial Hospital, Gifu 505-8503, Japan; Department of
Pediatrics (H.N.), Takarazuka City Hospital, Takarazuka 665-0827, Japan

Background: Preoperative identification of the focal form of congenital hyperinsulinism is impor-
tant for avoiding unnecessary subtotal pancreatectomy. However, neither the incidence nor the
histological spectrum of the disease is known for Japanese patients.

Aims: The aim of the study was to elucidate the molecular and histological spectrum of congenital
hyperinsulinism in Japan.

Subjects: Thirty-six Japanese infants with persistent congenital hyperinsulinism were incdluded in the study.

Methods: All exons of the ATP-sensitive potassium channel (K,yp channel) genes (KCNJ77 and
ABCC8), the GCK gene, and exons 6 and 7 and 10-12 of the GLUDT gene were amplified from
genomic DNA and directly sequenced. In patients with K1, channel mutations, the parental origin
of each mutation was determined, and the results were compared with the histological findings
of surgically treated patients. In one of the patients with scattered lesions, islets were sampled by
laser capture microdissection for mutational analysis.

Results: Mutations were identified in 24 patients (66.7%): five in GLUDT and 19 in the K ,1p channel
genes. Sixteen had a paternally derived, monoallelic K4 1p channel mutation predictive of the focal
form. In 10 patients who underwent pancreatectomy, the molecular diagnosis correctly predicted
the histology, more accurately than [18F]-3,4-dihydroxyphenylalanine positron emission tomog-
raphy scans. Three patients showed focal lesions that occupied larger areas of the pancreas. Pref-
erential loss of the maternal allele was observed in these islets.

Conclusion: The majority of the Japanese patients with K, channel hyperinsulinism (84.2%)
demonstrated paternally inherited monoallelic mutations that accurately predicted the presence
of the focal form. {J Clin Endocrinol Metab 96: E141-E145, 2011)

genes, ABCCS or KCNJ11, which code for the two sub-
units of the pancreatic ATP-sensitive potassium (K 1p)
channel. The second most common is an activating mu-

Persistent congenital hyperinsulinism is the main cause
of prolonged hypoglycemia in infancy. The most
common etiology is an inactivating mutation in one of two
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tation in the glutamate dehydrogenase (GLUD1) gene,
which is found in cases of hyperinsulinemia-hyperam-
monemia syndrome followed by an activating mutation
in the glucokinase (GCK) gene with a much rare inci-
dence (1).

Because severely affected infants often experience pro-
found neurological sequelae (2, 3), appropriate manage-
ment of hypoglycemia is critically important. Infants re-
sistant to medical treatment usually undergo subtotal
pancreatectomy. Although the procedure is often effective
at controlling hypoglycemia, residual hypoglycemia is not
uncommon, and many of the infants develop insulin-de-
pendent diabetes mellitus postoperatively (1, 4).

Notably, the recognition of the focal form of persistent
congenital hyperinsulinism has changed clinical practice
because precise pre- and intraoperative identification of
focal lesions allows us to perform a partial resection of the
pancreas, leading to a complication-free cure (1, 3, 6).

Focal lesions are found in individuals with a paternally
inherited, monoallelic K 4 1p channel mutation (5-7). Sub-
sequent somatic loss of the maternal allele {most likely
caused by paternal isodisomy) leads to a loss of the
activities of the K p channel and the adjacent tumor
suppressors (H19 and CDKN1C) normally expressed
by the maternal allele. These cells gain a growth advan-
tage eventually forming a focal lesion of insulin-over-
producing B-cells (8).

It has been reported that approximately 40% of pa-
tients with K,vp channel hyperinsulinism have monoal-
lelic mutations (9, 10) and that up to 40-60% of surgi-
cally treated patients have the focal form (1, 6, 7).
However, to date, neither the incidence of focal lesions nor
the clinical spectrum of persistent congenital hyperinsu-
linism has been reported for Asians.

In this study, we performed a comprehensive muta-
tional analysis of Japanese patients with this disorder and
correlated the results with the histology of surgically
treated patients,

Subjects and Methods

Subjects

The study subjects were 36 Japanese infants with persistent
congenital hyperinsulinism. The inclusion criteria were as fol-
lows: 1) a plasma insulin level of greater than 3 pU/ml in the
presence of hypoglycemia [plasma glucose < 45 mg/dl (2.5
mmol/liter)}, 2) hypoglycemia lasting beyond 3 months of age,
and 3) the absence of insulinoma. The patients were born in
2005-2010 except for those with hyperinsulinemia-hyperam-
monemia syndrome who were recruited over a longer period
(born in 1999-2009). For mutational analysis, written informed
consent was obtained, and the study protocol was approved by
the institutional review board.

J Clin Endacrinol Metab, January 2011, 96(1):E141-E145

Mutational analysis

Genomic DNA was extracted from peripheral blood leu-
kocytes using a QIAmp DNA blood kit (QIAGEN, Hilden,
Germany) as recommended by the supplier. Then all exons
and the exon-intron boundaries of the KCNJ11, ABCCS, and
GCK genes were amplified from genomic DNA. For the
GLUDI gene, only exons 6 and 7 (the antenna domain) and
exons 10~12 (the GTP binding domain) were amplified be-
cause previously reported mutations were exclusively found in
these regions. The amplification conditions and the sequences
of the primers are available as supplemental data, published
on The Endocrine Sociery’s Journals Online web site at hetp:/
jeem.endojournals.org. The amplified products were purified
using the Wizard PCR Preps DNA purification system (Pro-
mega, Fitchburg, WI) and directly sequenced using the BigDye
Terminator cycle sequencing kit (version 3.1; Applied Biosys-
tems, Foster City, CA).

Deletion mutations that might not have been detected by the
PCR-sequencing strategy described above were analyzed by mul-
tiple ligation-dependent probe amplification (MLPA) of all 39
exons of the ABCC8 gene. The analyses were performed using
SALSA MLPA kit P117 (MRC Holland, Amsterdam, The Neth-
erlands) as recommended by the manufacturer.

[18F]-3.4-dihydroxyphenylalanine (DOPA) positron
emission tomography (PET)

[18F]-DOPA PET studies were performed at the PET facility
of Kizawa Memorial Hospital basically, as described by Ribeiro
et al. (11). The scan results were fused with those of a computed

tomography scan taken at the same time to localize the focal
lesion more accurately.

Laser capture microdissection (LCM)

The scattered islets of patient 10 were sampled by LCM using
the PixCell Ile LCM system (Arcturus, Mountain View, CA).
DNA was extracted from the pooled islets using a FASTPURE
DNA kit (Takara-bio, Ohtsu, Japan). DNA extracted from a
normal pancreatic area on the same slide was used as the control.

Results

Patient profiles and mutations

The profiles of the patients and the results of the mu-
tational analyses are listed in Table 1. In patients with
elevated ammonia at the initial presentation, only patients
1-5 showed persistent hyperammonemia. Those five had
mutations in GLUD1. Of the remaining 31 patients, mu-
tations were identified in 19 (61.3%): 18 in ABCCS, one
in KCNJ11, and none in GCK. No exonic deletions were
identified by MLPA, and the four novel missense muta-
tions were not found in 100 normal controls. p.RE36X
and p.R998¥ in ABCCS8 were identified in five and three
unrelated patients, respectively, possibly representing rel-
atively common mutations in Japanese.

Interestingly, of these patients with K, 1p channel mu-
tations, only two had biallelic mutations, whereas the
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TABLE 1. Profiles of the patients with mutations
Mutation
Glucose tnsulin A i
Patient {mg/dl) {pU/iml) {po/dl) Previously Parental  Medical
no. Gender Onset [mmol/liter] [pmol/liter] [pmol/liter] Gene cDNA Protein reported origin  treatment
1 F 9 months 38[2.1] 4.8[33] 83 {49] GLUDT  ¢.661C>T p.R221C yes ND FD
z M 7 months 30[1.7] 3[21} 132 {771 GLUDT  c797A>G p.Y266C yes ND F.D
3 F 3 months 29[1.6] 4 (28] 246 {144]  GLUDT  c.1336G>A p.G446S Yes ND F,D
4 M 10 months <45 2.5} 7.7 53] 154 [90] GLUDT  ¢1229A>G p.N410S No ND FD
5 M od 10[0.6} 10 [69] 250{147]  GLUDT  ¢.1229A>C p.N410T Yes ND F,D
6% F 2d 31117} 30.2 {210} 78146} ABCC8  ¢.382G>A ¢.3748C>T p.E128K p.R1250X Yes, Yes Biparental
7 ™M 2d 5{0.3} 7.5(52] 131 (77} ABCC8  ¢.2506C>T ¢.4575_4587del13  p.R836X p.M1524Mfs1539X  Yes, No Biparental F, 0
8 M od <45[2.5} 11(76] 5834} ABCCE  c.4516G>A p.E1506K Yes Mat F,D
92 F 1 month «<20[1.1] 42.4 (294} NA ABCC8  ¢.2506C>T p.RB36X Yes Pat
10 M 2d 10[0.56] 235[163} NA ABCC8  c4412-13G>A — Yes Pat
119 F od 3311.8] 46.6 [324} 79146} ABCC8  ¢.3745G>T p.V1249F No Pat
128 F 3 months 20(1.1) 5.16 {36] 78 [46] ABCC8  ¢.2992C>T p.R998X Yes Pat
137 F od 23(1.3] 101 {701} 45 {24] ABCC8  c.4608 + 1G>A — No Pat
14° M od 22[1.2) 22.7[158] 75 [44] ABCC8  ¢.2992C>T p.RO9EX Yes Pat
159 M 5 months 33(1.8) 5.42 {38] NA ABCC8  ¢.2992C>T p.RAGBX Yes Pat
16° M 0d 28(1.6) 38.7 {269] 66 [39] ABCC8  ¢.331G>A p.GITIR Yes Pat
17 F 2 months 15(0.8] 9.9(69] 20{53] ABCC8  ¢.B1_62insG p.V21Gfs88X No Pat F,O
18 M od 19.6[1.1] 44 {306] 79 [46] ABCC8  ¢.2506C>T p.R836X Yes Pat F,0
19 F 7 months 35[1.9] 11.2 {78} 97 [57] ABCC8  ¢2506C>T p.R836X Yes Pat FO
20 M 4 months <45 [2.5] 7.5{52] 84 [49] ABCCE  ¢.3928_3929insG p.A1310Gfs1405X No Pat F,0
21 M 2d 38(2.1] 3.4124) 91 [53] ABCC8  c4186G>T p.D1396Y No Pat F
22 F 0d 9[0.5] 22 [153] NA . ABCC8 ¢.2506C>T p.R836X Yes Pat F,O
23 M 2d 0{0} 17.3{120] 317[186] ABCC8 c.4412-13G>A — Yes Pat F.D
24¢ M 0d 3311.8) 2191152} 75 (44] KCNITT  c837G>A p.A2137 No Pat

The clinical data are those at the initial presentation. Of the medically treated patients with monoallelic, paternally inherited K ,rp channel
mutations (patients 17-23), none reported a family history of hypoglycemia. F, Frequent feeding; D, diazoxide; O, continuous sc injection of
octreotide; M, male; F, female; Pat, paternal; Mat, maternal; NA, not available; ND, not determined.

“? Patients who underwent surgery.

other 17 had monoallelic mutations. Furthermore, 16 of
17 of the mutations were of paternal origin. The single
maternally inherited mutation was identical to a mutation
previously reported by Huopio ef al. (12) as a mutation
causing hyperinsulinism in infancy and diabetes mellitus
in adulthood. In fact, the mother of the patient developed
diabetes at the age of 13 yr, and the maternal grandmother
developed a mild form of diabetes during adulthood.
Therefore, from the results of the mutational analyses, the
incidence of a paternally inherited monoallelic mutation
suggesting the presence of a focal lesion appears to be
much higher in Japanese (84.2% of K s1p channel hyper-
insulinism cases).

Clinical studies and LCM studies

None of the patients with paternally inherited K rp
channel mutations responded to diazoxide except for pa-
tient 23 who partially responded at the maximal dose of 25
mg/kg - d. Pancreatectomy was performed on 10 patients
who were resistant to medical therapy, one with a biallelic
ABCCS mutation (patient 6) and nine with monoallelic
paternally inherited mutations, eight in ABCCS (patients
9-16),and onein KCNJ11 (patient 24). [18F]-DOPAPET
scans were performed in all patients preoperatively. The
patient with the biallelic mutation (patient 6) showed typ-
ical diffuse uptake. Of the nine patients with monoallelic
mutations, four showed a single focal uptake pattern (pa-
tients 9, 12, 15, and 16); two (patients 14 and 24) showed
multifocal uptake; and the other three (patients 10, 11,

and 13) showed irregular uptake throughout the pancreas,
which was difficult to distinguish from that o diffuse le-
sions. The six patients with focal or multifocal uptake
underwent partial resection of the pancreas. Histological
examination revealed a single focal lesion in these patients.
Five were almost completely cured, and one showed re-
sidual but milder hypoglycemia. Of the three patients who
demonstrated irregular uptake during the PET study, two
underwent subtotal pancreatectomy because their intra-
operative findings did not rule out the presence of diffuse
lesions. In one of these two patients (patient 13), postop-
erative histology revealed a large focal lesion in the tail and
the body of the pancreas. In the other patient (patient 11),
abnormal islets were found throughout the pancreas.
The presence of normal islets in part of the pancreas
suggested the diagnosis of a giant focal lesion. In the
third patient (patient 10) with irregular [18F]-DOPA
uptake (Fig. 1B), an arterial stimulation venous sam-
pling study suggested the presence of a lesion in the body
or the tail of the pancreas (Fig. 1A). Intraoperatively, no
focal lesion could be identified by inspection or palpa-
tion. Although the margins of the lesion could not be
clearly determined, partial resection was performed at
2.5 cm from the tail. This patient was also clinically
cured after surgery. Postoperative histology revealed
scattered, relatively large islets with a diameter of up to
700 pm clustered within the tail and the body. Each islet
appeared to be separated by normal acinar cells, and no



