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Abstract

Background Autosomal dominant mutations in paired box
gene 2 (PAX2), on chromosome 10q24, are responsible for
renal coloboma syndrome (RCS). The role of PAX2 in
glomerular basement membrane (GBM) formation and
maintenance remains unknown.

Case-diagnosis We report a case of a 13-year-old Japanese
girl who had both optic disk coloboma and renal insuffi-
ciency. Her father and sister also had both coloboma and
renal dysfunction. Renal pathological findings revealed a
basket-weave pattern of the GBM, which was compatible
with Alport syndrome, but type IV collagen o5 staining was
normal. The patient’s findings of coloboma and renal dys-
function suggested that she had RCS, and genetic analysis
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revealed a P4X2 heterozygous mutation in exon 2 (¢.76dup,
p.Val26Glyfsx27) without any mutations of COL4A43,
COL4A44, and COL4A45, which are responsible for autoso-
mal and X-linked Alport syndrome.

Conclusions PAX2 mutations may result in abnormal GBM
structure.

Keywords Renal-colombia syndrome - PAX2 - Glomerular
basement membrane - Type IV collagen - Podocyte

Introduction

Renal-coloboma syndrome (RCS, OMIM 120330) is a rare
autosomal dominant disorder associated with paired box
gene 2 (PAX2, 10q24) heterozygous mutations [1]. PAX2
is a nuclear transcriptional factor and is highly conserved
among species [2]. In the fetal period, PAX2 is expressed in
the otic and optic vesicles, spinal cord, hindbrain, meso-
nephros, and metanephros in the embryonic kidney. PAX2 is
one of the central regulators for early-stage kidney develop-
ment, but the precise mechanisms of PAX2 for kidney
development have not been fully clarified. RCS is charac-
terized by ocular and renal abnormalities. Renal malforma-
tions include hypoplasia, dysplasia, vesicoureteral reflux
(VUR), multicystic dysplastic kidney, and horseshoe kidney
[3]. Renal histopathological findings in RCS have been
reported, including oligomeganephronia that is induced by
a reduction in nephron number in the RCS kidney. However,
there are no previous reports of obvious glomerular base-
ment membrane (GBM) changes as evaluated by electron
microscopy. We report here for the first time remarkable
GBM changes with RCS due to PAX2 mutation, which are
similar to those found in Alport syndrome.

@_ Springer



Pediatr Nephrol

Case report
Patient 1

A 6-year-old Japanese girl visited our hospital because of
mild proteinuria. We found that she also had bilateral optic
disk coloboma (Fig. la). At the age of 13 years, laboratory
findings showed that her blood urea nitrogen (BUN) level

Fig. 1 Fundus photographs
from patient 1 (a): bilateral
optic discs are enlarged. Renal
pathological findings in patient
1 (b-¢): Light microscopy
shows that the number of
glomeruli is small (b), periodic
acid-methenamine-silver
(PAM) staining, original
magnification x100, scale
bar=100 pm), but hypertrophy
or proliferative lesions cannot
be seen in the glomeruli (¢),
periodic acid-Schiff (PAS)
staining, original magnification
%400, scale bar=30 pm).
Electron microscopy shows
thickening, which is compatible
with a basket-weave appearance
in the glomerular basement
membrane (GBM) in patient |
(d) and patient 2 (e). GBM
findings are similar to a
genetically confirmed case of
Alport syndrome by COL4A3
homozygous mutation (f)
(original magnification x5,000,
scale bar=2 pum). Genetic
analysis (g) shows that both
patients have a PAX2 mutation
(c.76dup)
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was 26 mg/dl, serum creatinine (SCr) level was 0.97 mg/dl,
and creatinine clearance (CrCl) was decreased to 59.1 ml/
min/1.73 m?. Urinary protein was slightly increased (0.3 g/
day), especially urinary 32 microglobulin (1,000 pg/l, nor-
mal range <230 pg/l), but she had no hematuria. Ultraso-
nography revealed left renal atrophy (kidney size 64x
35 mm), but the right kidney size was normal (81x
37 mm). Her eye and renal abnormalities were compatible

| The potient 1 |
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{The patient 2 |
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with RCS, but the precise cause of her renal insufficiency
was unknown.

Patient 2

Patient 2 is patient I’s elder sister, and she had left renal
atrophy detected soon after birth. At the age of 4 months,
eye abnormalities including optic disk coloboma and mac-
ular hypoplasia were found. At the age of 10 months, mild
proteinuria (0.4 g/day) and VUR were detected, and at the
age of 5 years, she received a surgery for VUR. However,
her proteinuria did not disappear and her renal function
deteriorated. She had a renal biopsy performed at the age
of 6 years, and electron microscopy showed that the glo-
meruli had diffuse thickening accompanied by a basket-
weave formation of the GBM, which was compatible with
Alport syndrome. She was diagnosed with Alport syndrome
on the basis of renal histological findings; however, hema-
turia never appeared during her course, and genetic analysis
was not performed at that time.

Family history

The patients’ father also had coloboma and renal failure, but
his funduscopic findings and cause of his renal dysfunction
were unknown because he died after receiving four renal
transplantations. The paternal grandfather had left renal
atrophy, but his renal function was preserved and he did
not have coloboma. Others in the family showed no renal
disorder. None of their relatives had hearing loss.

Renal histology and genetic analysis

To confirm the cause of renal insufficiency, we performed
renal biopsy in patient 1. Light microscopy findings showed
that the kidney was oligonephronic but not enlarged
(Fig. 1b, ¢). Immunofluorescent staining showed no signif-
icant abnormalities. Electron microscopy showed thickening
and thinning of the GBM (Fig. 1d), similar to patient 2
(Fig. le). The patients’ GBM findings are similar to a
genetically confirmed case of Alport syndrome (Fig. 1f).
The eye abnormality, oligonephronic kidney, and family
history indicated that patient | suffered from RCS. To con-
firm this diagnosis, we performed genetic analysis of P4X2
for both patients and their paternal grandfather after obtain-
ing informed consent. We detected a ¢.76dup heterozygous
mutation in exon 2 of PAX2? (Fig. 1g) in the siblings but not
the grandfather. This frameshift mutation induces an amino
acid change from valine to glycine and introduces a prema-
ture stop codon (p.Val26Glyfsx27). To exclude the possibil-
ity of complicating Alport syndrome, we performed type IV
collagen staining of glomeruli for patient 1 and observed
that the a5 chain [x5 (IV)] staining pattern was normal.
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Furthermore, we sequenced the genes COL4A44 (2q35-q37),
COL4A3 (2q36-q37), and COL4AS (Xq22), which are re-
sponsible for autosomal recessive, dominant, and X-linked
Alport syndrome. No mutations or significant variants were
detected in either patient. Based on the presence of a het-
erozygous PAX2 mutation in both patients with normal
immunohistochemistry for «5 (IV) and the absence of sig-
nificant sequence variation in any of the genes encoding
type IV collagen proteins found in the GBM, we concluded
that the GBM changes resulted from PAX2 haploinsuffi-
ciency in our patients.

Discussion

We identified that our patients had a P4X2 heterozygous
mutation in exon 2 (¢.76dup, p.Val26Gly fsx27). Although
there is no genotype—phenotype correlation in RCS, this is
the most frequent mutation of PAX2 [4]. This frameshift
mutation leads to haploinsufficiency of the PAX2 protein.
The Pax2"™" ¥~ mutant mouse is a model of RCS that has a
heterozygote 1-bp insertion in PAX2 [5], [6], and it has been
reported that heterozygous mutations of PAX2 induce apo-
ptotic cells in the fetal kidney and reduce branching of the
ureteric bud. As a result, PAX2 heterozygous mutations
induce renal hypoplasia [7]. Oligomeganephronia is induced
by renal hypoplasia and P4X2 mutation [8], and there are
few reports regarding the association with oligomeganeph-
ronia and GBM changes [9]. Although the number of glo-
meruli in patient | was decreased, glomerular enlargement
was not observed. The causes of our patients’ renal insuffi-
ciency are unknown, but reducing renal mass may induce
this condition.

Laminin, type IV collagen o3 (a3 [IV]) chain, a4 (x4
[IV]) chain, and 5 (IV) are major components of the GBM.
Laminin is produced by both podocytes and endothelial
cells, and &3 (IV), o4 (1V), and oS (IV) originate only from
podocytes [10]. A host of transcription factors, especially
WT1 and PAX2, play a significant role in modulating podo-
cyte maturation. Although PAX2 is essential for embryonic
renal formation, a decrease in PAX2 and increase in WT1 in
the embryonic kidney are also necessary for further differ-
entiation of podocytes [11]. Therefore, PAX2 mutation may
result in abnormal GBM production in podocytes, but fur-
ther investigations are required to clarify this issue.

In conclusion, this is the first report of Alport-like GBM
changes in RCS due to PAX2 mutation. It is unknown whether
PAX2 haploinsufficiency leads to GBM changes, as observed
in the siblings in this study. Our observations may lead to an
improved understanding of the pathogenesis of RCS.

Disclosure The authors declare that they have no competing
financial interests and no funding sources to disclose.
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Pompe disease is caused by a deficiency of acid alpha-glucosidase (GAA) that results in glycogen accumula-
tion, primarily in muscle. Newborn screening (NBS) for Pompe disease has been initiated in Taiwan and is re-
portedly successful. However, the comparatively high frequency of pseudodeficiency allele makes NBS for
Pompe disease complicated in Taiwan. To investigate the feasibility of NBS for Pompe disease in Japan, we
obtained dried blood spots (DBSs) from 496 healthy Japanese controls, 29 Japanese patients with Pompe dis-
ease, and five obligate carriers, and assayed GAA activity under the following conditions: (1) total GAA mea-
sured at pH 3.8, (2) GAA measured at pH 3.8 in the presence of acarbose, and (3) neutral glucosidase activity
(NAG) measured at pH 7.0 without acarbose. The % inhibition and NAG/GAA ratio were calculated. For
screening, samples with CAA<8% of the normal mean, % inhibition>>60%, and NAG/GAA ratio>30 were con-
sidered to be positive. Two false positive cases (0.3%) were found, one was a healthy homozygote of pseudo-
deficiency allele (c.1726G>A). The low false-positive rate suggests that NBS for Pompe disease is feasible in

Keywords:

Pompe disease

Acid alpha-glucosidase
Dried blood spots
Newborn screening
Genetic polymorphism

Japan.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Pompe disease (glycogen storage disease type II) is an autosomal
recessive lysosomal storage disorder characterized by deficiency of
lysosomal enzyme acid alpha-glucosidase (GAA, EC3.2.1.20). Pompe
disease is progressive, with massive accumulation of glycogen in lyso-
somes. The clinical manifestations are variable, depending on age at
onset, range of organ involvement, and rate of progression. Patients
with infantile-onset Pompe disease have severe cardiomegaly and
generalized skeletal muscle weakness, and die before the age of
2 years old. Patients with juvenile- and adult-onset Pompe disease
have mainly skeletal muscle involvement and often progress to respi-
ratory failure [1,2].

Enzyme replacement therapy with recombinant human GAA can
be used to treat patients with Pompe disease and has been shown
to prolong survival, reverse cardiomyopathy, and improve motor
function [3-5]. The best motor function outcomes have been achieved
after early initiation of enzyme replacement therapy, which under-
scores the need for early diagnosis [4,6-8]. However, early diagnosis
of Pompe disease is difficult because of the low index of suspicion
and the lack of specificity in early symptoms. Until recently,

* Corresponding author at: Department of Laboratory Medicine, National Center for
Child Health and Development, Tokyo, Japan. Fax: +81 33 416 0181.
E-mail address: kosuga-mo@ncchd.go.jp (M. Kosuga).

1096-7192/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.ymgme.2011.09.002

dernonstration of deficient GAA activity in dried blood spots (DBSs)
was not possible because of interference from the isoenzyme maltase
glucoamylase (MGA), which is abundant in neutrophils. However, the
identification of acarbose as an effective inhibitor of MGA has permit-
ted evaluation of GAA activity in blood samples, including DBSs, on
filter paper [5,9-13]. These methods were shown to reliably identify
patients with Pompe disease in a large pilot program in Taiwan [13].

Itis reported that pseudodeficiency allele reduces GAA activity but
causes no symptoms of the disease [14,15]. Pseudodeficiency alleles
are known as ¢.1726G>A (p.G576S) variant in cis with ¢.2065G>A
(p.E689IK), also as c.[1726A; 2065A]. The alleles almost segregate to-
gether. Substitution ¢.2065G>A (p.E689K) reduces GAA activity by
50% at most. On the contrary, substitution c.1726G>A (p.G576S) re-
duces the activity to such extent that it falls into the patient range.
Pseudodeficiency allele is more frequent in Japanese population
than in other populations studied to date [14], and this may com-
plicate issue in NBS of Pompe disease with Japanese population.
According to the article of NBS in Taiwan, the presence of the GAA
pseudodeficiency alleles made NBS in Taiwan complicated [15].
Therefore, NBS may require modification to distinguish a healthy ho-
mozygote of pseudodeficiency allele from Pompe disease patients by
using a new cut-off value in the screening procedure in Japanese pop-
ulation. Herein, we report the GAA activity and presence of the se-
quence variant ¢.1726G>A (p.G576S) in the GAA gene in 520 DBSs
collected from 400 healthy Japanese newborns, 96 healthy adults,
29 patients with Pompe disease, and 5 obligate carriers.
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2. Materials and methods
2.1. Samples

DBSs (Advantec®, ToyoRoshi Kaisha Ltd., Japan) were obtained
from 29 Japanese patients with Pompe disease (two infantiles, 14 ju-
veniles and 13 adult phenotypes; age range: 3 months-67 years old),
496 healthy Japanese controls (400 newborns aged 3-5 days old, 96
adults aged 18-62 years old) and 5 obligate carriers (33-46 years
old). DBSs were dried at room temperature and stored at —20 °C in
plastic bags until analysis. Informed consent was obtained from all
subjects or family members. All samples were prepared and analyzed
in accordance with the protocols approved by the ethics committee of
the National Center for Child Medical Health and Development.

2.2. Reagents

A Big Dye Terminator kit was purchased from Applied Biosystems
(Foster City, CA, USA). Acarbose, 4-methylumbelliferone (4MU) and
4-methylumbelliferyl-aD-glucopyranoside (4MUG) were purchased
from Sigma-Aldrich (St. Louis, MO). Ampdirect™ Plus was obtained
from Shimadzu (Kyoto, Japan) and rTaq DNA polymerase was pur-
chased from Takara (Shiga, Japan). Other chemicals (all from Sigma-
Aldrich or Wako, Osaka, Japan) were of reagent grade.

2.3. Frequency of pseudodeficiency alleles

Both pseudodeficiency alleles c.[1726A; 2065A] almost segregate to-
gether. Substitution ¢.2065G>A (p.E689K) reduces GAA activity by 50%
at most. On the contrary, substitution ¢.1726G>A (p.G576S) reduces
the activity to such extent that it falls into the patient range. Therefore,
we tested for the presence of the s sequence variant only ¢.1726G>A
(p.G576S).

A 1.2-mm diameter disk from each DBS was obtained using Uni-
Core™ and placed in a sample tube, into which 10 pL. Ampdirect™ Plus
(including polymerase chain reaction (PCR) buffer and dNTPs), 0.5 units
1Taq DNA polymerase, and a set of specific primers (each 1.0 umol/L)
were added to produce a reaction mixture of total volume 20 pL. The se-
quences 5’-AGG GAG GGC ACC TTG GAG CCT G-3" and 5'-GCA GAG GCC
CCA ACC TTG TAG G-3' were designed as forward and reverse primers
for amplification of the single nucleotide polymorphism (SNP)
¢.[1726G] of the GAA allele. PCR was performed using denaturation at
95 °C for 10 min; 30 cycles of amplification with denaturation at 94 °C
for 30 s, annealing at 58 °C for 30 s and extension at 72 °C for 30's; and
final extension at 72 °C for 7 min. DNA sequencing analysis was per-
formed on amplified products by direct sequencing with the Big Dye
Terminator kit on an ABI PRISM 3100 DNA Genetic Analyzer (Applied
Biosystems).

The DBSs were also analyzed for the sequence variant ¢.1726G>A
(p.G5768S) in the GAA gene using PCR-RFLP (Restriction Fragment Length
Polymorphism). Sample preparation and PCR was performed as described
above, using the sequences 5'-AGG GAG GGC ACC TTG GAG CCT G-3' and
5-GGG AGG CGA TGG CTT CGG TCA AG-3' as the forward and reverse
primers, respectively, for amplification of the SNP ¢.[1726G] of the GAA al-
lele. For PCR-RFLP, the PCR-amplified product (5 pL) was placed in a sam-
ple tube, into which 14 pL of Neb buffer (50 nM potassium acetate,
20 mM tris-acetate, 10 mM magnesium acetate, 1 mM DTT; pH 7.9) and
1 pL of Alul enzyme were added to give a reaction mixture of total volume
20 L. This mixture was then incubated for 4 h at 37 °C.

2.4. GAA activity

For determination of GAA activity, a modified protocol based on the
fluorometric assay developed by Chamoles et al. [9] was used. Briefly, a
disk of 3.0 mm in diameter obtained from each DBS by Uni-Core™ was
placed in a sample tube and 360 pL of water was added, followed by
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gentle mixing for 1 h at 4 °C on a rocking platform. A 70 mM stock solu-
tion of the synthetic substrate 4MUG in dimethyl sulfoxide (Wako) was
prepared in advance. Substrate solutions consisting of 1.4 mM 4MUG at
pH 3.8 and pH 7.0 were prepared in 40 mM aqueous sodium acetate
buffer and 40 mM sodium acetate buffer, respectively. Enzyme reac-
tions at pH 3.8 and pH 7.0 were carried out in 50 pL of substrate solu-
tion, 10 pL of deionized water, and 40 pL of DBS extract. For enzyme
reactions in the presence of an inhibitor, the water was replaced with
10 L of 2.7 uM acarbose. These reagents were incubated for 20 h at
37 °C with covering with sealing film (Sumitomo Bakelite Co.). The
DBS extract for blanks was incubated separately and combined with
the other reagents at the end of the incubation period, immediately fol-
lowed by addition of 200 pL of 150 mM ethylene diamine triacetic acid
(EDTA) (pH 11.5) to all wells.

A 4MU standard curve was prepared on every plate by mixing
aqueous standards (100 pL per well) in the range 0.00 to 3.13 1M
with EDTA solution (200 pL per well). Eight different standards per
curve were used in duplicate. The relative fluorescence (excitation
355 nm, emission 460 nm) of each well was measured using a Wallac
1420-011 Multilevel Counter (PerkinElmer, Turku, Finland). The fluo-
rescence readings were corrected for the blank and the results were
compared with the fluorescence of a 4MU calibrator. The absolute
amount of whole blood per spot cannot be determined accurately,
but is comparable among samples. Therefore, the enzymatic activities
are expressed as nmol of substrate hydrolyzed per punch per hour.

For Pompe disease screening, three assays were performed: (1) total
GAA activity (tGAA) measured at pH 3.8, (2) GAA activity measured at
pH 3.8 in the presence of acarbose, and (3) total neutral glucosidase ac-
tivity (NAG) measured at pH 7.0 without acarbose. The % inhibition
[(tGAA-GAA)/tGAA] and NAG/GAA ratio were calculated using data
from these assays.

3. Results
3.1. Frequency of pseudodeficiency allele

The presence of the sequence variant ¢.1726G>A (p.G576S) in the
GAA gene was examined in DBSs using DNA sequencing analysis and
PCR-RFLP. The results were as follows: among Pompe disease patients
(n=29), 16 (55.1%) had sequence c.1726G/G (G/G), 10 (35%) had
¢.1726G/A (G/A), and 3 (10%) had c.1726A/A (A/A); among obligate car-
riers (n=5), 3 (60%) had G/G, 2 (40%) had G/A, and among 496 healthy
controls, 332 (67%) had G/G,149 (30%) had G/A, and 15 (3.0%) had A/A.
These data are similar to those in previous reports. The A/A allele oc-
curred at a significantly higher frequency (10%) in the patients than in
controls (3%).

3.2. GAA activity

GAA activities measured with 4MU in the presence of acarbose in
DBSs were as follows. The average GAA activity in the 496 healthy
controls was 21.6 pmol/punch/h (range 1.3-63.4, Fig. 1A). The distri-
bution of GAA activity based on the frequency of the three alleles is
shown in Fig. 1B. A cut-off point for the GAA activity of 8% of the nor-
mal average (1.7 pmol/punch/h) identified 29 patients (100%), 5
healthy homozygotes of pseudodeficiency allele (33%), 1 obligate car-
rier (20%), and no healthy control without pseudodeficiency allele.

3.3. NAG/GAA ratio

The averages (range) of the NAG/GAA ratios were 5.0 (0.9-30.8) for
healthy control without pseudodeficiency allele, 25.2 (14.6-57.6) for
healthy homozygotes of pseudodeficiency allele, 22.3 (11.1-39.5) for
obligate carrier, and 89.4 (41.9-222.3) for patients with Pompe disease.
A cut-off value of 30 identified 29 patients (100%), 12 healthy
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Fig. 1. Correlation between GAA activity (pmol/punch/h) and genotype. (A) A log scale of GAA activity (pmol/punch/h) in healthy controls, obligate carriers, and patients with
Pompe disease. A cut-off point shows with red bar (1.7 pmol/punch/h). (B) GAA activity (pmol/punch/h) in G/G (no sequence variant of ¢.1726G>A in the GAA gene) G/A (hetero-
zygote sequence variant), and A/A (homozygote sequence variant) cases.

Table 1
Positive results in screening for healthy controls, obligate carriers, and patients with Pompe disease.

Cut-off point

Healthy controls (with pseudodeficiency allele)

Obligate carriers

Pompe patients

Single screening GAA (% of nM/mean) <8% 1.0% 5/496 20% 1/5 100% 29/29
(5)
NAG/GAA>30 2.4% 12/496 40% 2/5 100% 29/29
(10)
% inhibition>60 2.8% 14/496 20% 1/5 100% 29/29
(12)
Combination screening (double marker screening) % inhibition>60 1.0% 5/496 20% 1/5 100% 29/29
NAG/GAA>30
Meet the above condition (5)
Combination screening (triple marker screening) GAA (% of nM/mean) <8 0.20% 1/496 20% 1/5 100% 29/29
% NAG/GAA>30
% inhibition >60
Meet the above condition (n
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homozygotes of pseudodeficiency allele (80%), 1 obligate carrier (20%),
and 2 healthy controls without pseudodeficiency allele (0.4%) (Table 1).

3.4. % inhibition

The averages (range) for % inhibition were 38.0 (8.0-68.9)% for
healthy control without pseudodeficiency allele, 64.4 (44.7-77.6)%
for healthy homozygotes of pseudodeficiency allele, 48.7 (24.7-
64.3)% for obligate carriers, and 83.2 (71.3-97.2)% for patients with
Pompe disease. A cut-off value of 60% identified 29 patients (100%),
12 healthy homozygotes of pseudodeficiency allele (80%), 1 obligate
carrier (20%), and 2 healthy controls without pseudodeficiency allele
(0.4%) (Table 1).

3.5. Double-marker screening with NAG/GAA ratio and % inhibition

All patients with Pompe disease had a NAG/GAA ratio >30 and
% inhibition >60%. A cut-off of a combination of NAG/GAA ratio
>30 and % inhibition >60% identified 29 patients (100%), 5 healthy
homozygotes of pseudodeficiency allele (33%), 1 obligate carrier
(20%), and no healthy control without pseudodeficiency allele
(Table 1). Thus, a combination of the two cut-off values resulted
in only 6 false positive cases.

180

NAG/GAA ratio

-
o v N O
& & © &

GAA (%)
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0 30 60 90 120150180 210240
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# pseudodeficiency

» oblgate carriers

3.6. Triple-marker screening with NAG/GAA ratio, % inhibition and GAA
activity

A three-dimensional graph of GAA activity, NAG/GAA ratio and %
inhibition is shown in Fig. 2. Triple-marker screening with these pa-
rameters (GAA activity<8%, NAG/GAA ratio>30, % inhibition>60%)
decreased the number of false-positive cases to 2: one healthy homo-
zygote of pseudodeficiency allele and one obligate carrier.

3.7. Calculation of false positive rate

All Pompe disease patients, one healthy homozygote of pseudode-
ficiency allele, and one obligate carrier screened positive using our al-
gorithm of GAA activity<8%, % inhibition>60%, and NAG/GAA
ratio>30. Therefore, the false-positive rate in this retrospective
study was 0.3%, with the assumption that the frequency of patients
with Pompe disease in Japan is 0.001% and that the frequency of the
pseudodeficiency allele in Japan is 3%.

4. Discussion

This is the first report to show that mass screening for Pompe disease
in Japanese population can be performed with a false-positive rate of

60 120

%inhibition {%)

GAA (%)

& Pompe patients 0 60 120

%inhibition (%)

Fig. 2. (Center) 3D plot of combination (triple-marker) screening using the NAG/GAA ratio (Y axis), % inhibition (X axis) and GAA activity (Z axis) for healthy control without pseu-
dodeficiency allele (n= 481, blue circles), obligate carriers (n=5, green triangles), healthy homozygotes with pseudodeficiency allele (n= 15, light blue squares), and patients
with Pompe disease (n= 29, red squares). (Lower left) Relationship of GAA activity with NAG/GAA ratio. (Lower right) Relationship of GAA activity with % inhibition. (Upper) Re-
lationship of NAG/GAA ratio with % inhibition. The cut-off line was 8% for GAA activity, 30 for NAG/GAA ratio, and 60% for % inhibition as pink area.
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sequence variants
.1726G>A (p.G576S)

A/A
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h

G/G or G/A

Pompe patients

Fig. 3. Diagnostic flow-chart after a positive screen for Pompe disease in Japan.

approximately 0.3%. The improved understanding of the natural history
of Pompe disease and the efficacy of enzyme replacement therapy [3-8]
has increased the importance of mass screening. The American College of
Medical Genetics (ACMG) score of 772 points (i.e. <1000 points) was
calculated in 1968 [16], before the appearance of enzyme replacement
therapy, and at that time mass screening for Pompe disease was not con-
sidered appropriate. However, the positive outcomes of enzyme replace-
ment therapy and the development of screening methods with lower
false-positive rates suggests that this score should now be >1000 points.
Therefore, we suggest that mass screening for Pompe disease should
now be considered to be appropriate.

Screening tests for the diagnosis of lysosomal storage diseases
generally include evaluation of in vivo lysosomal enzyme activities
and the amount of stored materials. For enzyme activities of Pompe
disease, decreases in GAA activity can be measured in skeletal muscle,
fibroblast cells, purified lymphocytes, leucocytes, and dried blood on
filter paper. For stored materials of Pompe disease, accumulation of
the level of hexose tetrasaccharide (Glc4), can be measured in
urine, However, this is not disease-specific, since increased Glc4 is
also observed in diseases such as glycogen storage disease (types Il
and VI), Duchenne muscular dystrophy, and acute pancreatitis [17].
Therefore, we performed the screening based on measurement of
GAA activity in dried blood on filter paper.

We previously suggested that mass screening for Pompe disease in
Japan may be more difficult than that in other countries because of
the higher percentage of the population with the pseudodeficiency al-
lele. Very few cases with pseudodeficiency allele are found in Europe
and the United States, but diagnosis of Pompe disease in a case with re-
duced GAA activity in dried blood is still often confirmed by measuring
the enzyme activity in skeletal muscles and fibroblast cells, and by ge-
netic testing. In Fig. 3, we propose a diagnostic flowchart. If polymor-
phism analysis of p.G576S reveals the AA homozygote, the condition
may be healthy homozygotes of pseudodeficiency allele or Pompe dis-
ease patients, even if the enzyme activity is reduced. Pompe patients
can carry the pseudodeficiency alleles (consistent with our data). Not
all healthy homozygotes of pseudodeficiency allele are false positives.
Therefore, the diagnostic flowchart we presented here cannot diagnose
all Pompe disease patients, especially for patients with juvenile- and
adult-onset Pompe disease. Additional tests including sequencing anal-
ysis of GAA gene and GAA activity in lymphocyte may be necessary.
However, we still believe this method is very useful for NBS, because
in this study our main purpose is to find patients with infantile-onset
Pompe disease before the disease becomes severe and irreversible,

Neonatal screening is currently expanding worldwide. Screening for
abnormalities of amino-acid metabolism (approximately eight diseases),

organic acid metabolism (approximately eight diseases), and fatty acid
metabolism (approximately nine diseases) using tandem mass spectrom-
etry has been implemented nationwide (i.e., almost all newborns are cov-
ered as a national policy) in the United States, Canada, Germany, Austria,
Taiwan, and Singapore, and is partially implemented (i.e., implemented in
some states only, for a fee, or in the study phase) in the United Kingcom,
Italy, Spain, South Korea, China, and Argentina. This worldwide expansion
has also included screening for lysosomal storage diseases, and a method
that can simultaneously identify several diseases, including mucopolysac-
charidosis, Fabry's disease, and Pompe disease, has been developed [18].
Before the advent of enzyme replacement therapy, these diseases were
severe and progressive conditions that had no cure [19,20]. However,
the efficacy of enzyme replacement therapies has increased the impor-
tance of screening for treatable lysosomal storage diseases.

In this study, we found that mass screening could be performed
with a false-positive rate of approximately 0.3%. The results of our
study suggest that screening for Pompe disease can be successfully
implemented in Japanese population.
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Abstract

mM.7501A > G in tRNA* VN \were predicted.

awaits further study.

Background: Variants of mitochondrial DNA (mtDNA) have been evaluated for their association with hearing loss.
Although ethnic background affects the spectrum of mtDNA variants, systematic mutational analysis of mtDNA in
Japanese patients with hearing loss has not been reported.

Methods: Using denaturing high-performance liquid chromatography combined with direct sequencing and
cloning-sequencing, Japanese patients with prelingual (N = 54) or postlingual (N = 80) sensorineural hearing loss
not having pathogenic mutations of m.1555A > G and m.3243A > G nor GJB2 were subjected to mutational
analysis of MtDNA genes (125 rRNA, tRNASYUYR ignaSe e epnabys eRNATE . tRNAMACY and tRNASMY),

Results: We discovered 15 variants in 125 rRNA and one homoplasmic m.7501A > G variant in tRNA*YN: o
variants were detected in the other genes. Two criteria, namely the low frequency in the controls and the high
conservation among animals, selected the m.904C > T and the m.1105T > C variants in 125 rRNA as candidate
pathogenic mutations. Alterations in the secondary structures of the two variant transcripts as well as that of

Conclusions: The m.904C > T variant was found to be a new candidate mutation associated with hearing loss. The
m.1105T > C variant is unlikely to be pathogenic. The pathogenicity of the homoplasmic m.7501T > A variant

Background

Hearing loss manifests in more than 1 in 1000 persons
at birth, and the frequency increases subsequently to 3
in 1000 by 4 years of age [1,2]. Approximately 50 to
70% of congenital and childhood deafness is estimated
to be due to genetic mutations. In adults, the prevalence
of hereditary hearing impairment has been estimated to
be approximately 3.2 in 1000 [3]. Some of the mito-
chondrial DNA (mtDNA) genes, such as 12S rRNA,
(RNALeHUUR) - and tRNASSHEN) | are known to be
responsible for hereditary hearing loss [4]. Among them,
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National Institute of Sensory Organs, National Tokyo Medical Center, Tokyo,
Japan
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the m.1555A > G mutation in 125 rRNA is found rela-
tively frequently (0.6-16%, depending on the ethnic
group) in aminoglycoside-induced, congenital, and late-
onset nonsyndromic hearing loss [4,5]. The m.1494C >
T mutation in 12S rRNA is also associated with amino-
glycoside-induced and nonsyndromic hearing loss [6,7].
The m.3243A > G mutation in tRNA®“YUR) g ass0-
ciated with late-onset nonsyndromic hearing loss [8,9],
maternally inherited diabetes and deafness (MIDD)
[10,11], and mitochondrial myopathy, encephalopathy,
lactic acidosis, stroke-like episodes (MELAS), which fre-
quently presents with hearing loss [12,13]. The m.7445A
> C/G/T [14-16], 7472insC [17], and 7510T > C muta-
tions [18] in tRNAS"UN) are also associated with

© 2011 Mutai et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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aminoglycoside-induced, nonsyndromic, or syndromic
hearing loss.

In addition, many other variants in 125 rRNA have
been proposed to be associated with hearing loss [4].
Some variants such as m.827A > G [19,20], 961T > C
[21], 961delT + Cn [21,22], 1005T > C [22], and 1095T
> C in 128 rRNA [22-26] are not definitively related to
hearing loss, because they have been found in subjects
with normal hearing and/or are not conserved among
mammals [19,27-30]. Moreover, a variety of mitochon-
drial haplogroups often localize in specific ethnic
groups, making it difficult to determine whether the
mtDNA variants are associated directly with diseases,
indirectly as risk factors, or simply with rare subha-
plogroups [31-34]. Accumulating reports of various
novel mtDNA mutations associated with hearing loss
prompted us to evaluate these variants in patients with
hearing loss in Japan, where mtDNA mutation studies
have focused on a few limited nucleotide positions
[35,36].

A single cell contains hundreds of mitochondria, and
the mtDNA in each mitochondrion is occasionally het-
erogeneous, a feature called heteroplasmy [37]. The pro-
portion of pathogenic mutations of heteroplasmic
mtDNA is considered to be one of the reasons for the
wide range of severity of phenotypes seen in patients
with mitochondrial-related diseases, such as those
reported in the case of the m.3243A > G mutation
[38-40]. Denaturing high-performance liquid chromato-
graphy (dHPLC) is a sensitive method to detect hetero-
plasmic mutations that can be overlooked by simple
direct sequencing and comparison of the scanned peaks
or restriction fragment length polymorphism-PCR
[28,41]. In this study, we conducted a systematic muta-
tional analysis of mtDNA by dHPLC combined with
direct sequencing and cloning-sequencing in samples
from Japanese patients with hearing loss.

Methods

Subjects

Subjects with bilateral sensorineural hearing loss were
recruited by the National Tokyo Medical Center and
collaborating hospitals. Subjects’ medical histories were
obtained and physical examinations were performed to
exclude those subjects with syndromic symptoms, dis-
eases of the outer or/and middle ear, and environmental
factors related to hearing loss such as history of infec-
tious diseases, premature birth, and newborn meningitis.
Patients with a history of use of ototoxic drugs were
included in the study because these drugs are known to
be associated with mitochondrial hearing loss. Prior to
this study, the patients were confirmed not to have the
m.1555A > G and m.3243A > G mutations or not to be
diagnosed as having G/B2 -caused hearing loss, as

Page 2 of 12

assessed by restriction fragment length polymorphism-
PCR or together with direct sequencing if the heterozy-
gotic 235delC mutation was detected in GJB2 [42,43].
The 134 subjects were classified into prelingual hearing
loss (onset before 5 years old, 20 males and 34 females)
or postlingual hearing loss (onset at 5 years old or later,
31 males and 49 females) [1]. The control group con-
sisted of 137 unrelated Japanese individuals with normal
hearing as examined by pure-tone audiometry. All sub-
jects or their parents gave prior informed consent for
participation in this study. This study was approved by
the ethics committee of National Tokyo Medical Center.

Screening for mtDNA mutations by dHPLC

DNA was extracted from blood samples using the Gen-
tra Puregene DNA isolation kit (QIAGEN, Hamburg,
Germany). Initially, whole mtDNA from each patient
was amplified in three overlapping fragments (1351-
8197, 6058-12770, and 11706-2258) [44] by LATaq
DNA polymerase (TaKaRa BIO, Shiga, Japan). PCR was
conducted at 94°C for 1 min followed by 30 cycles of
98°C for 10 s and 68°C for 6.5 min. Then, using the
PCR products as templates, variants were analyzed by
the Mitoscreen assay kit (Transgenomic, Glasgow, UK).
We amplified the genes 12S rRNA, tRNA U R tRNA-
Ser(UCN)) tRNALyS, tRNAH[s’ tRNASe:’(AGY)’ and tRNAGl“,
for which mutations were reported to be associated with
hearing loss on the Hereditary Hearing Loss Homepage
[45] when the study was started. The PCR products
using primer sets MT4 (for 125 rRNA), MT6 (tRNA™**
(UURY MT10 ((RNAS"HEN) MT11 (tRNA™*), MT15
(tRNA™* and tRNAS™A%Y)), and MT18 (t(RNA®™) were
incubated with the appropriate restriction enzymes,
incubated for heteroduplex formation either with refer-
ence PCR products to detect homoplasmy or with their
own PCR products to detect heteroplasmy, then ana-
lyzed by dHPLC (WAVE system, Transgenomic) accord-
ing to the manufacturer’s protocols.

The reference mtDNA was derived from a Japanese
individual with normal hearing. Sequencing of the entire
reference mtDNA revealed 750A > G and 1438A > G
polymorphisms, and the mtDNA sequence was other-
wise comparable to the revised Cambridge Reference
sequence (AC_000021) [46,47]).

DNA sequencing

When homoplasmic or heteroplasmic variants were
detected, the PCR product was subjected to direct
sequencing by the BigDye Terminator ver. 3 cycle
sequencing kit and ABI genetic analyzer 3730 (Life
Technologies, Carlsbad, CA). To sequence 125 rRNA, an
additional nested PCR product (656-1,266) was ampli-
fied with primers F (5’-tggtcctagectttctattagetett-3') and
R (5'-tggcggtatataggctgagea-3’). To sequence tRNA®
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(UEN) " an additional nested PCR product (7,209-7,609)
was amplified with primers F (5'-atgcccegacgttactcg-3”)
and R (5'- acctacttgegetgeatgtg-3’). To determine the
proportion of heteroplasmic 1005T > C variant in the
12S rRNA, the nested PCR (656-1,266) product was
cloned and sequenced. Nested PCR was carried out by
replacing AmpliTaq Gold DNA polymerase with Pri-
meSTAR DNA polymerase, which has 3’-proofreading
activity (TaKaRa BIO), followed by the Zero Blunt
TOPO PCR cloning kit (Life Technologies). We
sequenced 54 clones derived from the proband mtDNA
and 24 clones derived from the mtDNA of each of five
siblings. Sequencing data were analyzed by SeqScape
ver2.6 (Life Technologies) and DNASIS Pro (Hitachisoft,
Tokyo, Japan). The sequencing results for each patient
were compared with the revised Cambridge Reference
sequence to identify mtDNA variants. The uniqueness
of each mutation was evaluated by comparison with the
mtSNP database [48], MITOMAP [49], and the Uppsala
mtDB database [50].

Prediction of pathogenicity of mtDNA variants

The variants were evaluated based on double selection
as proposed by Leveque and coworkers [51], with modi-
fication. Initially, we measured the frequencies of each
variant found in the controls in our study (N = 137)
and in the mtSNP database (N = 672, including: cente-
narians in Gifu, centenarians in Tokyo, type 2 diabetes
mellitus patients (without or with vascular disorders),
overweight young adult males, non-overweight young
adult males, Parkinson’s disease patients, and Alzhei-
mer’s disease patients in Japan). The variants with a fre-
quency of more than 3% in one of the groups were
considered as non-pathologic polymorphisms. We used
a frequency threshold lower than that previously used
(4%) [51] because the mtSNP database of Japanese indi-
viduals and the controls reflect the patient ethnic group
background more closely than the mtDB and therefore
requires a lower frequency threshold to exclude poly-
morphisms. The nucleotide conservation in each gene
from human and 50 mammalian species was evaluated
by ClustalW. The additional file lists the mammalian
species and the accession numbers of the mtDNA
(Additional File 1: Table S1). The variant frequencies in
the mtDB were calculated to determine if the low var-
iant frequencies measured in the controls reflect rare
haplotypes in the Japanese population and are more
common worldwide. All the variants were also analyzed
with PhyloTree (mtDNA tree Build 10) [52] to search
for previously characterized variants in haplogroups.
Pathogenicity of the variants was also evaluated by pre-
dicting the secondary structures of the mitochondrial

transcripts with or without the variant using Centroid
Fold [53,54].
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Results

dHPLC screening and subsequent direct sequencing in
the patients identified 12 homoplasmic or heteroplasmic
variants in 12§ rRNA and 1 homoplasmic variant in
tRNASMN) (Table 1). In addition, the 3 homoplasmic
variants, m.752C > T, 1009C > T, and 1107T > C in 12§
rRNA were detected in the controls by direct sequen-
cing. All the patients and the controls appeared to have
the non-pathogenic m.750A > G and 1438A > G var-
iants, as previously noted [49]. No tRNA®", tRNA**"
(UUR) s RNAD", tRNA™S, or tRNAS ™Y variants were
detected. Table 1 lists the number of patients found
with each variant, the frequencies of the variants in the
controls and among Japanese individuals with various
clinical conditions (mtSNP, N = 672), previous reports
of the variants, and the frequencies of the variants in
the mtDB. We evaluated two criteria, namely that the
frequency of the variants be < 3% in both the controls
and in the Japanese database (mtSNP) and that the var-
iant nucleotide conserved by >50% among the 51 mam-
malian species we considered [51]; based on this
analysis, two 12§ rRNA variants, m.904C > T and 1005T
> C, were selected as candidate pathogenic mutations
and subjected to further study. Although the homoplas-
mic m.7501T > A variant in tRNAS* YN did not meet
the conservation criteria, it was also subjected to further
study because several other tRNAS"™“N) mutations have
been reported to be associated with hearing loss,
whereas the m.7501T > A variant has not been studied
for its pathogenicity.

A novel homoplasmic m.904C > T variant in thel2S
rRNA was found in a 46-year-old female patient (Figure
1A). She did not possess additional mtDNA pathogenic
mutations and showed prelingual, progressive hearing
loss with tinnitus. The patient was suspected of hearing
impairment as early as 4 years old and was diagnosed
with sensorineural hearing loss at age 11. The audio-
metric examination showed mild hearing loss at low fre-
quencies and no response at 1 kHz and higher
frequencies (Figure 1B). She had no response to an
otoacoustic emission test, indicating dysfunction of the
auditory outer hair cells. The patient had no history of
treatment with ototoxic drugs and did not suffer from
any other symptoms. The siblings also suffered from
prelingual, severe hearing loss (with similar ages of
onset and severity), but their parents had normal hear-
ing (Figure 1A). The patient bore two children with nor-
mal hearing. DNA samples were not obtained from
other family members. The secondary structure of the
variant 125 rRNA predicted by Centroid Fold suggested
that substitution of C > T (transcribed as U) at position
904 of the 125 rRNA results in gross structural altera-
tion of the transcript region that includes nucleotide
positions 862 to 917, in addition to truncation of the
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Table 1 Mitochondrial DNA variants identified in this study

Gene  Mutation Homo/ prelingual HL  Late-onset HL Controls freq in Japanese freq in conservation  Previous mtDB¢ freq in
heteroplasmy (N = 54) (N = 80) (N = 137) controls (%) (N =672)" Japanese (%) index® report® (N =2704) mtDB (%)
125 663A > G homoplasmy 3 5 2 15 48 7.1 29/51 yes 86 32
TRNA

709G > A homoplasmy 7 7 12 88 125 186 19/51 yes 444 164

750A > G homoplasmy 54 80 137 100.0 no data no data 49/51 yes 2682 96.7

752C > T  homoplasmy 0 0 9 6.6 17 2.5 44/51 yes 20 0.7

827A > G homoplasmy 4 3 3 22 25 37 48/51 yes 54 20

904C > T  homoplasmy 1 0 0 0.0 0 0.0 48/51 none 0 0.0

961insC  hormoplasmy 1 0 3 22 1 0.1 9/51 yes 37 2.0
961delT+ both 0 1 402° 29 no data no data 9/51 yes no data no data

Cn

1005T > C both 1 1) 1 0.7 1 0.1 33/51 yes 7 0.3

1009C > T homoplasmy 0 0 1 0.7 1 0.1 9/51 yes 2 0.1

1041A > G homoplasmy 0 4 5 36 11 16 26/51 yes 14 0.5

1107T > C  homoplasmy 0 0 6 44 29 4.3 30/51 yes 34 1.26

11197 > C  homoplasmy 1 2 7 5.1 20 30 20/51 yes 26 1.0

1382A > C  homoplasmy 0 1 11 80 62 9.2 38/51 yes 65 24

1438A > G homoplasmy 54 80 137 1000 662 98.5 46/51 yes 2620 969

(f;‘yéje’ 75017 > A homoplasmy 0 3 0 0.0 1 0.1 15/51 yes 1 0.0

Mitochondrial gene variants that met the criterion for association with hearing loss (HL) are underlined and in bold type. *Data from the mtSNP database [48]. bBased on the results of the multiple alignment by
ClustalW. See Additional File 1: Table S1 for information on the species used to calculate the sequence conservation. “Uppsala mtDB database [50]. “Each number in parentheses indicates the number of individuals
with a heteroplasmic variant.
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Figure 1 Pedigree of a family carrying the m.904C > T variant. (A) Pedigree of a family carrying the homoplasmic m.904C > T variant.
Individuals with hearing loss are indicated by filled symbols. The arrow indicates the proband. (B) Audiogram of the proband of m.904C > T.
Open circles with the line indicate the air conduction thresholds of the right ear; the X's with dotted line indicate the air conduction thresholds
of the left ear; [, bone conduction thresholds of the right ear; 1, bone conduction thresholds of the left ear. Arrows indicate the scale-out level of
hearing loss. (C, D) Secondary structures of wild-type 125 rRNA (C) and 125 rRNA with the m.904C > T (D) predicted by Centroid Fold. To the
right is shown an enlargement of the region of predicted secondary structures surrounding nuclectide positions including 904 and 1005 (bold
arrows with red circles). Positions 862, 917, 1021, and 1030 are marked by dashed arrows with black circles for easy comparison of the structural
changes. Each predicted base pair is indicated by a gradation of color (red to blue) corresponding to the base-pairing probability from 1 (red) to
0 (blue) according to Centroid Fold.
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stem-like structure from positions 1021 to 1030 (Figure
1C and 1D), implicating a significant role for 904C in
12S rRNA folding.

The homoplasmic m.1005T > C variant in the 12§
rRNA was found in a male patient with prelingual,
severe hearing loss (Figure 2A, B). The patient’s spouse
had prelingual hearing loss owing to measles, and their
child also had prelingual hearing loss. The m.1005T > C
variant was not detected in the patient’s spouse or
daughter. DNA samples were not obtained from other
family members.

The heteroplasmic m.1005T > C variant together with
the homoplasmic mutation m.709G > A was detected in
a male patient from a consanguineous marriage of par-
ents with normal hearing (Figure 2C). In the proband
(II1:3), onset of hearing loss and diabetes mellitus
occurred in his 40s. Among his five siblings, four (IIL:1,
2, 4, 6) also showed adult-onset hearing loss between
age 20 and 50 years, but they did not have diabetes mel-
litus. The fifth sibling suffered from infantile paralysis
and died at age 6 (IIL:5). Cloning of the fragment of 125
rRNA, which demonstrated apparent heteroduplex for-
mation (Figure 2D, arrow), yielded 12 of 54 clones
(22%) with the m.1005T > C variant. However, the
m.1005T > C variant was not detected in 24 clones
derived from the mtDNA from each of these siblings,
indicating that the variant was absent in the siblings or
the frequency was less than 4%. The audiograms showed
severe to profound hearing loss in the siblings IIL:1, 2, 3,
and 4 (Figure 2E, F, 3A, B). The secondary structure of
the 125 rRNA variant predicted by Centroid Fold indi-
cated that the m.1005T > C induces a gross structural
alteration in the transcript, including nucleotide posi-
tions 862 to 917 (Figure 1C and 3C).

Three patients appeared to carry the homoplasmic
m.7501T > A variant in tRNAS“N) (Figure 4A, C, E).
One female patient suffered from episodic vertigo from
age 27 years followed by tinnitus and fluctuant, moder-
ate progressive hearing loss, and she had no familial his-
tory of hearing loss (Figure 4A, B). Another female
patient suffered from tinnitus beginning at age 24 years
and had been exposed to streptomycin from age 36 to
37 for treatment of tuberculosis (Figure 4C, D). She suf-
fered from fluctuant, moderate hearing loss from her
50s and had no familial history of hearing loss. The
third patient was a male from a consanguineous mar-
riage of parents with normal hearing and showed non-
progressive, severe hearing loss from childhood without
tinnitus or vertigo (Figure 4E, F). Later, he was also
found to have X-linked spinal and bulbar muscular atro-
phy (SBMA/Kennedy-Alter-Sung disease/Kennedy’s dis-
ease). In this family, six of seven siblings showed
hearing loss. Family members other than the proband
did not participate in this study. According to the
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secondary structure prediction by Centroid Fold, the
m.7501T > A in tRNAS"MN) (which is transcribed as U
in the reverse direction) causes an elongation of the D-
arm in the transcript by reducing the size of the D-loop
of tRNAS" VN (Figure 4G, H), which might affect bio-
synthesis of mitochondrial proteins [55].

Discussion

In our study, screening of mtDNA by dHPLC and direct
sequencing detected 15 variants in 125 rRNA and 1 var-
iant in tRNA*" N Comparison of the variant frequen-
cies in controls, assessment of nucleotide conservation
among mammalian species, and structural analysis of
the transcript was used to select candidate mutations
associated with hearing loss. No variants in tRNA*¢*
HUR) (RNA™, tRNAMS, tRNASTAGY, or tRNAS™ were
detected in the subjects studied here, suggesting that the
mutations in these genes associated with hearing loss
are not common in the Japanese population.

To our knowledge, the homoplasmic m.904C > T var-
iant in 125 rRNA has not been reported elsewhere. Lack
of symptoms in the maternal relatives does not exclude
mitochondrial transmission, because penetrance of 125
rRNA mutations can be extremely low, as seen in the
m.1555A > G associated with hearing loss [56]. Conser-
vation of the nucleotides among mammals and gross
alteration of the predicted secondary structure of the
125 rRNA transcript suggest that the m.904C > T var-
iant might affect auditory function by changing the effi-
ciency with which mRNAs are transcribed to yield
mitochondrial proteins.

A patient with the homoplasmic m.1005T > C variant
in the 125 rRNA had a child with prelingual hearing
loss. The inheritance of hearing loss in the child is likely
due to the transmission of an autosomal mutation, not
mtDNA, from the male proband. Therefore, the data for
this family may not provide unequivocal information
about the pathogenicity of the m.1005T > C variant
(4,22,27,30].

Identification of the heteroplasmic m.1005T > C var-
iant in a patient with hearing loss is a novel finding,
because this variant has been known only as homoplas-
mic [22,27,30,34]. We did not verify that the heteroplas-
mic m.1005T > C variant was correlated with hearing
loss because four of five siblings of the proband had
hearing loss without carrying the variant, whereas it
might be associated with diabetes mellitus. However, it
is difficult to exclude the possibility of association of the
heteroplasmic variant detected in blood samples with
mitochondrial diseases such as deafness. Frequencies of
heteroplasmy of mtDNA vary considerably among tis-
sues in the same individual (for instance, [37,57,58]).
Therefore, it is possible that the frequency of the
m.1005T > C variant in the inner ear cells of the
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Figure 2 Pedigrees of families carrying the m.1005T > C variant. (AB) Pedigree of a family carrying the homoplasmic m.1005T > C (A), and
the audiogram of the proband (B). (C-F) Pedigree of a family carrying heteroplasmic m.1005T > C (C), and the chromatogram of dHPLC of the

MT4 fragment of the proband (D). The arrows indicate split peaks of the fragment owing to the heteroplasmic m.1005T > C. Audiograms of the
siblings (lll:1, 2) are shown in (E-F).
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