Alport syndrome due to segmental isodisomy

N

O

XJ Fu et al
) L]

Wild rype: GGGCAACCTGGCICCACCTGGA

il W\N\ It

WT/WT

Mutantt GGGCAACCTGACICCACCTGGA

et

p. G1089D /WT

Wwild cype: GGGCAACCWCCACCTGGA

Mutant GGGCAACCTGACICCACCTGGA

il

p. G1089D /p. G1089D

chr2

g’ 40
g
'3 £ 30
§ 2
> e
8 B e
1 § 10/
1B o=
1@ g 0o
5o
Z

poge
ey o d
o Ao o o oo

Figure 2. The family pedigree and sequencing of the COL4A3 gene show a homozygous missense Gly1089Asp mutation in the patient. His
mother is a carrier, whereas his father does not carry the mutation (a). Agilent CytoGenomics Analysis Software shows that there is no 2q
deletion, and LOH is detected in the telomeric end of chromosome 2 (chr2: 207,541,513-243,014,630; b). CGH, comparative genome

hybridization; SNP, single-nucleotide polymorphism; WT, wild type.

The patient is a 22-year-old Japanese male who was born from
nonconsanguineous parents. He presented with persistent protei-
nuria and microhematuria since the age of 2 years and a history of
renal biopsy performed at age 7 years. Renal electron microscopic
findings showed thinning of the glomerular basement membrane
(Figure 1a). Immunohistochemical staining for type IV collagen a2
(a2 [IV]) expression was observed in the glomerular basement
membrane, and staining for a5 [IV] was observed only in
Bowman's capsule (Figure 1b). These findings were compatible
with typical ARAS findings. At the age of 17 years, he was
diagnosed with progressive bilateral sensorineural hearing loss,
and at 22 years, he underwent kidney transplantation. He has no
other disorders, including physiological developmental delay. The
patient’s mother had mild proteinuria but normal renal function.
She had a normal audiogram and no ocular abnormalities. No
other family member suffered from renal disease.
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We performed genetic analysis of the patient to confirm the
diagnosis. The sequences of the COL4A3, COL4A4 and COL4A5
genes were examined by direct DNA sequencing and showed
a novel homozygous missense NM_000091.4:c.3266G> A,
Gly1089Asp mutation in exon 39 of the COL4A3 gene. Genetic
analysis of the mother showed that she is a heterozygous carrier
of the mutation, whereas genetic analysis of the father showed
only the wild-type sequence (Figure 2a). No mutations were found
in the COL4A4 or COL4A5 genes. To rule out a hemizygotic
mutation of this allele, we performed semiquantitative PCR
analysis, which showed that the patient has two copies of the
mutant COL4A3 gene. From these resuits, we considered the
possibility of maternal isodisomy of chromosome 2, including
the COL4A3 gene. To confirm the precise gene copy number and
single-nucleotide polymorphism (SNP) haplotype of the region of
the COL4A3 gene, microarray analysis using comparative genome

© 2014 The Japan Society of Human Genetics



hybridization (CGH) and SNP microarray (SurePrint G3 Human CGH
+SNP Microarray 4 x 180 K, Agilent Technologies, Santa Clara, CA,
USA) analysis were performed for the patient. SNP microarray data
analysis for the patient revealed loss of heterozygosity (LOH)
located in the chromosome region 2q33.3-2g37.2. The COL4A3
gene is located in this ~ 35 Mb LOH region (Figure 2b). The region
of LOH was determined to be copy number neutral, with no
gain or loss of genetic material. Comparative analysis of SNP
genotyping data in the region of LOH confirmed the occurrence of
maternal isodisomy. This finding strongly suggests a segmental
uniparental isodisomy of maternal origin in this region that
includes the COL4A3 gene. To confirm UPD, we tested poly-
morphisms using 16 single-nucleotide microsatellite markers
spanning the entire length of chromosome 2. Nine markers were
uninformative because they could have been inherited from either
parent. Four other markers showed a heterozygous pattern
compatible with a biparental mode of inheritance. Three markers
showed a homozygous maternal inheritance, suggesting that
reduction to homoallelism for the mutant COL4A3 gene allele was
due to segmental maternal isodisomy of the telomeric end of
chromosome 2. These results confirmed that the patient has ARAS
due to maternal isodisomy. Finally, we determined that a
homozygous mutation in the COL4A3 gene was caused by
nonMendelian inheritance with segmental maternal isodisomy
of the telomeric end of chromosome 2.

The present case is the first reported case of AS due to partial
segmental UPD and is the second reported case of segmental
maternal isodisomy of the telomeric end of chromosome 2q. The
first report described reduction to homoallelism for a primary
hyperoxaluria type 1 mutation in the case of a patient with
complete liver alanine:glyoxylate aminotransferase deficiency with
no symptoms, but liver and kidney dysfunction.® Although many
cases of UPD—such as Beckwith-Wiedemann syndrome (UPD11)
or Prader-Willi syndrome (UPD15)—are related to genomic
imprinting and show various phenotypes, including intellectual
disability, the present case shows typical ARAS. This outcome may
stem from the fact that there are no imprinting regions in
chromosome 2.° Because the recurrence risk after the birth of a
child with segmental UPD seems to be negligible,” our result is
useful for genetic counseling of the family.

We confirmed that there is a homozygous missense Gly1089Asp
mutation of the COL4A3 gene in the patient. Although this
mutation has not been reported in ARAS patients, the PolyPhen-2
score (http://genetics.bwh.harvard.edu/pph2/) is 1.000, which
indicates ‘probably damaging,’ and glycine substitutions in the
collagenous domain of the COL4A3 gene lead to the crucial
constitutional changes resulting in the development of renal
abnormalities. Although various genetic abnormalities of AS,
including missense mutation, nonsense mutation, splicing error,
nucleotide deletion and/or insertion, have been reported,® to the
best of our knowledge, the present case is the first case of a
patient with AS due to UPD. We have also reported the cases of
30 Japanese ARAS patients,® and among this group, there were no
UPD patients other than the present patient (who is Patient
number 114 in the literature).

The mechanisms of monosomy or trisomy rescue result in
complete UPD, whereas segmental isodisomy with a normal status
on the rest of chromosome as observed in this study indicates a
fusion of maternal and paternal chromosomes, and was therefore
most likely due to a postzygotic event.®> Somatic recombination
may be the possible mechanism for the segmental isodisomy.
In this patient, homologous recombination between paternal
and maternal chromatids may have occurred in the very early
postzygotic period, as the vast majority of the patient’s cells were

© 2014 The Japan Society of Human Genetics

Alport syndrome due to segmental isodisomy
XJ Fuetal

found to carry the homozygous mutation based on the sequence
data. Homologous recombination is one of the mechanisms
for the repair of double-strand breaks. In this patient, the region
of segmental isodisomy extends to the end of the long arm of
chromosome 2, suggesting that break-induced replication, one of
the double-strand break repair pathways similar to homologous
recombination, was likely to lead to the generation of the large
segmental isodisomy."®

Iin conclusion, this is the first reported case of a patient with AS
due to UPD. Our observations may lead to an improved
understanding of the genetic polymorphism of AS.

HGV DATABASE

The relevant data from this Data Report are hosted at the Human
Genome Variation Database at http://hgv.figshare.com/genome_
variation/13.
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Abstract Atypical hemolytic uremic syndrome (aHUS)
is rare and comprises the triad of microangiopathic
hemolytic anemia, thrombocytopenia, and acute kidney
injury. Recently, abnormalities in the mechanisms under-
lying complement regulation have been focused upon as
causes of aHUS. The prognosis for patients who present
with aHUS is very poor, with the first aHUS attack being
associated with a mortality rate of ~25 %, and with
~50 % of cases resulting in end-stage renal disease
requiring dialysis. If treatment is delayed, there is a high
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risk of this syndrome progressing to renal failure. There-
fore, we have developed diagnostic criteria for aHUS to
enable its early diagnosis and to facilitate the timely ini-
tiation of appropriate treatment. We hope these diagnostic
criteria will be disseminated to as many clinicians as pos-
sible and that they will be used widely.
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Introduction

Hemolytic uremic syndrome (HUS) is characterized by the
triad of microangiopathic hemolytic anemia, thrombocyto-
penia, and acute kidney injury (AKI) [1]. Approximately
90 % of pediatric patients develop this syndrome after
infection with Shigella dysenteriae, which produces true
Shiga toxins, or Escherichia coli, some strains of which
produce Shiga-like toxins. Shiga toxin was originally called
verotoxin because Vero cells derived from the kidney epi-
thelial cells of the African green monkey are hypersensitive
to this toxin [2]. Subsequently, other toxins were called
Shiga-like toxin because of their similarities to Shiga toxin
in terms of their antigenicity and structure. Shiga-like toxin-
1 differs from Shiga toxin by only 1 amino acid, whereas
Shiga-like toxin-2 shares 56 % sequence homology with
Shiga-like toxin-1. Although Shiga-like toxin-producing
E. coli-HUS (STEC-HUS) strains most often trigger HUS,
certain Shiga toxin-secreting strains of S. dysenteriae can
also cause HUS. They are currently known as the Shiga
toxin family, and the terms are often used interchangeably.
HUS occurring from infection with STEC-HUS was for-
merly called diarrthea + HUS (D + HUS) or typical HUS.

In contrast, HUS that is not related to Shiga toxins and
accounts for ~10 % of all HUS cases, is called atypical
HUS (aHUS). Although STEC-HUS is relatively common
in children, aHUS occurs in individuals of all ages and is
often familial. The prognosis is very poor, with the first
aHUS attack being associated with a mortality rate of
~25 %, and with ~50 % of cases resulting in end-stage
renal disease requiring dialysis [3].

In recent years, abnormalities in the mechanisms
underlying complement regulation have been focused on as
causes of aHUS. Various genetic abnormalities in com-
plement regulatory factors, including complement factor H,
have been noted in 50-60 % of patients. The analysis of
the pathology underlying this condition is currently pro-
gressing rapidly [4].

The differential diagnosis of aHUS from STEC-HUS or
thrombotic thrombocytopenic purpura (TTP), another form
of thrombotic microangiopathy (TMA) caused by a defi-
ciency of ADAMTS13 (a disintegrin and metalloproteinase
with a thrombospondin type 1 motif, member 13), is not
necessarily easy at the early stages of disease onset.
However, if treatment is delayed, there is a high risk of this
syndrome progressing to renal failure. Therefore, the Joint
Committee of the Japanese Society of Nephrology and the
Japan Pediatric Society (JSN/JPS) has developed
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diagnostic criteria for aHUS to enable its early diagnosis
and to facilitate the timely initiation of appropriate treat-
ment [5, 6]. We hope that the diagnostic criteria presented
in this report will become familiar to as many clinicians as
possible and that they will be used widely.

Definition of aHUS

aHUS is a type of TMA that differs from STEC-HUS and
TTP, with the latter being caused by markedly reduced
ADAMTS13 activity. aHUS is a syndrome characterized by
the triad of microangiopathic hemolytic anemia, thrombo-
cytopenia, and AKI, which is similar to STEC-HUS.

Guidelines for the diagnosis of aHUS
Definitive diagnosis

A definitive diagnosis of aHUS is made when the triad of
microangiopathic hemolytic anemia, thrombocytopenia,
and AKI is present. The disease should not be associated
with Shiga toxins, and TTP should also be excluded.

The Joint Committee of the JSN/JPS defined micro-
angiopathic hemolytic anemia based on a hemoglobin (Hb)
level of <10 g/dL. The presence of microangiopathic
hemolytic anemia should be confirmed based on increased
serum lactate dehydrogenase levels, a marked decrease in
serum haptoglobin levels, and the presence of red blood
cell fragments in a peripheral blood smear.

Thrombocytopenia is defined as a platelet (PLT) count
of <150,000/pL.

The definition of AKI has been updated, with the most
recent definition given by the international guidelines
group, the Kidney Disease: Improving Global Outcomes
that integrates both the Risk, Injury, Failure, Loss, End-
stage kidney disease and the Acute Kidney Injury Network
classifications to facilitate identification. Thus, we recom-
mend diagnosis based on the most recent guidelines, along
with the following definitions. For pediatric cases, the
serum creatinine should be increased to a level that is
1.5fold higher than the serum creatinine reference values
based on age and gender issued by the Japanese Society for
Pediatric Nephrology [7]. For adult cases, the diagnostic
criteria for AKI should be used.

Guidelines for the diagnosis of aHUS
Definitive diagnosis

A definitive diagnosis of aHUS is made when the triad of
microangiopathic hemolytic anemia, thrombocytopenia,

@ Springer
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Table 1 Definitions of microangiopathic hemolytic anemia, thrombocytopenia, and AKI that have been established by the joint committee of

the JSN/JIPS

Microangiopathic hemolytic anemia  Thrombocytopenia

Acute kidney injury

Defined as a PLT
count <150,000/uL

Defined as an Hb level <10 g/dL
Presence confirmed based on:
Increased serum LDH levels

Marked decreases in
serum haptoglobin levels

The presence of red blood
cell fragments in a
peripheral blood smear

The most recent AKI definition is provided by the international guideline

ar

oup, the KDIGO, integrating the RIFLE and AKIN classifications to

facilitate identification. Thus, diagnosis should be based on the most
recent guidelines, and the following definitions should be used.

Pediatric cases: Serum creatinine should be increased to a level that is

1.

Sfold higher than the serum creatinine reference values based on age

and gender issued by the Japanese Society for Pediatric Nephrology [7].

Adult cases: Diagnostic criteria for AKI should be used

Hb hemoglobin, LDH lactate dehydrogenase, PLT platelet, AKT acute kidney injury, KDIGO kidney disease: improving global outcomes, RIFLE
risk, injury, failure, loss, end-stage kidney disease, AKIN acute kidney injury network

and AKI is present. The disease should have no association
with Shiga toxins, and TTP should also be excluded.
Table | presents the definitions of microangiopathic
hemolytic anemia, thrombocytopenia, and AKI that are
established by the Joint Committee of the JSN/JPS.

Probable diagnosis

A probable diagnosis of aHUS is made when 2 of the
following 3 conditions are found: microangiopathic
hemolytic anemia, thrombocytopenia, and AKI. The dis-
ease should have no association with Shiga toxins and TTP
should be excluded.

Applicability of these diagnostic criteria

When we applied these diagnostic criteria to the Nara
Medical University (NMU) TMA cohort, 15 out of 37
individuals who had all the data required for the assessment
were diagnosed as having definitive aHUS. Since the data
were recorded at one time point only, we speculate that the
sensitivity of the diagnostic criteria would increase if we
could assess data from multiple time points. The cut-off
value for anemia, defined as an Hb level of <10 g/dL, and
the cut-off value for thrombocytopenia, defined as a PLT
count of <150,000/uL, are equivalent to those employed
by the International Registry of Recurrent and Familial
HUS/TTP [8]. We had considered using a cut-off value of a
PLT count <100,000/uL. for thrombocytopenia to reflect
that used in the diagnostic criteria for STEC-HUS by the
Japanese Society for Pediatric Nephrology (2000), but we
only found 1 patient with a PLT count between 100,000
and 150,000/uL in the NMU cohort. Therefore, it is likely
that this difference will not have a large impact on the
sensitivity or specificity of our diagnostic criteria. Our
diagnostic criteria include the category of “Probable”
aHUS because we believe that this tentative diagnosis will
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help in the early diagnosis of aHUS and avoid delays in
developing appropriate therapeutic approaches for patients
with aHUS.

Evaluation of inappropriate complement activation

Abnormalities in complement regulation are among the
main causes of aHUS. The diagnosis of aHUS that is
caused by inappropriate complement activation has
become more critical because eculizumab, a humanized
anti-C5 monoclonal antibody, has been shown to be an
effective therapeutic modality [9] that has been approved
for the treatment of aHUS patients in Europe and the
United States. Recently, Fan and colleagues evaluated
genotype—phenotype relationships in 10 Japanese patients
with aHUS and identified potentially causative mutations
in complement factor H, C3, membrane cofactor protein,
and thrombomodulin in 8 of the patients [10]. However, the
definitive diagnosis of inappropriate complement activa-
tion in aHUS patients is difficult because some patients
show normal serum levels of complement components [/ 1]
and there are a number of complement regulatory proteins,
making it difficult to decide which complement regulatory
protein is responsible for a particular patient developing
aHUS.

Excluding Shiga toxin-producing E. coli infection

STEC-HUS is characterized by diarrhea accompanied by
bloody stools. However, diarrhea may also be present in
some aHUS cases. Diarrhea in aHUS can be a manifesta-
tion of ischemic colitis. In addition, enteritis that is not
caused by STEC can trigger aHUS. Therefore, a diagnosis
of STEC-HUS cannot be made based on symptoms alone,
and the earlier nomenclature that used “D + HUS” to
correspond with STEC-HUS and “D-HUS” to correspond
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with aHUS is not used at present [[1]. The involvement of
Shiga toxins should be confirmed by stool culture, the
direct detection of Shiga toxins, or the detection of anti-
lipopolysaccharide-IgM antibodies.

Excluding TTP

Conventionally, TTP has been diagnosed based on the
classic pentad (microangiopathic hemolytic anemia,
thrombocytopenia, labile psychoneurotic disorder, fever,
and renal failure). However, the discovery of ADAM-
TS13 led to the finding that 60-90 % of patients with
TTP have a marked reduction in the activity of AD-
AMTS13, to a level of <5 %, regardless of race.

Therefore, when diagnosing aHUS, patients who have:

markedly reduced levels of ADAMTS13 activity (<5 %)
should be diagnosed as having TTP, thereby ruling out a
diagnosis of aHUS. However, some patients may show
the classic TTP pentad and have normal or slightly
reduced levels of ADAMTS activity. Therefore, if a
patient has levels of ADAMTSI13 activity >5 %, a dif-
ferential diagnosis of aHUS or TTP may be necessary to
account for other clinical symptoms.

Excluding TMA caused by other distinct factors

Diseases that evidently cause a clinical state of TMA,
including disseminated intravascular coagulation, sclero-
dermatous kidney, and malignant hypertension, should be
excluded when diagnosing aHUS.

When a probable case of aHUS is suspected

When a probable case of aHUS is suspected, samples that
are necessary to determine the appropriate diagnosis should
be collected, and the therapeutic strategy should be estab-
lished after consultation with an institution that has
extensive experience of managing aHUS cases.

Cases where aHUS should be strongly suspected

If there are features that are characteristic of HUS, aHUS
should be strongly suspected if the following criteria are
fulfilled, regardless of the presence of diarrhea: the patient
is younger than 6 months of age; time of onset is unclear
(latent onset); the patient has a history of HUS (recurrent
case); the patient has a history of anemia of unknown
cause; recurrent HUS after kidney transplantation; the
patient has a family history of HUS (excluding cases of
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food poisoning); and, the patient has no diarrhea or bloody
stools.

Classification of aHUS causes, excluding TTP caused
by the ADAMTS13 defect

Table 2 classifies the causes of aHUS and presents methods
to determine the causes.

Discussion

Nineteen years after Gasser et al. [1] reported HUS, an
interesting report was published in the Lancet [10]. This
report indicated that although C3-predominant activity is
initiated in the blood vessels in TMA patients, this is not
observed in typical cases of HUS, suggesting that com-
plement activation is involved in aHUS onset [12]. Sub-
sequently, numerous researchers have elucidated further
information on the pathology of aHUS. At present, the
reported causes of aHUS include, complement regulation
abnormalities, cobalamin metabolism disorder, infection
with Streptococcus pneumoniae and other microorganisms,
drugs, pregnancy, and autoimmune diseases.

The complement system plays an important role as part
of the immune systems of living organisms. It is activated
via 3 pathways, the classical, alternative, and lectin path-
ways. As a result of the activation of the host’s alternative
and classical pathways, C5b-9, a membrane attack com-
plex, is generated and destroys cells by forming trans-
membrane pores. The alternative pathway is involved in
the onset of aHUS. Unlike the classical and lectin path-
ways, activation of the alternative pathway does not require
initiators; it is continuously activated by the spontaneous
hydrolysis of C3.

When complement proteins are inappropriately acti-
vated, there is a risk of inducing cell dysfunction within the
host itself. Thus, humoral factors in the circulating plasma
and several plasma membrane-bound factors are involved
in the regulation of complement activation and act at var-
ious stages, such as the inactivation of C3b or C4b, and the
inhibition of the generation of membrane attack com-
plexes. The regulators involved in the alternative pathway
include complement factors H and I, which are humoral
factors, and membrane cofactor protein and thrombomod-
ulin, which are membrane-bound factors. If these factors
are abnormal, the subsequent failure of regulation will
hyperactivate the complement proteins, leading to the onset
of aHUS. Some cases of aHUS develop after trigger events,
for example, infections of the respiratory tract and the
gastrointestinal tract, and it is likely that activation of the
complement cascade by these trigger events and the
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Table 2 Classification and

L Cause of aHUS
determination of the causes of ¢

Method to determine the cause

aHUS, excluding TTP caused

by the ADAMTS 3 defect
y the elee (i) Congenital

Genetic mutations of complement proteins, factor H,
factor I, membrane cofactor protein, C3, factor B,

and thrombomodulin
(i) Acquired

Production of autoantibodies, including anti-factor

H antibody

Complement regulation abnormality

(2) Cobalamin metabolism disorder

(3) Infection

(i) Pneumococcus

(iiy Human immunodeficiency v
(iii) Pertussis

(iv) Influenza

(v) Varicella

(4) Drug-induced

(i) Anticancer drugs

(ii) Immunomodulatory drugs
(iii) Antiplatelet drugs

(5) Pregnancy-related

irus

Hemolysis test, quantification of complement
proteins and complement regulatory proteins, and
gene analysis. Even if the amounts of
complement proteins and complement regulatory
proteins are within the normal ranges, it does not
serve as a basis for excluding complement-related
aHUS

Detection of anti-factor H antibody by ELISA,
western blot, etc.

Age at onset should be considered (<6 months old),
and hypomethioninemia or
hyperhomocysteinemia is detected on plasma
amino acid analysis

Definitive diagnosis by identification of pathogenic
microorganisms and serological examination

Identification of the drug

(i) Hemolysis, elevated liver enzymes, low platelet

counts (HELLP) syndrome
(ii) Eclampsia

(6) Autoimmune disease, collagen disease

(i) Systemic lupus erythematosus

aHUS atypical hemolytic
uremic syndrome, ELISA
enzyme-linked immunosorbent

related
(8) Others

Definitive diagnosis by autoantibody test,
antiphospholipid antibody test, and serological
examination

(7) Bone-marrow transplant, organ transplant-

assay

subsequent amplification of complement activation by the
alternative pathway cannot be regulated in patients with
deficiencies in complement regulation. Gain-of-function
mutations in C3 and complement factor B, which are
complement-activating factors, also cause hyperactivation
of complement proteins and, ultimately, aHUS.

It has been reported that ~50 % of aHUS patients have
genetic abnormalities in complement regulatory factors,
including complement factor H. The frequency of the
presence of certain mutations among aHUS cases,
responsiveness to plasma therapy, prognosis of kidney
function, and the recurrence rate after kidney transplanta-
tion, vary depending on the type of genetic abnormalities
present [13]. Although plasmapheresis within 24 h of
confirmation of the diagnosis has been recommended as the
initial treatment for aHUS [14], its effects are not always
satisfactory. The mortality or incidence of end-stage renal
disease is considered to be between 70 and 80 %, and the
recurrence rate after kidney transplantation may be as high
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as 80-90 %, particularly in patients with abnormal com-
plement factor H, which is the most frequent abnormality
[15].

In 2011, eculizumab (Soliris®, Alexion Pharmaceuti-
cals), a terminal complement inhibitor, was approved as a
new drug for the treatment of aHUS in Europe and the US.
Eculizumab is a humanized recombinant immunoglobulin
G2/4 monoclonal antibody directed against the comple-
ment component C5, which was developed as a treatment
for paroxysmal nocturnal hemoglobinuria. By binding to
complement component C5, the drug inhibits the genera-
tion of CSa and C5b-9, and thus subsequently inhibits the
complement system.

There are a number of reports stating that only HUS that
is associated with complement regulation abnormalities is
defined as aHUS. On the basis of the current diagnostic
criteria, we have defined aHUS to include all types of HUS
that are not related to Shiga toxins or other distinct causes.
In cases where aHUS is associated with complement
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dysregulation, the introduction of eculizumab may mark-
edly change therapeutic strategies. It should be noted,
however, that recommendations of specific therapeutic
modalities are beyond the scope of the current diagnostic
criteria. However, in cases where complement dysregula-
tion is confirmed as the cause, treatment with eculizumab is
established. Thus, it may be desirable to assign HUS
associated with complement dysregulation a separate dis-
ease name rather than it being classified as “aHUS”, as in
the case of definitive “complement-mediated TMA”.

As described in previous reports, aHUS is a disease that
may frequently cause renal failure and be fatal if it is not
appropriately diagnosed and treated at the early stages of
disease onset. In Japan, aHUS may be misdiagnosed as
HUS caused by Shiga toxins because clinicians are not
sufficiently aware of aHUS, and consequently, treatment
may be delayed. Thus, our diagnostic criteria include the
category of “Probable” aHUS to ensure that the clinicians
consider aHUS during diagnosis. Many issues should be
addressed in the future, including the development of
diagnostic strategies to diagnose cases of suspected aHUS,
the establishment of insurance coverage for ADAMTS13
activity measurement testing that is necessary to differen-
tiate aHUS from TTP, and the development of treatment
guidelines. We hope that our diagnostic criteria will be
used widely and will contribute to the diagnosis and
treatment of aHUS patients.
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Dear Editor,
MYH?9 disorders are the autosomal dominant platelet disorders
characterized by giant platelets, thrombocytopenia, and gran-
ulocyte Déhle body-like cytoplasmic inclusion bodies and are
due to mutations in MYHY, the gene encoding non-muscle
myosin heavy chain IIA (NMMHC-IIA). Patients show vari-
able expression of non-hematological complications, such as
glomerulonephritis, hearing inability, and cataracts [1, 2].
Although granulocyte inclusion bodies are the laboratory
hallmark, they are ofien overlooked due to their inconspicuous
appearance on conventionally stained blood smears.
Abnormal NMMHC-IIA protein accumulates in the granulo-
cyte cytoplasm, and an immunofluorescence analysis of
NMMHC-IIA localization is now used as a reliable diagnostic
test [3~5]. Because the complications are progressive and
there are strict genotype/phenotype correlations, an early ge-
netic diagnosis is crucial to confirm and determine the prog-
nosis, and if possible, to select appropriate treatment [6].

We conducted an international collaborative MYH9 disor-
ders study between Thailand and Japan. Patients were regis-
tered in the pediatric macrothrombocytopenia registry in
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Thailand. The criteria for registration were platelet counts
<150,000/puL and large platelets. All patients were investigat-
ed for the common causes of macrothrombocytopenia, includ-
ing the von Willebrand factor indices, flow cytometry for
CD42b and CD41/CD61, and platelet aggregation studies. In
the present study, peripheral blood smears from 10 patients
were sent to Japan, where the immunofluorescence analysis
for NMMHC-IIA was performed [3]. Two out of the 10
patients (patients 6 and 8) (20 %) were positive in the analysis,
and MYH9 gene sequencing was further performed [3]. Local
institutional ethics committees approved the study, and in-
formed consent was obtained from the patients.

Patient 6 was a 12-year-old female. The hematological
examination showed a platelet count of 67,000/uL, MPV of
17.6 fL, giant platelets, and conspicuous granulocyte inclu-
sion bodies (Fig. 1a). Blood chemistry and urinalysis were
unremarkable. The hearing test showed a high-tone drop in the
left ear. Her father was also hematologically affected (Fig. 1b).
He had mild hearing loss in both ears. Cataracts were absent in
both individuals. Patient 8 was a 12-year-old female present-
ing with persistent hypertension, nephritis, and thrombocyto-
penia. She had a history of intermittent epistaxis, gum bleed-
ing, and menorrhagia. She had previously been treated with
prednisolone and nifedipine without any response. The labo-
ratory investigation showed a platelet count of 67,000/uL and
MPV of 11.3 fL.. A peripheral blood smear showed giant
platelets and only faint inclusion bodies in neutrophils
(Fig. 1¢). The BUN was 64.5 mg/dL (normal range, 5—
18 mg/dL), and creatinine was 1.63 mg/dL (normal range,
0.5-1.1 mg/dL). Urinalysis showed protein 2+ and blood 3+.
Hearing test was not performed. Mild cataracts were observed.
Her father and brother died from bleeding.

The immunofluorescence analysis for NMMHC-IIA re-
vealed type II localization, consisting of several cytoplasmic
spots with a circular or oval shape in both patients (Fig. 1d,
e, ). Genomic DNA was extracted from the remaining smears.
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Fig. 1 The results of the
NMMHC-IA and MYH9
analyses. Light micrographs of
May-Griinwald-Giemsa-stained
neutrophils from patient 6 (a), the
father of patient 6 (b), and patient
8 (¢), respectively. Inclusion
bodies are indicated by
arrowheads.
Immunofluorescence
micrographs of neutrophils
immunostained with the
anti-NMMHC-IIA antibody in
patient 6 (d), the father of patient
6 (e), and patient 8 (f),
respectively. The accumulations
of NMMHC-IIA are indicated by
arrowheads. Sequencing of the
MYH?Y gene showed
5788_5793delinsCGCGGGGA
CCGCGGGGACCQG resulting in
p.V1930_P1931fsX and 2104
C>T, resulting in p.R702C, in
patients 6 (g) and 8 (h),
respectively. Complementary
sequences are shown

As type 11 NMMHC-IIA localization and visible inclusion
bodies are mostly associated with exons 26 and 30 mutations
[3], these exons were initially analyzed in patient 6. No
mutations were found. An extended analysis revealed a novel
exon 40 mutation, p.V1930 P1931{5sX24 in both patient 6 and
her father (Fig. 1g). The type Il NMMHC-IIA localization and
faint inclusion bodies in patient 8 suggested exons 1 and 16
mutations. Accordingly, a p.R702C was detected (Fig. 1h).
This mutation is known as an early onset of glomerulonephri-
tis and hearing disability [6-8]. Recent investigations have
suggested that angiotensin receptor blockers and/or angioten-
sin converting enzyme inhibitors may have a protective effect
against the progression of glomerulonephritis [7, 9]. We thus
consider a careful follow-up and treatment plan.

We identified the first two Thai patients with MYH9
disorders, who had not been definitely diagnosed. The pres-
ent study should improve the diagnosis and treatment of
patients with MYH9 disorders in areas where a differential
diagnosis is unavailable. Patients who present with
macrothrombocytopenia, even without granulocyte inclusion
bodies and non-hematological complications, should be
screened by NMMHC-ITA immunofluorescence, and the
presence of an MYH9 mutation should be confirmed by
genetic analysis. Close collaboration between hospitals in
areas where these tests are unavailable and institutions with
more advanced diagnostic capabilities should be established
to facilitate the correct and prompt diagnosis and treatment
of these cases [10].
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IDENTIFICATION OF A HYPOURICEMIA PATIENT WITH SLC2A9
R380W, A PATHOGENIC MUTATION FOR RENAL HYPOURICEMIA
TYPE 2
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o Hypouricemia is characterized by low serwm uric acid (SUA) levels (<3.0 mg/dL) with compli-
cations such as wrolithiasis and exercise-induced acute venal failure. We have previously reported
that wrate transporter 1 (URAT1/SLG22A12) and glucose transporter 9 (GLUT9/SLC2A9) are
causative genes for venal hypouricemia type I (RHUCI) and renal hypouricemia type 2 (RHHUCZ),
respectively. In the series of experiments, two Jamilies have been revealed to have RF UC2 due Lo
GLUTY missense mutations R198C or R380W, respectively. Thus far, however, no studies have
reported other RETUC2 families or patients with these pathogenic mautations. This study is aimed to
Jind other cases of REIUCZ.

We performed mutational analyses of GLUT9 exon 6 (for R198C) and exon 10 (for R380W)
in 50 Japanese hypouricemia patients. Patients were analyzed out of a collection of more than 2000
samples from the Japan Multi-Institutional Collaberative Cohort Study (FMICC Study).

We identified a novel male patient with heterogeneous REUCZ mutation R380W. The SUA
of this hypouricemia patient was 2.6 mg/dL, which is similar to that of our previous report (SUA:
2.7 mg/dL).

This is the second report indicating RHUCZ2 patient due to GLUTY mutation R380W. This
mutation occwurs in highly conserved amino acid motifs and is reported to be an tmportant membrane
topology determinant. R380W is a dysfunctional mulation which completely diminishes the wrate
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transport activities of GLUTY. Our study revealed a second hypouricemia patient with GLUT9
R380W, a pathogenic mutation of RHUGZ, which may help to expand our understanding of
RHUG pathogenests.

Keywords: SLC transporters; GLUT family; GLUT9L; GLUT9S; renal urate
reabsorption

INTRODUCTION

Renal hypouricemia is characterized by low serum uric acid (SUA) levels
(<3.0 mg/dL), and confers risk of severe complications such as exercise-
induced acute renal failure or nephrolithiasis.[:: 2! Renal hypouricemia is
mainly caused by impaired renal urate reabsorption. We previously reported
that URAT1/SLC22A128) and GLUT9/SLC2A9! are key regulators of
SUA, and play an essential role in urate reabsorption in the human kid-
ney. The dysfunctional mutations of URATI or GLUT9 cause renal urate
hypouricemia, called renal hypouricemia type 1 (RHUCI) and renal urate
hypouricemia type 2 (RHUCZ2), respectively. [ Previously, two families have
been revealed to have RHUC2 due to GLUTY9 missense mutations R198C
or R380W, respectively. Thus far, however, no studies have reported other
RHUC2 families or patients with these pathogenic mutations. Here, we re-
port another hypouricemia patient with the pathogenic RHUC2 mutation.

MATERIALS AND METHODS

For the hypouricemia patients, 50 Japanese patients with lower SUA
(<3.0 mg/ dl) were identified out of more than 2000 samples from the
Japan Multi-Institutional Collaborative Cohort Study (JFMICC Study). We
performed mutational analysis of GLUTY exon 6 (R198C) and exon 10
(R380W) in these 50 hypouricemia patients.

For the GLUT9 sequence determination, we used following primers de-
scribed previously:'*! for exon 6, forward 5-GTCCTCTGAAATGCACCTCC-
3’ and reverse bB-GCACAGAAGATGCCTAAACAAACACA-3: for exon
10, forward 5'-GGTGACCATATCCATCCAG-%/, and reverse b-GAAGGAG-
CACCTTAAGGTTG-3'. High molecular weight genomic DNA was extracted
from peripheral whole blood cells, 6] and was amplified by PCR. The PCR
products were sequenced in both directions using a 3130x1 Genetic Analyzer
(Applied Biosystems).l”!

RESULTS

The human GLUT9 gene consists of 14 exons (1 noncoding and 13
coding) and the alternative splicing of the GLUT9 gene results in two main
transcripts: GLUT9 isoform 1 (long isoform, GLUT9L) and isoform 2 (short
isoform, GLUT9S). Two heterozygous missense mutations of R380W and
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FIGURE 1 Pathogenic mutation sites of GLUT® (Color figure available online).

R198C for GLUTYL have been identified in Japanese patients with renal
hypouricemia. Both mutations are missense mutations from basic amino acid
arginine to neutral amino acids, and are at equivalent positions within the
cytoplasmic loops, which cause a loss of positive charge. These pathogenic
mutation sites in two-dimensional and three-dimensional models are shown
in Figure 1. No hypouricemia patient with the R198C mutation was identified
among these 50 patients. However, we identified a novel male patient with
heterozygous mutation R380W (Figure 2). SUA of this hypouricemia patient
was 2.6 mg/dL (154.6 umol/1), which is similar to that of our previous report
(SUA: 2.7 mg/dL (160.6 pumol/1)).

DISCUSSION

GLUTY9 mutations in renal hypouricemia patients may change its
topology.

We have previously identified loss-of-function mutations of GL Ur'9 in
renal hypouricemic patients having no URATI mutations.[*] Mutation sites
in GLUT9 (R380W and R198C for GLUT9L, corresponding to R351W and
R169C for GLUT9S) locate in highly conserved amino acid motifs called
“sugar transport proteins signatures,” which is observed in GLUT family
ransporters. The corresponding mutations in GLUTT (R333W and R153C)
are known to cause GLUTI deficiency syndrome.® Arginine residues in this
motif are reported to be an important determinant of membrane topology
of human GLUTL,®) and the same may be true in GLUT9 on the basis of
membrane topology.

Physiological Importance of GLUTS in Human Urate Transport

The urate metabolism in humans is quite different from that in mice due
to the lack of uricase.!'” In addition, hypouricemia is one of relatively rare
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FIGURE 2 Heterozygous mutation (R380W) in a newly-identified renal hypouricemia patient (Color
figure available online).

diseases compared with common diseases including hyperuricemia and gout.
Therefore, it is of great significance to identify the dystunctional GLUTY
mutations in humans through a large population.

In MDCK cells, GLUT9L and GLUT9S show basolateral and apical lo-
calization, respectively. Since dysfunctional mutations of either GLUT9L
or GLUT9S dramatically reduced the urate transport activity, renal hy-
pouricemia caused by these mutations could be ascribed to the decreased
urate reabsorption on both sides of the renal proximal tubules, where
LUT9 expresses. In the present study, we confirmed the importance of
GLUT?9 as a causative gene for renal hypouricemia, which encodes a renal
urate reabsorption transporter.

Identification of a Novel RHUC2 Patient

This is the second report indicating a RHUC2 patient due to GLUTY
mutation R380W. Screening of large genome cohort samples revealed the
second hypouricemia patient with GLUT9 R380W, a pathogenic mutation
of RHUCZ. Our results confirm that GLUTY can be a promising therapeutic
target for hyperuricemia, gout, and related cardiovascular diseases. This
finding may help to expand the understanding of RHUC pathogenesis.
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Branchio-oto-renal syndrome: Comprehensive review based on

nationwide surveillance in Japan
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Abstract

Branchio-oto-renal (BOR) syndrome is an autosomal dominant disorder characterized by branchiogenic malformation,

hearing loss and renal anomalies. The prevalence of BOR syndrome is 1/40 000 in Western countries, and nationwide
surveillance in 2009-2010 identified approximately 250 BOR patients in Japan. Three causative genes for BOR
syndrome have been reported thus far: EYAI, SIX], and SIX5, but the causative genes for approximately half of all BOR
patients remain unknown. This review article discusses the epidemiology, clinical symptoms, genetic background and

management of BOR syndrome.

Key words branchio-oto-renal syndrome, EYA/, hearing loss, renal anomaly, SIXI.

Branchio-oto-renal (BOR) syndrome (OMIM 113650) is an
autosomal dominant disorder characterized by branchiogenic
malformation, hearing loss and renal abnormalities. BOR syn-
drome was first described by Melnick ef al. in 1976.' Patients
with BOR syndrome who do not present with renal abnormalities
are also said to have branchio-otic (BO) syndrome (OMIM
602588). Both BOR and BO syndrome are allelic disorders. In
the OMIM database, two BOR and three BO syndromes have
been registered (Table 1). Due to recent advances in genetics,
several of the causative genes of BOR syndrome have been
identified (EYAI, SIXI, and SIX5), as well as the chromosomal
region, microdeletions or microduplications within which can
also lead to the syndrome. The causative genes for approximately
half of all BOR patients, however, have yet to be identified.

This review article discusses the epidemiology, clinical symp-
toms, genetic background, differential diagnosis and manage-
ment of BOR syndrome.

Epidemiology

Fraser et al. surveyed 421 children with hearing loss attending
schools for hearing-impaired children in Montreal. They noted
that 19 students had auricular pits, which led them to speculate
that the prevalence of BOR syndrome is approximately one in
40 000 live births.” In Japan the prevalence of BOR syndrome
was unknown until very recently. Our group carried out research
in 2009-2010 to clarify the number of Japanese BOR patients.?
An initial questionnaire was sent to the 1715 central hospitals
throughout Japan. The collection rate of the questionnaire was
47.8%, and 85 patients with BOR phenotypes were identified. A
second, more detailed questionnaire was then sent to each of
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these 85 patients and to their doctors. The collection rate was
37.6% (32/85) and 58.8% (50/85), respectively.

From this nationwide surveillance we estimated that there were
approximately 250 BOR patients (95% confidence interval: 170—
320) in the period 2009-2010 who were seen in clinics in Japan.
These data suggest that the prevalence of BOR syndrome in Japan
is much lower than in Western countries; the reason for this is
unknown, but we suggest that BOR syndrome may be
underdiagnosed in Japan because it is not well known. There may
be many more patients in Japan who have not yet been accurately
diagnosed.

Clinical symptoms and diagnosis

Chen et al. produced a very comprehensive report on the clinical
symptoms of BOR syndrome in the Western world.* That study
has been very useful for increasing awareness of BOR syndrome.
The present study comprising nationwide surveillance in Japan
clarified the phenotype of BOR patients of Japanese descent
(Table 2).

Second branchial arch anomalies

Second branchial arch anomalies include the branchial cleft sinus
tract appearing as a pinpoint opening anterior to the sternoclei-
domastoid muscle, and the presence of a branchial cleft cyst as a
palpable mass under the sternocleidomastoid muscle.” These
symptoms were observed in approximately half of all BOR
patients in both Western countries and Japan.

Hearing loss

Hearing loss is the most common symptom of BOR syndrome.
Chen et al. reported that >90% of BOR patients have a hearing
impairment.* According to our survey, hearing loss is also present
in >90% of Japanese BOR patients. Various types of hearing loss
were also observed, with mixed type being the most common
cause (Table 3). In addition, two of the present patients had



