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ABSTRACT

Background. Mutations in the ATP6VIBI and the ATP6V0A4
genes cause primary autosomal-recessive distal renal tubular
acidosis (dRTA). Large deletions of either gene in patients
with dRTA have not been described.

Methods. The ATP6VIBI1 and ATP6V0A4 genes were directly
sequenced in 11 Japanese patients with primary dRTA from nine
unrelated kindreds. Large heterozygous deletions were analyzed
by quantitative real-time polymerase chain reaction (PCR). The
clinical features of the 11 patients were also investigated.

Results. Novel mutations in the ATP6VIBI gene were ident-
ified in two kindreds, including frameshift, in-frame inser-
tion and nonsense mutations. Large deletions in the
ATP6V0A4 gene were identified in two kindreds. Exon 15 of
ATP6V0OA4 was not amplified in one patient, with a long
PCR confirming compound heterozygous deletions of 3.7-
and 6.9-kb nucleotides, including all of exon 15. Direct DNA
sequencing revealed a heterozygous frameshift mutation in
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ATP6V0A4 in another patient, with quantitative real-time
PCR indicating that all exons up to exon 8 were deleted in
one allele. Clinical investigation showed that four of the six
patients with available clinical data presented with hyperam-
monemia at onset.

Conclusions. To our knowledge, these dRTA patients are the
first to show large deletions involving one or more entire
exons of the ATP6V0A4 gene. Quantitative PCR amplification
may be useful in detecting heterozygous large deletions. These
results expand the spectrum of mutations in the ATP6V0A4
and ATP6VIBI genes associated with primary dRTA and
provide insight into possible structure—function relationships.

INTRODUCTION

Primary distal renal tubular acidosis (dRTA) is a rare genetic
disease caused by impaired excretion of hydrogen ions (H") by
intercalated cells in the collecting ducts [1, 2]. Its clinical
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features include hyperchloremic acidosis with inappropriately
alkaline urine, hypokalemia, hypercalciuria, nephrocalcinosis
and nephrolithiasis. Affected infants present with polyuria,
dehydration and failure to thrive [3]. Both autosomal-domi-
nant and autosomal-recessive forms of dRTA have been de-
scribed. Mutations in the ATP6V1BI gene, which encodes the
B1 subunit of the H-ATPase, have been associated with auto-
somal-recessive dRTA accompanied by severe sensorineural
hearing loss (SNHL), whereas mutations in the ATP6V0A4
gene, which encodes the a4 subunit of the H'-ATPase, have
been associated with autosomal-recessive dRTA without
SNHL [1, 4, 5]. Recent genetic analyses, however, have re-
vealed that some individuals with mutations in the ATP6V0A4
gene also have early-onset severe SNHL [6, 7]. To expand
knowledge of mutations in patients with dRTA, we analyzed
the ATP6VIBI1 and ATP6V0A4 genes in 11 Japanese patients
from nine unrelated kindreds with dRTA.

£

Patients

We analyzed 11 Japanese patients with dRTA belonging to
nine unrelated kindreds; their clinical features and representa-
tive biochemical data are shown in Table 1. The diagnosis of
dRTA was based on metabolic acidosis with a normal anion
gap and overly high urinary pH, with or without nephrocalci-
nosis and SNHL. The parents of the patients in families 1 and
5 were consanguineous. Patients 1-1 and 1-2, and patients 7-1
and 7-2 were siblings. Detailed clinical data were not available
for patient 5-1 at initial presentation, but she presented with
full-blown symptoms of dRTA, including nephrocalcinosis
and SNHL.

The study protocol was approved by the Ethics Committee
of The University of Tokyo (Approval No. 2204). Informed
consent was obtained from each patient and his or her parents.

Mutation analysis

Genomic DNA was extracted from the peripheral blood of
the patients and their family members using QuickGene DNA
whole-blood § kits (Fujifilm). Thirteen and 20 pairs of oligo-
nucleotide primers were generated to amplify all exons of the
ATP6VIBI and ATP6V0A4 genes, respectively (Supplemental
Tables 1 and 2). Polymerase chain reactions (PCRs) were per-
formed in 20 pL of solution containing AmpliTaq Gold 360
Master Mix (Applied Biosystems), ~30-ng genomic DNA and
10 pmol of each primer. The amplification protocol consisted
of an initial denaturation step at 95°C for 10 min, followed by
35 cycles of denaturation at 95°C for 30 s, annealing at the
temperatures shown in Supplemental Tables 1 and 2 for 30s
and elongation at 72°C for 30 s. PCR samples were subjected
to bidirectional sequencing on an ABI 3130x/ Genetic Analy-
zer (Applied Biosystems).

Quantitative real-time PCR amplification

The heterozygous large deletion in the ATP6V0A4 gene
of patient 4-1 was analyzed by quantitative genomic real-
time PCR using SYBR Green (Bio-Rad Laboratories,

K. Miura et al.

Hercules, CA) and the primer sequences shown in Sup-
plemental Table 2. The standard curve method was used to
calculate the target genome numbers in patient 4-1, with
the target copy number normalized to normal human
genomic DNA. Statistical significance was assessed using
Student’s {-tests.

RESULTS

Clinical findings

A total of 11 patients from nine unrelated kindreds were en-
rolled in this study (Table 1). Consanguinity was noted in two
families. Among the 10 patients with available data at onset, all
but 1 (patient 2-1) presented with metabolic acidosis with a
normal anion gap and abnormally high urinary pH. Although
patient 2-1 had a near normal serum bicarbonate concen-
tration, she presented with hypokalemia, hypercalciuria,
growth retardation and bilateral SNHL. Supplementation with
bicarbonate improved her growth. Urine anion gap was posi-
tive or near-zero in all patients with available data, which is
consistent with reduced NH4+ excretion as seen in dRTA [8].

Serum creatinine concentrations in all patients were within
normal range throughout the follow-up period. Growth retar-
dation in infancy occurred in 9 of the 11 patients, with alkali
therapy improving their growth to almost normal range. Of
the two patients without growth retardation at onset, one
(patient 7-2) was diagnosed with dRTA by screening tests
before presenting with any symptoms because her older sister
had been diagnosed with dRTA. The other patient with
normal growth during infancy (patient 9-1) presented with
severe weight loss, metabolic acidosis, abnormally high
urinary pH and hypercalciuria at age 7 years.

Abdominal ultrasonography showed nephrocalcinosis in
nine patients. Unilateral or bilateral SNHL, as determined by
audiograms, were observed in four patients. Hypokalemia was
observed in six of the nine patients with available data and hy-
percalciuria in seven of nine. The chart of an additional
patient (patient 3-1) mentioned hypercalciuria, although
precise data were not available.

Hyperammonemia was observed in four of the six patients
with available data, improving in all four after correction of
metabolic acidosis. Of the two patients without hyperammo-
nemia, one (patient 4-1) had high-normal (60 pg/dL) serum
ammonia concentration, whereas the other (patient 2-1) had
normal serum ammonia, a finding probably associated with
the absence in this patient of profound metabolic acidosis at
onset.

Patient 7-2, a younger sister of patient 7-1, was diagnosed
with dRTA 10 days after birth by screening blood and urine
tests. Since then, she has been treated with citrate and her
growth is normal. At age 8 months, she presented with transi-
ent metabolic acidosis resulting from insufficient supplemen-
tation with citrate. A higher dosage of citrate improved her
symptoms. Of note, she is free from nephrocalcinosis at age 2
years. In contrast, her older sister, patient 7-1, presented with
prominent nephrocalcinosis at age 1 month.
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Consanguinity | Age/sex Age at FIT | NC | SNHL | pH HCO3 Potassium Serum Urine Urine Urine
onset (19-23) (3.5-6.0) ammonia pH anion calcium
mmoL/L mEq/L (12-66) gap, excretion
ug/dL mEqg/L | (<4 mg/
kg/day,
Ca/Cr
<0.21)
Patients with mutations in the ATP6VIBI gene
+ 46 years/M | Infancy | + + +rt 7230 | 11.8 34 NA 7.0 4 7.2 mg/kg/
; day
+ 38 years/F Infancy | + + - 7215 | 124 1.8 NA 7.0 2 6.5 mg/kg/
1- day
2
- 1 9 + + +bil 7.325 19.6 1.8 27 8.0 NA Ca/Cr 0.42
2- year/F months
1
Patients with mutations in the ATP6V0OA4 gene
- 12 years/M 2 + + - 7.293 14.1 NA NA 8.0 NA {high)®
3. months
1
- I month/M | 1 + + +rt 7.167 | 123 33 60 7.5 17 Ca/Cr 0.77
4- month
1
Patients with no mutations
+ 35years/F | 1 + + +bil NA® | NA® NAP NAP NA® NA® NA®
5- month
1
- 15 years/M 1 + + - 7.322 14.1 4.1 94 7.3 NA Ca/Cr 0.19
6- month
1
- 6 years/F 1 + + - 7220 | 112 4.1 97 7.0 NA Ca/Cr 1.42
7- month
1
Continued
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Consanguinity | Age/sex Age at FIT | NC | SNHL | pH HCO3 Potassium Serum Urine Urine Urine
onset (19-23) (3.5-6.0) ammonia pH anion calcium
mmolL/L mEq/L (12-66) gap, excretion
pg/dL mEg/L (<4 mg/kg/
day, Ca/Cr
<0.21)
- 3 years/F 10 - - - 7.354 14.1 3.8 144 8.0 28 Ca/Cr0.27
7- days
2
- 3 years/F | 1 year + + - 6.999 | 92 2.2 NA 7.5 -2 Ca/Cr 0.06
8- 0
1 month
- 7 years/F | 7 years — - - 7.120 | 9.0 2.2 78 7.5 15 Ca/Cr 0.59
9-
1

Normal values for infants are shown in parentheses.

FTT, failure to thrive; NC, nephrocalcinosis; SNHL, sensorineural hearing loss; rt, right; NA, not available; bil, bilateral; Ca/Cr, urine calcium to creatinine ratio (mg/mgCr).

*Although specific data were not available, hypercalciuria was noted in the chart.

®Detailed clinical data at initial presentation were not available in patient 5-1, but she presented with full-blown symptoms of dRTA, including nephrocalcinosis and SNHL.

“Patient 7-2 was diagnosed by screening tests when she had no symptoms.
dAlthough no growth retardation was noted in patient 9-1 in infancy, she presented with weight loss at the age of 7.
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Genetic analysis

Three novel mutations in the ATP6V1BI gene were identified
in two of the nine kindreds (Figure 1). Patients 1-1 and 1-2
(family 1) presented with novel homozygous single nucleotide
deletions (c.33delG) in exon 1, causing a frameshift that resulted
in the premature termination of the protein at codon 19 (L19X)
(Figure 1A). In addition, patient 2-1 presented with novel com-
pound heterozygous mutations, consisting of an in-frame
insertion (c.978_979insGCC or p.A326insA) and a nonsense
mutation (c.1251C>G or p.Y417X). Genotyping of family
members of patient 2-1 revealed that this patient had inherited
the p.Y417X mutated allele from her mother (Figure 1B).

We observed novel aberrations of the ATP6V0A4 gene in
two of the nine kindreds. In patient 3-1, the genomic PCR
product of exon 15 was not amplified (Figure 2A), suggesting
homozygous deletions that included exon 15. To confirm this
finding, we performed long genomic PCR using primers for
exons 14 (forward) and 16 (reverse), which amplified a 7.9-kb
product derived from wild-type ATP6V0A4 allele in the
healthy control (Figure 2B). In patient 3-1, however, these
primers amplified two PCR products, of 4.2 and 1.0 kb,
suggesting that deletions involving exon 15 were responsible
for the aberrant ATP6V0A4 transcripts. Subsequent sequen-
cing disclosed the presence of 3.7- and 6.9-kb deletions within
introns 14 and 15, respectively, in each allele. These deletions

A exon 1 B exon 10

coreeeeGL oo G

73 8
del G (c.33delG—p.L19X) !

3 base insertion

patient 1-1

Voo |
Wl

caused a frameshift that resulted in premature termination of
the protein at codon 536 (L536X) in exon 16 (Figure 2C).
We also observed a novel heterozygous large deletion of the

ATP6V0A4 gene in patient 4-1. This was accompanied by a

novel heterozygous single nucleotide insertion (c.1185insC)
causing a frameshift that resulted in premature termination of
the protein at codon 429 (p.E429X) in exon 13, as shown by
direct DNA sequencing (Figure 3A). The quantities of the
PCR products up to exon 8 seemed to be reduced (data not
shown), suggesting the presence of an interstitial heterozygous
deletion of an ATP6V0A4 allele in patient 4-1. To determine
the ATP6V0A4 gene copy numbers in this patient, we per-
formed quantitative genomic PCR of exons 3, 5, 6, 7, 8, 9, 10
and 18 using the same amounts of genomic DNA (1 pg/tube)
from the patient and a healthy control. We found that the
signal intensities of exons 3, 5, 6, 7 and 8 were significantly
reduced compared with those of exons 9, 10 and 18 (P < 0.05),
indicating that the N-terminal region up to exon 8 was deleted
in one of the ATP6V0A4 alleles of patient 4-1 (Figure 3B).
Given that large deletions including one or more entire
exons were frequently identified, multiplex ligation-dependent
probe amplification analyses for both the ATP6V0A4 and
ATP6V1BI genes were performed in the five patients without
any alterations of these two genes. No abnormalities in relative
copy numbers were detected in these patients, suggesting that
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(p.Y417X)
patient 2-1

wild-type

control
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FIGURE 1: Novel mutations in the ATP6VIBI gene. (A) Genomic sequences of novel homozygous mutations in patients 1-1 and 1-2 (upper
panels), as well as normal DNA from a healthy control (lower panel). (B) Novel compound heterozygous mutations in patient 2-1 (upper
panels). Mother also carries a heterozygous mutation p.Y417X (lower panels). Mutated nucleotides are indicated by arrows.
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exonl4

exon1b

exon16

C prime\r‘ 7 9kb ;ic:imer
nomal ___[ox14 | (ex15 || ex16 ]
> 42kb T ——— €
allele 1 - ex 14 ; ex16 = | 3.7 kb deletion

patient 3-1 : @ ex 15 ;m“““
1.0 kb €
allele 2 b 6.9 kb deletion

FIGURE 2: Novel large interstitial deletions in the ATP6V0A4 gene in patient 3-1. (A) Genomic PCR product of exon 15 was absent, whereas
DNA fragments of exons 14 and 16 were amplified in patient 3-1. (B) Long genomic PCR using primers for exon 14 (forward) and exon 16
(reverse) in patient 3-1. Two aberrant sizes of the PCR products, 4.2 and 1.0 kb, were observed in patient 3-1, while a 7.9-kb product was detected
in the healthy control. (C) Schematic presentation of large deletions in the ATP6V0A4 gene in patient 3-1. Deletions of 3.7- and 6.9-kb nucleo-
tides including whole exon 15 were confirmed by subsequent sequencing analysis.
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FIGURE 3: Novel compound heterozygous mutations comprising an insertion and a large deletion in the ATP6V0A4 gene in patient 4-1. (A)
Genomic sequences of a novel heterozygous mutation in patient 4-1 (upper panel) as well as normal DNA from a healthy control (lower panel)
are shown. (B) Quantitative genomic PCR of the ATP6V0A4 gene in patient 4-1. The signal intensity of exons 3, 5, 6, 7 and 8 was significantly
reduced as compared with exons 9, 10 and 18 in patient 4-1, while the signal intensity was not significantly reduced in any exons in healthy
control. The signal intensity of each exon was adjusted so that the intensity score was 1 in exon 18.*P < 0.05. P-value was assessed by Student’s £-
test. ex: exorn.

K. Miura et al.



they carry no homozygous or heterozygous large deletions of |

these two genes (data not shown).

Clinical features of the patients with mutations in the
ATP6V1B1 and ATP6V0A4 genes

All the patients with mutations in the ATP6VIBI or
ATP6V0A4 gene presented with growth retardation in infancy
and nephrocalcinosis accompanied by hypercalciuria. Three
patients from three unrelated families presented with early-
onset SNHL. Of these, two had mutations in the ATP6VIBI
gene (patients 1-1 and 2-1), and the third had a truncating
mutation in one allele of the ATP6V0A4 gene and a large del-
etion that included several exons in the other allele (patient 4-
1). Patients 1-1 and 1-2 are siblings and possess the same
mutation in the ATP6V1BI gene. However, only the brother
(patient 1-1) presented with early-onset unilateral SNHL,
which was confirmed by audiogram at age 9 years, while his
38-year-old sister (patient 1-2) has had no audiographic evi-
dence of SNHL to date.

1SCT

We have identified three ATP6VIBI mutations (one deletion,
one insertion and one nonsense mutation) and four
ATP6V0A4 mutations (one insertion and three large deletions
involving one or more exons) in patients with primary dRTA.
These findings expand the spectrum of mutations in the
ATP6V0A4 and ATP6VIBI genes associated with primary
dRTA, and provide insight into possible structure-function
relationships.

To date, about 30 mutations in the ATP6VIBI gene and
about 40 in the ATP6V0A4 gene have been identified, includ-
ing missense, nonsense, frameshift and splicing site mutations
[1, 3, 6,7, 9~12]. Prior to this study, however, large interstitial
deletions involving one or more exons in either gene had not
been reported. Thus, to our knowledge, this is the first report
of patients with large deletions in one or both alleles of the
ATP6V0A4 gene. Homozygous large interstitial deletions can
be revealed by the absence of PCR products of particular
exons. Although heterozygous large deletions are much harder
to detect, quantitative real-time genomic PCR can be useful
when PCR products of particular exons show relatively weak
bands.

One of the compound heterozygous mutations in patient 2-
1 was an in-frame insertion mutation (c.978_979insGCCl/p.
A326insA), the functional consequence of which should be
addressed. A326 and T327 are highly conserved among
species. Three-dimensional structural analysis shows that
these amino acids are located near the hydrophobic residues at
the interface between subunits A and B, which is critical for
the catalytic activity [13].

In five of the nine kindreds, we observed no mutations in the
ATP6VIBI and ATP6V0OA4 genes. In contrast, 80% of patients
with dRTA were found to have a mutation in either gene [5,
14]. The low mutation frequency of these genes in our patients
may be due to our small sample size and/or to differences in
ethnicity, suggesting that dRTA is genetically heterogeneous.

i

The clinical diagnosis seemed accurate in all of our patients, as
all had metabolic acidosis with a normal anion gap and abnor-
mally high urinary pH, accompanied by either nephrocalcinosis
or hypercalciuria. Although hypokalemia was not noted at
onset in three patients, it developed later in their clinical
courses. H™-ATPase is composed of at least 13 different sub-
units, including the B1 and a4 subunits. The expression of the
isoforms C2, G3 and d2, which are encoded by the ATP6V1C2,
ATP6VIG3 and ATP6VOD2 genes, respectively, is restricted to
the kidneys and a few other tissues [2,15]. Although these genes
were assessed as candidate causative genes in patients with re-
cessive dRTA, no mutations were identified [15].

Our findings have important clinical implications. Admin-
istration of citrate salts is recommended for the prevention of
nephrocalcinosis in dRTA, because they correct hypercalciuria
and hypocitraturia [16]. Patient 7-2 was diagnosed with dRTA
at age 10 days by screening blood samples, because her older
sister, patient 7-1, had previously been diagnosed with dRTA.
Alkali therapy was instituted immediately after diagnosis in
patient 7-2, and this patient has shown no evidence of nephro-
calcinosis at age 2 years. In contrast, her older sister, patient 7-
1, presented with marked nephrocalcinosis at age 1 month.
This difference in clinical manifestation between these two
sisters, who are theorized to carry the same genetic abnormal-
ities, suggests that nephrocalcinosis may be prevented by alkali
therapy. As for early-onset SNHL, it was present in four
patients, two with mutations in ATP6VIBI, one with a
mutation in ATP6V0A4, and one without any mutations in
either gene. This finding and the fact that only the brother
(patient 1-1) in kindred one presented with unilateral SNHL
confirm that intrafamilial variations in clinical manifestations
can occur and that some individuals with mutations in the
ATP6V0A4 gene also have early-onset SNHL [6, 7]. The mech-
anism of intrafamilial variations in hearing disabilities remains
unclear. Although the younger sister (patient 1-2) was diag-
nosed with dRTA earlier than her older brother (patient 1-1),
earlier initiation of alkali therapy is reported to have no effect
on hearing loss [17]. In regard to laterality in SNHL (patient
1-1), asymmetrical progression of hearing disabilities has been
previously described, the mechanism of which is also
unknown [18]. We found that four of six patients with avail-
able data presented with hyperammonemia. To our knowl-
edge, a high frequency of hyperammonemia in patients with
dRTA has not been previously described, although a few
patients were found to have hyperammonemia secondary to
dRTA [19-21]. Hyperammonemia may result from an imbal-
ance between increased synthesis and reduced excretion of
ammonia. Chronic metabolic acidosis and hypokalemia can
increase renal ammoniagenesis. However, in our cases, hypo-
kalemia was noted in only one of four patients presenting with
hyperammonemia. The precise mechanism by which hyper-
ammonemia develops in dRTA remains to be determined.

In conclusion, we have described patients with dRTA and
large interstitial deletions involving one or more exons in the
ATP6V0A4 gene. Long genomic PCR as well as quantitative
genomic PCR analyses can be useful in detecting large homo-
zygous or heterozygous deletions. Clinically, nephrocalcinosis
may be prevented by early and adequate alkali therapy.
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Hyperammonemia is a frequent finding at onset in dRTA,
suggesting that the latter condition be included as a miscella-
neous cause of hyperammonemia.
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Supplementary data are available online at http:/ndt.
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Milder clinical aspects of X-linked Alport syndrome
in men positive for the collagen IV a5 chain
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X-linked Alport syndrome is caused by mutations in the
COL4A5 gene encoding the type IV collagen a5 chain (a5(1V)).
Complete absence of a5(IV) in the renal basal membrane is
considered a pathological characteristic in male patients;
however, positive a5(IV) staining has been found in over
20% of patients. We retrospectively studied 52 genetically
diagnosed male X-linked Alport syndrome patients to
evaluate differences in clinical characteristics and renal
outcomes between 15 a5(1V)-positive and 37 a5(IV)-negative
patients. Thirteen patients in the a5(1V)-positive group

had non-truncating mutations consisting of nine missense
mutations, three in-frame deletions, and one splice-site
mutation resulting in small in-frame deletions of transcripts.
The remaining two showed somatic mutations with
mosaicism. Missense mutations in the a5(IV)-positive group
were more likely to be located before exon 25 compared
with missense mutations in the a5(IV)-negative group.
Furthermore, urinary protein levels were significantly

lower and the age at onset of end-stage renal disease was
significantly higher in the positive group than in the negative
group. These results help to clarify the milder clinical
manifestations and molecular characteristics of male X-linked
Alport syndrome patients expressing the a5(1V) chain.

Kidney International advance online publication, 4 December 2013;
doi:10.1038/ki.2013.479

KEYWORDS: Alport syndrome; COL4A5; genetic renal disease;
somatic mosaic mutation

Correspondence: Kandai Nozu, Department of Pediatrics, Kobe University
Graduate School of Medicine, 7-5-1 Kusunoki-cho, Chuo, Kobe, Hyogo
6500017, Japan. E-mail: nozu@med.kobe-u.ac.jp

Received 10 July 2013; revised 16 September 2013; accepted 19
September 2013

Kidney International

Alport syndrome (AS) is a hereditary disorder of type IV
collagen, characterized by chronic kidney disease progressing
to end-stage renal disease (ESRD), sensorineural hearing loss,
and ocular abnormalities.! Approximately 85% of AS patients
show X-linked inheritance (XLAS), and mutations in the
COL4A5 gene, which encodes the type IV collagen o5
(25(IV)) chain, can be detected.! Disease-causing mutations
in COL4A5 result in abnormal o5(IV) expression and
typically in complete absence of a5(IV) in the glomerular
basement membrane (GBM) and Bowman’s capsule (BC).
However, a previous review suggested that 20% of male XLAS
sufferers showed complete or partial staining for this collagen
chain,? although the genetic and clinical backgrounds of male
XLAS patients presenting with such atypical immuno-
histological findings have not yet been elucidated. The aim
of this study was to clarify the genetic and clinical back-
grounds of XLAS patients with positive expression of a5(IV),
and to determine if expression of this chain correlated with
renal phenotype in men with XLAS.

RESULTS

Patient clinical features and pathological findings

A total of 139 patients were referred to our hospital for
mutational analysis between January 2006 and January 2011.
Among these, 63 female patients were excluded from this
study. Of the remaining 76 male patients, 62 were genetically
defined as male XLAS sufferers. o5(IV) Staining was not
carried out in 10 patients, and 52 men with a5(IV) expres-
sion data were therefore included in this study (Figure 1).
Thirty-seven (71%) patients showed no «5(IV) staining in
kidney tissue (negative group), whereas the remaining 15
(29%) showed positive staining for %5(IV) (positive group).
Thirteen patients in the positive group showed normal
a5(1IV) distribution, although some showed reduced expres-
sion levels, and two showed a mosaic expression pattern
(Supplementary Table 2 online). The characteristics of the
two groups are summarized in Table 1. Although the ages at
kidney biopsy and mutational analysis were similar in both
groups, the time between age at biopsy and age at mutational
analysis was significantly shorter in the positive group. This
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Patients referred for
mutational analysis
January 2006 — January 2011

(n=139)
> Female patients
(n=63)
Male patients
(n=76)
No mutations detected yet
S (n =1 0)

Autosomal dominant or
recessive AS (n=4)

Genetically-defined XLAS

(n=62)
. No o5 staining performed
(n=10)
Analyzed
(n=52)

Figure 1|Flow diagram showing patient recruitment and
analysis. Fifty-two proven XLAS males were finally enrolled in this
study. AS, Alport syndrome; XLAS, AS patients showing X-linked
inheritance.

Table 1|Clinical and laboratory data and treatments in
a5(IV)-negative and a5(IV)-positive patients

a5(IV)-Negative a5(lV)-Positive
group (n=37) group {(n=15) P-value

Age at analysis (years) 14.0+£9.2 128%£70 0.88
Age at kidney biopsy (years) 8.0+6.2 105+6.6 0.13
Time between kidney biopsy 58+75 23+3.0 0.041
and mutational analysis (years)

Age at the detection of urinary 40+32 63+438 0.036
protein (years)

Urinary protein/creatinine ratio 1724 0.78+1.0 0.027
(g/g Cr°

Estimated GFR (ml/min 111.2+316 1229+206 043
per 1.73m?)

Number of patients 5 1 0.66
developing ESRD

Hearing loss (%)° 543 0 0.0002
Ocular abnormality (%)° 156 6.7 0.65
No medication 3 4

ACEI/ARB only 29 1

CyA only 0 0

ACEI/ARB -+ CyA 5 ]

Abbreviations: ACEl, angiotensin converting enzyme inhibitor; ARB, angiotensin
receptor blocker; CyA, cyclosporine A; ESRD, end-stage renal disease; GFR,
glomerular filtration rate; 25(1V), type IV collagen 5.

*Values for patients with ESRD were excluded from this analysis.

PHearing test was not conducted in one patient in the positive group.
“Ophthalmologic exams were not conducted in five patients in the positive group.

could be because atypical cases require genetic diagnosis, and
doctors may tend to request mutational analysis sooner in
these patients than in typical cases. The shorter duration of
follow-up in positive patients could help to explain the
smaller number of patients developing ESRD.
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Table 2| Mutation types in «5(1V)-negative and a5(IV)-
positive patients

a5(IV)-Negative a5(1V)-Positive

group group
Genotype (n=37) (n=15) Total
Missense 1 9 20
Nonsense 5 0 5
Insertion 7 (0) 0 (0) 7
Deletion 6 (0) 3(3) 9
Splice site 8 (3) 1(N 9
Somatic mosaicism 0 22 2
Total 37 15 52
Truncating mutation 23 0

62% 0%

Abbreviation: «5{1V), type IV collagen 5.
Number of patients with in-frame mutation are shown in parenthesis.
“Both patients showed a5(1V) expression with mosaic pattern.

Five (13.5%) patients developed ESRD in the negative
group, compared with one (6.7%) in the positive group.
Three patients in the negative group and four in the positive
group received no medications. Twenty-nine in the negative
group and 11 in the positive group received angiotensin-
converting enzyme inhibitors and/or angiotensin receptor
blockers, whereas five in the negative group received
angiotensin-converting enzyme inhibitor/angiotensin recep-
tor blocker and cyclosporin treatment. There were no
significant differences in medications between the two groups
(P=10.091).

Genotypes

All mutations detected in the positive and negative groups are
shown in Supplementary Tables 1 and 2 online, respectively.
Regarding COL4A5 genotype, 23 (62%) of the 37 patients in
the negative group had truncating mutations, including
nonsense (n=7>5), insertion (n=7), deletion (n=6), and
splice-site mutations (n=5). All these insertion, deletion,
and splice-site mutations led to out-of-frame mutations. In
contrast, no patients in the positive group had truncating
mutations. Mutations in the positive group included
missense (n=9), large in-frame deletion (n=1, exons 2-8,
384-bp deletion), small in-frame deletions (n=2, 9-bp and
36-bp deletions), splice-site mutation (1 = 1, leading to exon
9, 81-bp skipping), and somatic mosaic mutations (n=2;
Table 2). Twenty (38%) patients in this study had missense
mutations in COL4A5; 11 in the negative and 9 in the
positive groups. All the missense mutations in this study
resulted in glycine substitutions. The positions of the
missense mutations are shown in Figure 2. Receiver operating
characteristic curve analysis of patients with missense
mutations showed a cutoff value at exon 25 in both groups
(sensitivity 0.778, specificity 0.8, Figure 2). Seven patients in
the positive group and two in the negative group had
missense mutations in the exons between 1 and 25, whereas
two and nine patients, respectively, had mutations between
exons 26 and 51 (P=0.02). Missense mutations in the
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3 4 5
5 5 0

2 2 3
0 5 0
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= (Exon number)

Figure 2 | Distribution map of COL4A5 missense mutations. Black circles define the positions of missense mutations in the negative group,
and open circles show the positions of missense mutations in the positive group.

positive group thus showed a significant tendency to be
located before exon 25.

Phenotypes

Renal. Regarding phenotypes, the age at first proteinuria
detection was significantly younger (4.0+3.2 and 6.3 +4.8,
respectively; P=0.036, Table 1) and the urinary protein/
creatinine ratio at the time of mutational analysis was
significantly higher in the negative group than in the positive
group (1.7+2.4¢g/g Cr and 0.78+£1.0g/g Cr, respectively;
P =0.027, Table 1), although the ages at mutational analysis
were similar in both groups. Only six patients developed
ESRD, because of their relatively young age. We therefore
compared the age at onset of ESRD in patients and their
affected male family members. Five patients and 9 affected
male family members in the negative group, and 2 patients
and 13 affected male family members in the positive group
developed ESRD (Supplementary Table 1 and 2 online). The
age at onset of ESRD was significantly lower in the negative
group than in the positive group (24.00+14.2 and
37.53 £ 16.30 years, respectively; P=0.018, Figure 3).

Two patients in the positive group demonstrated somatic
mosaicism; both showed a mosaic pattern of a5(IV)
expression in the GBM and BC, one of which we have
recently reported on elsewhere.?

Cochlear. Previous reports have suggested a probability
of hearing loss of 50% by age 15 in men with X-linked AS.*
Our results showed that 54.3% of patients in the negative
group developed hearing loss, with a median age of 13 years;
however, no patients in the positive group developed hearing
loss (Table 1 and Figure 4).

Ocular. Tt has also been reported that about 15% of
X-linked AS men exhibit anterior lenticonus or other eye
lesions.* However, there was no significant difference in
ocular abnormalities between the two groups in this study
(15.6% in the negative group and 6.7% in the positive group;
P=0.65; Table 1).

DISCUSSION
This study provides the first report of the genetic and clinical
backgrounds of male XLAS patients with atypical immuno-
histological findings of «5(IV) in the kidney. The results
show valuable and novel information on the renal out-
come and genetic background of these patients based on
immunostaining patterns.

We determined the genotypes of patients with immuno-
histochemical evidence of 5(IV) expression, and confirmed
that this staining pattern was associated with a milder renal
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Figure 3| Age at onset of end-stage renal disease (ESRD) in
negative (n=14) and positive group (n = 15) patients and their
affected male family members. The onset age was significantly
lower in negative group compared with positive group patients
(24.00 £ 14.2 and 37.53 + 16.30 years, respectively; P =0.018).
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Figure 4| Probability of hearing loss in the type IV collagen o5
(05(1V))-positive and -negative groups. The median age for
developing hearing loss was 13 years in the negative group, whereas
no patients in the positive group developed hearing loss.

course. We demonstrated that 29% of male XLAS patients
were positive for #5(IV) staining; 60% of them had missense
mutations, 27% had an in-frame deletions, and 13% had
somatic mosaic mutations. In contrast, all patients with
truncating mutations showed negative staining for «5(IV).
Several groups have described genotype-phenotype correla-
tions in XLAS.? Large rearrangements and all mutations that
change the reading frame of the gene were associated with
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severe types of AS,® whereas patients with in-frame mutations
tended to have relatively mild phenotypes.*®7 Jais et al*
reported normal GBM incorporation of defective «5(IV) and
the related o3(IV) and o4(IV) chains in two patients,
indicating that normal GBM expression of «5(IV) did not
preclude a diagnosis of XLAS. Mazzucco et al.® also reported
three female XLAS patients with normal a3(1V) and a5(IV)
staining patterns and proven COL4A5 mutations, including
two patients with small in-frame mutations and one with a
missense mutation. In addition, two patients showed positive
a3(1V) staining patterns, despite negative staining for a5(IV)
chain, and these authors hypothesized that very low levels of
a5(IV) expression that were undetectable by immuno-
histochemical study may still be sufficient to allow the
correct folding of the triple helix comprising the «3-04-05
chains.” Massella et al.!* recently reported that 3 out of 22
patients (14%) showed a5(IV) positivity (one diffuse and
two segmental), and 5 of 22 patients (23%) showed diffuse
a3(IV) staining. Type IV collagen, which is a component of
the GBM, is a triple helix composed of three o chains. We
hypothesized that some missense and in-frame mutations
might affect the structure of this triple helix, but its rate of
degradation is low. The a3-04-05(IV) triple helix network in
GBM may thus sometimes be present in reduced amounts,
and low, rather than absent expression levels may lead to the
milder phenotype of XLAS.!! The apparent discrepancies in
a5(1V) positivity between the current and previous reports
may be the result of the use of different antibodies with
different sensitivities, associated with the methods of
antibody production.'?'* These factors should be taken
into account when interpreting the results of these studies.
We also examined the correlation between mutation
positions and staining patterns in patients with missense
mutations. Missense mutations located in exons 125 were
more common in o5(IV)-positive patients. The three o-
chains comprising the triple helix of type IV collagen consist
of triple helical protomers with different compositions.!®
Each protomer has a 7S triple helical domain at the
N-terminal, a collagenous domain in the middle of the
molecule of Gly-X-Y repeats, and a non-collagenous trimer
(NC1) at the C-terminal. The repetitive Gly sequence in the
collagenous domain is required for proper assembly of the
collagen triple helix and the amino-acid residues in the X-Y
positions are located on the outside of the triple helix.!® The
NC1 domain has an important role in heterotrimer forma-
tion,%!7 because the zipper-like folding mechanism of the
triple helix of type IV collagen is believed to start from the
C-terminal end.”'®!® We used receiver operating characte-
ristic analysis to evaluate the distance from the NC domain of
the missense mutations affecting a5(IV) expression, and
found a cutoff point at exon 25 that distinguished between
the two groups; mutations in the positive group were
significantly more likely to be located before exon 25. A
previous study analyzed the effect of mutation position
on disease severity by comparing 98 glycine-substituting
missense mutations between two groups with mutations
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located in exons 120 and 21-47 of COL4AS5, respectively.
They found that patients with mutations in exons 1-21 had
less severe disease in terms of ESRD.” Dividing our patients
into the same categories in terms of mutation locations
showed that patients with missense mutations located in
exons 1-21 were more likely to be positive (P=0.05). The
results of this study suggest that mutations located between
exons 1 and 25 may lead to a less critical disruption of triple
helix-forming process. Naito et al!® reported that a point
mutation, such as a Gly substitution, within the collagenous
domain had no effect on the construction of the NCI1
domain. Predicted minimal changes in protein structure
cause late onset of ESRD. Our study indicated that positivity
was related to less severe effects on urinary protein levels and
older age at onset of ESRD.

We also demonstrated the incidence of somatic mosaic
mutations in male XLAS patients with mild phenotype. We
previously reported a somatic mosaic mutation in COL4A5
in a male XLAS sufferer,” and the current report showed two
patients with this pattern, including a previously reported
case, both of whom showed relatively mild phenotypes. This
suggests that somatic mosaic mutations should be considered
in male XLAS patients with mild phenotypes and mosaic
a5(IV) expression.

None of the a5(IV)-positive patients developed hearing
loss in this study, compared with more than half of the
negative-group patients (54%). There was no difference in
the incidence of ocular lesions between the two groups,
although this could have been because of the relatively small
number of patients in this study. These results suggest that
a5(IV)-positive patients exhibit milder renal and cochlear
phenotypes.

This study had several limitations related to its retro-
spective nature and the small number of patients who
developed ESRD. A previous study reported a median renal
survival rate of 25 years.* Patients in this study were too
young to permit differences in clinical severity to be detected
by estimated glomerular filtration rate. In addition, the
sample size in this study was relatively small, and further
studies with more patients should be conducted to confirm
the current findings.

In conclusion, male XLAS patients with positive a5(IV)
chain expression had milder clinical manifestations than
those with no a5(IV) expression. All a5(IV)-positive patients
had non-truncating or somatic mosaic mutations. Further-
more, the location of missense mutations was related to
differences in a5(IV) expression.

MATERIALS AND METHODS

All procedures were reviewed and approved by the Institutional
Review Board of Kobe University School of Medicine, and consent
for the study was obtained from the patients or their parents.

Inclusion criteria
Clinical and laboratory findings for patients with XLAS were
obtained from their medical records. Patients were referred to our
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hospital for clinical evaluation or genetic analysis. Most of the
patients were followed in various local hospitals in Japan. DNA and
data sheets were sent to our lab after acceptance of the request for
mutational analysis. All patients in this study were identified with
disease-causing mutations in the COL4A5 gene and satisfied at least
one of the following criteria: (1) male patients with proteinuria and
hematuria or ESRD, whose renal pathology showed thickening and
thinning with lamellation (basket-weave changes) or thin GBM by
electron microscopy and total absence of 5(IV) in the GBM and BC.
(2) Male patients with proteinuria and hematuria or ESRD whose renal
pathology showed basket-weave changes or thin GBM by electron
microscopy and positive a5(IV) expression in the GBM and BC.

The degree of urinary protein excretion was evaluated by the
urinary protein/creatinine ratio. Estimated glomerular filtration rate
was calculated using Schwartz’s formula?®?! or glomerular filtration
rate-estimating equations for Japanese,?? for patients under and over
21 years, respectively. All clinical, laboratory, and pathological data
were collected when the request for mutational analysis was
accepted. Images of kidney o5(IV) staining were sent to us for
evaluation of the staining patterns and assessed by the same person
(KN). Estimated glomerular filtration rate was measured based on
the data in the data sheets. In Japan, mass urinary proteinuria
screening is available for children aged 3 years, and every year from 6
to 18 years old. Information on the age at first detection of
proteinuria is thus reliable. Hearing screening by audiometry is also
available for children aged 6, 7, 8, 10, 12, 14, and 15 years, and
information on age at detection of hearing loss is thus also very
reliable.

Mutational analyses

Mutational analyses of COL4A5 were carried out using the following
methods: (1) PCR and direct sequencing of genomic DNA for all exons
and exon-intron boundaries; (2) reverse transcription-polymerase
chain reaction of mRNA and direct sequencing to detect abnormal
splicing, and (3) multiplex ligation-dependent probe amplification
to detect copy number variations. Genomic DNA was isolated from
peripheral blood leukocytes from patients and family members
using the Quick Gene Mini 80 system (Fujifilm Corporation, Tokyo,
Japan) according to the manufacturer’s instructions. For genomic
DNA analysis, all specific 51 exons of COL4A5 were amplified by
PCR, as described previously.”> The PCR-amplified products were
then purified and subjected to direct sequencing using a Dye
Terminator Cycle Sequencing Kit (Amersham Biosciences, Piscataway,
NJ) with an automatic DNA sequencer (model ABI Prism 3130;
Perkin Elmer Applied Biosystems, Foster City, CA). Total RNA was
extracted from blood leukocytes and/or urine sediments. RNA from
leukocytes was isolated using a Paxgene Blood RNA Kit (Qiagen,
Chatsworth, CA) and was then reverse-transcribed into comple-
mentary DNA using random hexamers and the Superscript III Kit
(Invitrogen, Carlsbad, CA). RNA from urine sediment was isolated
as described previously.>* Complementary DNA was amplified
by nested PCR using primer pairs for COL4A5 as described
previously?>?¢ with slight modifications (sequences available on
request). The PCR-amplified products were purified and subjected
to direct sequencing.

Immunohistochemical analyses

Immunohistochemical analyses were performed using either frozen-
or paraffin-embedded sections of kidney tissue. The immunohisto-
chemical procedure has been described previously.!>!>?® The mixture
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of fluorescein isothiocyanate-conjugated rat monoclonal antibody
against human o5(IV) chain (H53) and Texas red-conjugated rat
monoclonal antibody against human ¢2(IV) chain (H25) was pur-
chased from Shigei Medical Research Institute (Okayama, Japan).
Their epitopes were EAIQP at position 675-679 of the a2(IV) chain,
and IDVEF at position 251-255 of the a5(IV) chain.!* Patients
showing complete negativity for a5(IV) staining were classified as
the negative group; all other patients were classified as the positive
group, including those with normal and mosaic expression patterns.

Statistical analyses

Data were expressed as mean * s.d. All calculations were made using
standard statistical software (JMP version 8 package for Windows,
SAS, Cary, NC). The genetic and clinical backgrounds of patients in
both groups were compared using Fisher’s exact test, Wilcoxon’s test,
and receiver operating characteristic analysis. A P-value of <0.05
was considered statistically significant.
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