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Characterization of contiguous gene deletions in
COL4A6 and COL4A5 in Alport syndrome-diffuse
leiomyomatosis
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Tomohiko Yamamura1, Takeshi Ninchoji1, Hiroshi Kaito1, Ichiro Morioka1, Koichi Nakanishi9,
Igor Vorechovsky10 and Kazumoto Iijima1

Alport syndrome-diffuse leiomyomatosis (AS-DL, OMIM: 308940) is a rare variant of the X-linked Alport syndrome that

shows overgrowth of visceral smooth muscles in the gastrointestinal, respiratory and female reproductive tracts in addition to

renal symptoms. AS-DL results from deletions that encompass the 5′ ends of the COL4A5 and COL4A6 genes, but deletion

breakpoints between COL4A5 and COL4A6 have been determined in only four cases. Here, we characterize deletion breakpoints

in five AS-DL patients and show a contiguous COL4A6/COL4A5 deletion in each case. We also demonstrate that eight

out of nine deletion alleles involved sequences homologous between COL4A5 and COL4A6. Most breakpoints took place in

recognizable transposed elements, including long and short interspersed repeats, DNA transposons and long-terminal repeat

retrotransposons. Because deletions involved the bidirectional promoter region in each case, we suggest that the occurrence of

leiomyomatosis in AS-DL requires inactivation of both genes. Altogether, our study highlights the importance of homologous

recombination involving multiple transposed elements for the development of this continuous gene syndrome and other atypical

loss-of-function phenotypes.
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INTRODUCTION

Alport syndrome (AS) is the most common hereditary nephropathy,
characterized by a progressive renal failure, sensorineural deafness and
ocular abnormalities. The most common X-linked form of this disease
(XLAS, OMIM: 301050) results from mutations in the COL4A5 gene,
which encodes the α5 chain of type IV collagen.1 Alport syndrome-
diffuse leiomyomatosis (AS-DL, OMIM: 308940) occurs as a rare
variant of XLAS that shows overgrowth of visceral smooth muscles in
the gastrointestinal, respiratory and female reproductive tracts, in
addition to renal symptoms.1–3 COL4A5 is located on the long arm of
the X chromosome (Xq22) and is head-to-head with the COL4A6
gene. The COL4A6 gene encodes the α6 chain of type IV collagen,
which is mainly expressed in heart, human esophagus, aorta and
bladder smooth muscle basement membrane.3–5

AS-DL patients exhibit contiguous gene deletions at the COL4A5–
COL4A6 locus.5 Sixteen AS-DL patients reported so far have been
found to have a deletion that encompassed the 5′ end of the COL4A5

and COL4A6 genes, and included the bidirectional promoter
(the Human Genome Mutation Database). The COL4A6 deletion
breakpoints have been consistently found within intron 2, whereas the
COL4A5 breakpoints usually occur in intron 1.6 However, the
breakpoints were characterized at a single-nucleotide level only in
four cases.6–9

PATIENTS AND METHODS
In our laboratory, we conduct a comprehensive molecular diagnostics of
inherited kidney diseases, including AS. So far, 415 suspected
AS patients underwent molecular genetic tests, five of them with clinical
signs of leiomyomatosis. The pedigrees of the five cases are shown in
Supplementary Figure 1.
Genomic DNA was isolated from peripheral blood leukocytes. Screening

of contiguous gene deletions was performed with the multiplex ligation
probe amplification (MLPA) using the SALSA P191/192 Alport MLPA
assay (MRC-Holland, Amsterdam, the Netherlands).2,10,11 Long-range
PCR amplification and direct sequencing of COL4A5 and COL4A6 was
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conducted to characterize the deletion breakpoints. The human reference
sequence of NG_011977.1 and NG_012059.2 for COL4A5 and COL4A6
was used, respectively.
To detect a large heterozygous deletion in Case 2, we conducted a semi-

quantitative PCR amplification using capillary electrophoresis.12,13

RESULTS

The MLPA analysis of five patients with AS-DL revealed hetero- or
hemizygous deletions in each case (Supplementary Figure 2). This
analysis was followed by long-range PCRs and direct sequencing to
identify each breakpoint (Figures 1a–e, Supplementary Figure 3 and
Supplementary Data 1). For a female patient (Case 2, Supplementary
Figure 2B), we also conducted a semi-quantitative PCR assay
(Supplementary Figure 4).
Deletions are schematically shown in Supplementary Figure 3.6–9

To examine the genomic context of deletion breakpoints, we analyzed
their flanking sequences using RepeatMasker (Figure 2). Their
alignments with Repbase entries15 revealed the presence of transposed
elements (TEs) in 13/18 (72%) breakpoints in nine cases (Figure 2).
Cases p2 and p3 showed COL4A5-side breakpoints at different
positions within the same long interspersed element, family L1.
Similarly, Cases c3 and p2 exhibited COL4A6-side breakpoints at

different positions in the same L1 copy. Homologous sequences at the
recombination breakpoints were apparent in eight of nine patients.
The length of overlapping sequences varied from 2 to 42 bp
(Supplementary Data 1). No breakpoints were located in the
annotated duplicated segment (UCSC genome browser) of COL4A6
intron 2 (Figure 2).
MLPA analysis of maternal samples of Cases 1, 3 and 4 failed to

detect any deletion, suggesting that, unlike Cases 2 and 5, these are
sporadic cases.

DISCUSSION

This work has more than doubled the number of sequence-
characterized COL4A5 and COL4A6 breakpoints in AS-DL. Although
eight out of nine cases had homologous sequences at the deletion
breakpoints, only two cases (c3 and p2) showed relatively long
homologous sequences in the L1 family of long interspersed elements,
consistent with a well-known L1-mediated recombination
mechanism.16 Almost a half of the human genome is occupied by
recognizable TEs, with L1 occupying ~ 17%.17 TEs have been shown
to provide a source of new exons, genes and regulatory sequences,
dramatically influencing evolutionary history, exon–intron structure,
speciation and regulation of gene expression. TEs facilitate non-allelic
homologous recombination events leading to inherited diseases,14

including AS-DL (Figure 2).8 As compared to c3 and p2, Cases c1,
c4, c5, p1 and p3 revealed shorter homologous sequences indicative of
the same mechanism. The number of breakpoints in TEs 13/18 (72%)
appears to be higher than expected since TEs represent only 40% and
62% of the genomic sequences of COL4A6 and COL4A5, respectively
suggesting that TEs might have some roles for causing recombination
in this disease.
All deletion breakpoints characterized at the single-nucleotide level

in COL4A6 took place in intron 2.6–9 Recently, an AS-DL case was
identified with a deletion extending into COL4A6 beyond this intron,2

but the precise breakpoint was not characterized. On the COL4A5
side, the deletion breakpoint usually maps to intron 1; however, some
cases, including two of ours (c3 and c4), showed breakpoints in intron
36 and intron 4, respectively. Recently, Sa et al. reported an AS-DL
case with a COL4A5-only gene deletion, which encompassed exons
1− 51 but did not include the common promoter region or exon 1 of
COL4A6.18 This report may still be compatible with the requirement
for inactivation of both genes in AS-DL, as first proposed by

Figure 1 Sequence chromatograms of contiguous gene deletion breakpoints in
five AS-DL cases. (a) Case 1 ( c.66+5840 of COL4A6 and c.81+8068 of
COL4A5). (b) Case 2 (c.66+25107 of COL4A6 and c.81+18040 of COL4A5).
(c) Case 3 (c.66+85676 of COL4A6 and c.276+3257 of COL4A5). (d) Case 4
(c.66+119476 of COL4A6 and c.3246+6706 of COL4A5). (e) Case 5
(c.66+84055 of COL4A6 and c.3246+66915 of COL4A5). COL4A6 and
COL4A5 sequences are shown as black and open rectangles, respectively.
Homologous sequence in each case is shown in red. A full color version of this
figure is available at the Journal of Human Genetics journal online.

Figure 2 Schematics of novel and previously reported deletions Location of
both sides of the breakpoints in the in COL4A5 and COL4A6. Deletions are
shown as dark rectangles. Transposable elements in cenetromeric (COL4A6)
and telomeric (COL4A5) breakpoints are shown to the right. The segmental
duplication in intron 2 is marked as a vertical rectangle at the top of the
figure. Exons are numbered at the top. c1− c5, our case 1−5, p1 (ref. 4),
p2 (ref. 14), p3 (ref. 15), p4 (ref. 13). The number of homologous
nucleotides (Figure 1 and Supplementary Data 1) is shown in parentheses.
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Zhou et al.,5 because the authors did not analyze COL4A6 expression
nor did they exclude inactivation of this gene by other mechanisms.
Recent studies in yeasts revealed that deletion of many genes were
associated with altered mRNA levels of the neighboring genes.19 These
studies are particularly relevant for bidirectional promoters which
generate products of two adjacent, often related genes in stoichio-
metric quantities, ensuring their co-expression in the same or similar
biological pathway.
In conclusion, we have more than doubled the number of large

contiguous deletions in AS-DL characterized at the single-nucleotide
level. Our results show that most deletions were mediated by
transposons via homologous recombination events and support
the original proposal5 that inactivation of both genes is required
for the development of leiomyomas in AS-DL.
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hypomagnesemia. In addition, NGS analysis will help to 
resolve clinical difficulties in making an accurate diagno-
sis and thus improve the diagnostic strategy for inherited 
hypomagnesemia.

Keywords Hereditary hypomagnesemia · Diagnostic 
flowchart · Next-generation sequencing

Introduction

Magnesium  (Mg2+) is a cofactor for a group of enzymes 
and transporters, and it also plays an essential role in the 
synthesis of nucleic acids and proteins [1]. Hypomagne-
semia is defined as a serum  Mg2+ level < 1.7  mg/dL 
(<0.7  mmol/L) [2]. Patients with hypomagnesemia suffer 
from nonspecific symptoms such as depression, tiredness, 
muscle spasms, or muscle weakness [1], while severe  Mg2+ 
depletion (<0.4 mmol/L) may lead to cardiac arrhythmias, 
tetany, or seizures [1]. Hypomagnesemia can be caused by 
many triggers, including alcohol abuse, chronic diabetes, 
drugs, or eclamptic seizures [3], while genetic hypomagne-
semia can be distinguished from  Mg2+ deficiency aris-
ing from other causes [1]. However, the genetic causes of 
hypomagnesemia are also heterogeneous and comprise 
both recessive and dominant disorders (Table 1) [2].

Hereditary hypomagnesemia may be difficult to diag-
nose, because it is a relatively rare disorder and exhibits a 
variety of clinical presentations. We established a flowchart 
for identifying responsible genes for hypomagnesemia 
(Fig. 1) and demonstrated its efficacy in five index cases.

Abstract 
Background Hereditary hypomagnesemia is difficult to 
diagnose accurately because of its rarity and the variety of 
causative genes. We established a flowchart for identifying 
responsible genes for hypomagnesemia, and we confirmed 
its diagnostic efficacy in patients with suspected inherited 
hypomagnesemia.
Methods We established a flowchart and applied it to five 
index cases with suspected inherited hypomagnesemia. 
Direct sequence analysis was used to detect the causative 
gene variants in four cases, and targeted sequencing analy-
sis using next-generation sequencing (NGS) of all causative 
genes for hypomagnesemia was used in one.
Results Expected pathogenic variants were detected in the 
HNF1B, TRPM6, CLDN16, CASR, or SLC12A3 gene in all 
five cases. The results of all genetic analyses were consist-
ent with the clinical diagnostic results using the flowchart.
Conclusions Accurate genetic diagnosis is crucial for 
estimating the prognosis, detecting complications in organs 
other than the kidneys, and for directing genetic counseling. 
The developed flowchart for identifying responsible genes 
for hypomagnesemia was useful for diagnosing inherited 
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Materials and methods

Patients

We investigated five index cases with hypomagnesemia 
(Table  2). Clinical and laboratory data and pathological 
findings were obtained from medical records.

Genetic analysis

Genomic DNA was isolated from peripheral blood 
leukocytes from the patients and their family mem-
bers using the Quick Gene Mini 80 system (Wako Pure 
Chemical Industries, Ltd., Tokyo, Japan) according to 
the manufacturer’s instructions. Direct sequencing or 
next-generation sequencing (NGS) was conducted for 

Table 1  Genetic causes of hypomagnesemia

AR autosomal recessive, AD autosomal dominant, CAKUT congenital anomalies of the kidney and urinary tract

Gene Protein Inheritance

Familial hypomagnesemia with hypercalciuria and nephrocalcinosis CLDN16 Claudin-16 AR
Familial Hypomagnesemia with hypercalciuria, nephrocalcinosis, and 

severe ocular involvement
CLDN19 Claudin-19 AR

Autosomal dominant hypomagnesemia with hypocalciuria FXYD2 γ-Subunit of the Na-K-ATPase AD
Isolated recessive hypomagnesemia EGF pro-EGF AR
Hypomagnesemia with secondary hypocalcemia TRPM6 TRPM6 AR
Autosomal dominant hypomagnesemia KCNA1 Voltage gated K channel Kv1.1 AD
Autosomal dominant hypomagnesemia CNNM2 CNNM2 AD
Autosomal dominant hypomagnesemia with CAKUT HNF1B Hepatocyte nuclear factor 1 homeobox B AD
Gitelman syndrome SLC12A3 NCCT AR
Type3 Bartter syndrome CLCNKB ClC-Kb AR
Type4 Bartter syndrome BSND Barttin AR
Autosomal dominant hypocalcemia CASR Ca sensing receptor AD
Epilepsy, ataxia, sensorineural deafness, and tubulopathy syndrome KCNJ10 Kir4.1 AR
Hyperphenylalaninemia and primapterinuria/renal cyst and diabetes-like PCBD1 PCBD1 AR
neonatal inflammatory skin and bowel disease-2 EGFR EGFR AR
Kenny-Caffey syndrome type 2 FAM111A FAM111A AD

Fig. 1  Flowchart for identi-
fying responsible genes for 
hypomagnesemia. The flowchart 
required the following clinical 
data for identifying responsible 
genes for hypomagnesemia: (1) 
congenital anomalies of the kid-
ney and urinary tract (CAKUT) 
or family history of maturity-
onset diabetes of the young 
(MODY); (2) hypokalemia and 
metabolic alkalosis (Gitelman-
like); (3) hearing loss; (4) hypo 
or hypercalciuria; (5) hypopar-
athyroidism and hypocalcemia; 
and (6) ocular anomalies
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genes responsible for inherited hypomagnesemia. NGS 
samples were prepared using a HaloPlex target enrich-
ment system kit (Agilent Technologies, Santa Clara, 
CA) according to the manufacturer’s instructions. The 
inherited hypomagnesemia-responsible genes CLCNKB, 
BSND, SLC12A3, CASR, KCNJ10, CLDN16, CLDN19, 
FXYD2, EGF, TRPM6, KCNA1, CNNM2, and HNF1B 
were screened by targeted sequencing.

Ethical considerations

All procedures were approved by the Institutional Review 
Board (IRB) of Kobe University Graduate School of 
Medicine and in accordance with the Helsinki Declara-
tion of 1975, as revised in 2000 (IRB number: 301). 
Informed consent was obtained from all index patients or 
their parents.

Table 2  Clinical characteristics and results of genetic diagnoses of index cases

CAKUT congenital anomalies of the kidney and urinary tract, N/A not analyzed

Parameter Patient 1 Patient 2 Younger 
Brother

Patient 3 Elder sister Patient 4 Patient 5

Sex and age Male, 2 years old Male, 1 
month old

Current data 
(26 years 
old)

Current data 
(21 years 
old)

Female, 6 
months old

Female, 4 
years old

Female, 33 
years old

Female, 8 
years old

Clinical 
manifesta-
tion

CAKUT – – – – – – –

Serum indices
 K+, mEq/L 4.1 4.5 4.2 4 5.5 4.2 3 2.2
 Ca2+, mg/

dL
10.2 2.9 9.2 8.9 6.3 9.3 6.2 10.1

 Mg2+, mg/
dL

1.5 0.3 1 1.1 0.8 1.4 1.2 0.6

 HCO3
−, 

mmol/L
14.8 25.4 30.6 30.3

 pH 7.354 7.425 7.369 7.385 7.568 7.459
 Creatinine, 

mg/dL
0.47 0.85 0.69 0.3 0.41 1.54 0.26

 Intact PTH, 
pg/mL

N/A 45.5 19 35 71 – Below 
detectable 
levels

73

Urinary indices
 FEMg, % N/A 0.38 0.23 19 – 11.26 5.7
 Ca2+/creati-

nine, g/g 
cre

Below detectable 
levels

0.02 0.007 2.1 0.15 0.33 0.01

 β2MG, 
μg/L

155 168 <60 301 Below 
detectable 
levels

1220 5.7

 Echogram Renal cysts and 
bilateral renal 
hypoplasia

Normal Normal Normal Bilateral 
renal calci-
fication

Bilateral 
renal calci-
fication

Bilateral 
renal calci-
fication

Normal

 Genes HNF1B TRPM6 CLDN16 CASR SLC12A3
 Nucleotide 

change
c.1007insC c.5084-2A > G (Homo) c.414delT c.715G > T c.2363T > G c.1844C > T 

(Homo)
 Conse-

quence on 
protein 
level

p.(His336HfsX23) Exon 31 skip? p.(Ala139ArgfsX5) 
p.(Gly239*)

p.(Phe-
788Cys)

p.(Ser615Leu)
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Results

Patients

Patient 1 was a 2-year-old boy who was found to have low 
serum  Mg2+ by chance at a regular visit for observation of 
hypoplastic kidney. He had been born at 36 weeks to unre-
lated parents after a hydramniotic pregnancy, with a birth 
weight of 2250 g. His father has an isolated renal cyst and 
diabetes mellitus, his older sister had died immediately 
after birth because of Potter’s sequence, and his younger 
brother also had renal hypoplasia. Laboratory test results 
are shown in Table 2. According to the flowchart, HNF1B 
gene mutation was suspected based on the clinical presen-
tation in this family with CAKUT and diabetes, and direct 
sequencing of this gene was conducted.

Patient 2 was a 26-year-old man. He had been born at 
39 weeks to unrelated parents after an uncomplicated preg-
nancy, with a birth weight of 2700  g. He presented with 
recurrent seizures at 1 month old, and although laboratory 
tests revealed hypomagnesemia and hypocalcemia, no fur-
ther examination was conducted at that time. His younger 
brother underwent blood tests at 4 days old because of his 
family history, which also revealed hypomagnesemia. The 
results of laboratory tests for the index patient performed at 
1 month old are shown in Table 2. He required intravenous 
 Mg2+ two or three times a week since the initial diagnosis. 
This patient had no ocular involvement. His and his broth-
er’s current laboratory data are shown in Table 2. We con-
ducted targeted sequencing analysis using NGS, including 
hereditary hypomagnesemia-causative genes. Based on the 
clinical presentation of hypomagnesemia and hypocalcemia 
and intact parathyroid hormone (iPTH) suppression with-
out CAKUT, hypokalemia, or hypercalciuria, this family 
was suspected to have TRPM6, EGF/EGFR, or FAM111A 
variants.

Patient 3 was a 6-month-old girl who was born to unre-
lated parent at 38 weeks after an uncomplicated pregnancy, 
with a birth weight of 2680 g. Low serum  Ca2+ and  Mg2+ 
were detected by chance during a bout of viral gastroenteri-
tis. Her asymptomatic elder sister was tested after the diag-
nosis of Patient 3 and was also found to have hypomagne-
semia. Laboratory test results for both sisters are shown 
in Table  2. She had no ocular involvement. The clinical 
presentation of hypercalciuria without CAKUT, hypoka-
lemia, iPTH suppression, or ocular abnormality suggested 
CLDN16 mutation, and direct sequencing of this gene was 
conducted.

Patient 4 was a 33-year-old woman, whose case has been 
reported previously [4]. Low serum  Ca2+ was detected by 
chance in the absence of any clinical signs, and she was 
diagnosed with hypocalcemia and hypoparathyroidism at 
the age of 6 years. She showed hypokalemia, metabolic 

alkalosis, and short stature at the age of 12, and was admin-
istered growth hormone therapy for 3 years. Hypomagne-
semia was detected when she was 25 years old. She devel-
oped bilateral renal calcification and mild impairment of 
kidney function at the age of 33 years. She had been pre-
scribed active vitamin D3 since the age of 6 years, but this 
was tapered off after a diagnosis of ADH1. The results of 
laboratory tests performed at her initial visit to our hos-
pital are shown in Table 2. From the clinical presentation 
of hypokalemia, hypercalciuria, iPTH suppression, and 
hypocalcemia without CAKUT or hearing loss, she was 
suspected to be have a CASR mutation, and direct sequenc-
ing of this gene was conducted.

Patient 5 was an 8-year-old girl who had been born at 
40 weeks to unrelated parents after an uncomplicated preg-
nancy, with a birth weight of 3246 g. She had no remark-
able family or past history. However, low serum  Mg2+ was 
detected by chance when she was affected by viral gastro-
enteritis. Her laboratory test results are shown in Table 2. 
She had no significant inner ear involvement. Based on 
her clinical presentation of hypokalemia and hypocal-
ciuria, without hearing loss, she was suspected to have an 
SLC12A3 mutation.

Flowchart

The flowchart was established according to the follow-
ing reports of inherited hypomagnesemia. HNF1B is a 
causative gene of CAKUT and early onset diabetes, and 
MODY5 that is also caused by HNF1B variants is fre-
quently accompanied by hypomagnesemia [5–7]. Patients 
with FXYD2, KCNA1, CNNM2, or PCBD1 variants show 
hereditary hypomagnesemia with hypo- to normocalciu-
ria [8–12]. Hypomagnesemia with secondary hypocalce-
mia (HSH) caused by TRPM6 variants is associated with 
hypo- to normocalciuria with serum iPTH suppression 
[13–15]. Kenny-Caffey syndrome type 2 is a rare condition 
caused by FAM111A variants. It is characterized by corti-
cal thickening and medullary stenosis of tubular bones, 
delayed closure of the anterior fontanelle, eye abnormali-
ties, hypoparathyroidism and hypocalcemia accompa-
nied by hypomagnesemia, and hypo- to normocalciuria 
[16]. ADH1/type V Bartter syndrome caused by CASR 
variants also shows iPTH supression and hypocalcemia 
[17–19]. Patients with EGF or EGFR variants may share 
similar pathophysiology with HSH, because EGF increases 
TRPM6 activity and surface expression [20, 21]. Familial 
hypomagnesemia with hypocalcemia and nephrocalcino-
sis (FHHNC) caused by CLDN16 or CLDN19 variants is 
associated with hypercalciuria, while CLDN19 variants are 
associated with ocular impairment [22–24]. Hypomagne-
semia accompanied by hypokalemia and metabolic alka-
losis (Gitelman-like) indicates the possibility of Bartter/
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Gitelman syndrome-associated disorders. Both type III 
Bartter syndrome caused by variants in CLCNKB and 
Gitelman syndrome caused by variants in SLC12A3 are 
usually accompanied by hypomagnesemia [25–28]. Patho-
genic variants in the BSND gene cause type IV Bartter 
syndrome with sensorineural deafness and occasionally 
hypomagnesemia [2, 29]. Pathogenic variants in KCNJ10 
also cause hypokalemic and hypomagnesemic tubulopathy 
with hearing loss (EAST syndrome), and this tubulopathy 
is identical to that seen in Gitelman syndrome [30].

The flowchart required the following clinical data 
for identifying responsible genes for hypomagnesemia: 
(1) congenital anomalies of the kidney and urinary tract 
(CAKUT) or family history of maturity-onset diabetes of 
the young (MODY); (2) hypokalemia and metabolic alkalo-
sis (Gitelman-like); (3) hearing loss; (4) hypo- or hypercal-
ciuria; (5) hypoparathyroidism and hypocalcemia; and (6) 
ocular anomalies (Fig. 1).

Genetic analysis

All genetic test results are shown in Tables  2 and 3. The 
results of all genetic analyses were consistent with the clin-
ical diagnostic results obtained using the flowchart (Fig. 1). 
Truncating variants were detected in Patients 1 and 3. A 
splicing variant was detected in Patient 2. Missense vari-
ants were detected in Patients 4 and 5, both of which were 
predicted as pathogenic by in silico analysis. In addition, 
variants in Patients 1, 2, 4 and 5 have been reported as 
pathogenic (Table 3) [31–34].

Discussion

This study demonstrated the validity of our flowchart in 
five index cases of inherited hypomagnesemia. The flow-
chart is necessarily complicated because of the genetic het-
erogeneity of the condition. However, an accurate clinical 
diagnosis is important in terms of the kidney prognosis, 
the presence of complications other than hypomagnesemia, 
and for conducting genetic counseling. Recent develop-
ments in genetic techniques mean that it is possible to make 
a genetic diagnosis using NGS, even in the absence of an 
accurate clinical diagnosis, as in Patient 2. However, a 
clinical diagnosis remains important, because NGS is not 
always available. A diagnostic flowchart thus provides a 
highly useful tool for clinicians.

Heterozygous variants in HNF1B result in multi-sys-
tem disorders and are the most common monogenic cause 
of CAKUT, occurring in 10–30% of CAKUT patients in 
the prenatal period [7]. HNF1B is also a causative gene 
of early onset diabetes, MODY5 [6]. In addition, an ini-
tial report showed that hypomagnesemia occurred in up to 
50% of affected patients [5]. The presence of CAKUT with 
hypomagnesemia and a family history of diabetes provided 
a useful clue to a potential HNF1B mutation in Patient 1. 
Serum  Mg2+ levels should be monitored in patients with 
CAKUT as an indicator of potential HNF1B mutations, 
while a family history of early onset diabetes is also a clue 
for the detection of HNF1B variants, as in Patient 1.

Homozygous or compound heterozygous variants in 
TRPM6 cause HSH, which is a relatively rare autosomal 
recessive disease [15]. Affected individuals present in early 

Table 3  Results of genetic diagnosis

Patient Genes Inherit-
ance 
mode

Nucleotide 
changes

Consequence on 
protein level

Previous reports Variant types SIFT PolyPhen2

1 HNF1B AD c.1006dupC p.(His336HfsX23) Mache (2002) 
Pediatric 
Nephrol 17, 
1021

Frameshift – –

2 TRPM6 AR c.5084-2A > G 
(Homo)

(Exon 31 skip?) Lainez (2014) 
Eur J Hum 
Genet 22, 497

Splice site vari-
ant

– –

3 CLDN16 AR c.414delT p.(Ala139ArgfsX5) Novel Frameshift – –
c.715G > T p.(Gly239*) Novel Nonsense vari-

ant
– –

4 CASR AD c.2363T > G p.(Phe788Cys) Watanabe 
(1998) J Clin 
Endocrinol 
Metab 83, 
2497

Missense variant Damaging 
(0.01)

Probably dam-
aging (1.00)

5 SLC12A3 AR c.1844C > T 
(Homo)

p.(Ser615Leu) Cruz (2001) 
Kidney Int 59, 
710

Missense variant Damaging 
(0.01)

Probably dam-
aging (1.00)



 Clin Exp Nephrol

1 3

infancy with seizures caused by the severe hypocalcemia 
and hypomagnesemia [15]. HSH is sometimes misdiag-
nosed as primary hypoparathyroidism because of its initial 
presenting symptoms of hypocalcemia and concomitant 
low or inappropriate normal parathyroid hormone (PTH) 
caused by hypomagnesemia, which blocks the release of 
PTH and decreases sensitivity to circulating PTH in target 
organs [13]. Some HSH patients can be managed by  Mg2+ 
supplementation without a genetic diagnosis, as in Patient 
2. HSH is a relatively rare condition, and the causative 
mutation in Patient 2 was detected by NGS analysis; how-
ever, our flowchart also led to a diagnosis of HSH in this 
patient.

Loss-of-function mutations in the genes for claudin-16 
and its close relative claudin-19 lead to an identical renal 
phenotype, with combined renal  Ca2+ and  Mg2+ wast-
ing and nephrocalcinosis, referred to as FHHNC, inher-
ited in an autosomal dominant mode [23, 24]. FHHNC 
is frequently complicated by progressive renal failure 
and the renal prognosis is poor, with progressive chronic 
kidney disease requiring renal replacement therapy typi-
cally occurring in the second or third decades of life [35]. 
Patients with CLDN16 and CLDN19 variants may have dif-
ferent renal prognoses; CLDN19 mutations are associated 
with a higher risk of chronic kidney disease and end-stage 
renal disease, and ocular impairment occurs exclusively in 
patients with CLDN19 mutations [22]. Definitive genetic 
diagnosis may be useful to prediction of prognosis or phe-
notype in FHHNC patients.

Gain-of-function mutations in CASR cause ADH1, 
which is associated with hypocalcemia, relative hyper-
calciuria, and inadequate PTH secretion, and occasion-
ally with hypomagnesemia [17]. In some cases, ADH1 is 
accompanied by hypokalemia, and this combination may 
be classified as type V Batter syndrome [18, 19]. In addi-
tion to HSH, ADH1 may also be misdiagnosed as primary 
hypoparathyroidism, as in Patient 4.

Loss-of-function mutations in SLC12A3 cause Gitel-
man syndrome, which is an autosomal recessive renal tubu-
lopathy characterized by hypokalemic metabolic alkalosis 
with hypocalciuria and hypomagnesemia [28]. Type III 
Batter syndrome, which is caused by CLCNKB variants, 
frequently shows phenotypic overlap with Gitelman syn-
drome [25–27], and some type III Batter syndrome patients 
may show clinical features of Gitelman syndrome, such as 
hypomagnesemia and hypocalciuria [25, 26]. It is not pos-
sible to make a definite diagnosis in such cases without 
genetic testing; however, a definitive genetic diagnosis will 
allow better management of patients and appropriate patho-
physiological investigation of the disease.

Our flowchart was useful in the five index cases of inher-
ited hypomagnesemia, and was also validated in the previ-
ous cases of inherited hypomagnesemia. However, many 

genes are involved in inherited hypomagnesemia, some of 
which have been reported in too few cases to define their 
characteristics. For instance, hypomagnesemia associated 
with variants in KCNA1 [9] or loss-of-function in the EGFR 
gene [20] has only been reported in one pedigree and one 
patient, respectively, though there have been some reports 
of cases with hypomagnesemia treated with cetuximab, a 
monoclonal antibody directed against EGFR [36]. Pheno-
typic overlap, such as that between Gitelman syndrome and 
type III Bartter syndrome [25, 26], or diversity of clinical 
phenotypes associated with gain-of-function mutations 
in CASR causing ADH1 and type V Bartter syndrome, 
will complicate the flowchart [18, 19, 37]. Further studies 
of inherited hypomagnesemia are, therefore, required to 
improve the flowchart.

In conclusion, hereditary hypomagnesemia may be dif-
ficult to diagnose accurately because of its rarity and the 
variety of causative genes. Our flowchart for identifying 
responsible genes for hypomagnesemia provides a useful 
diagnostic tool, but some kinds of hereditary hypomagne-
semia still require genetic testing to reach a definite diag-
nosis. NGS analysis will help to resolve clinical difficulties 
and improve the chance of making a definite diagnosis in 
patients with hereditary hypomagnesemia.
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Restricted nutrition-induced low birth weight, low number
of nephrons and glomerular mesangium injury in
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Insufficient nutrition during the perinatal period causes structural alterations in humans and experimental animals, leading to increased
vulnerability to diseases in later life. Japanese quail, Coturnix japonica, in which partial (8–10%) egg white was withdrawn (EwW) from eggs before
incubation had lower birth weights than controls (CTs). EwW birds also had reduced hatching rates, smaller glomeruli and lower embryo weight.
In EwW embryos, the surface condensate area containing mesenchymal cells was larger, suggesting that delayed but active nephrogenesis takes
place. In mature EwW quail, the number of glomeruli in the cortical region (mm2) was significantly lower (CT 34.7 ± 1.4, EwW 21.0 ± 1.2);
capillary loops showed focal ballooning, and mesangial areas were distinctly expanded. Immunoreactive cell junction proteins, N-cadherin and
podocin, and slit diaphragms were clearly seen. With aging, the mesangial area and glomerular size continued to increase and were significantly
larger in EwW quail, suggesting compensatory hypertrophy. Furthermore, apoptosis measured by terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick-end labeling analysis was higher in EwWs than in CTs on embryonic day 15 and postnatal day 4 (D4). Similarly, plasma
glucocorticoid (corticosterone) was higher (P< 0.01) on D4 in EwW quail. These results suggest that although nephrogenic activity is high in
low-nutrition quail during the perinatal period, delayed development and increased apoptosis may result in a lower number of mature nephrons.
Damaged or incompletely mature mesangium may trigger glomerular injury, leading in later life to nephrosclerosis. The present study shows that
birds serve as a model for ‘fetal programming,’ which appears to have evolved phylogenetically early.
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Introduction

Increasing evidence suggests that the onset of diseases in adults
may originate in adverse events of fetal life, such as reduced
nutrient supply and hypoxia.1–3 Inadequate nutrition, parti-
cularly low protein, in the fetal period results in smaller birth
size and may predispose humans and experimental animals to
various health problems after maturation, including hyper-
tension, type 2 diabetes, obesity, and cardiovascular and renal
disorders.4–8 Such developmental programming (develop-
mental plasticity) is the ability of an organism to change its
phenotype in response to changes in the environment.9,10

Furthermore, in advanced countries, the number of babies with
low birth weight (LBW; 2500 g or lower) has been increasing
since the 1980s.11 Also, our recent study11 shows that the

incidence of focal segmental glomerulosclerosis (FSGS; diag-
nosed by renal biopsy) is increasing in children and is associated
with enlarged glomeruli and a reduced number of nephrons.
Causal relationships among these facts, however, are not
completely understood.
Using a unique bird model, we tested the hypothesis that

reduced nutrition during the critical time of kidney develop-
ment retards nephrogenesis, resulting in a low number of
nephrons. The remaining nephrons show compensatory
enlargement. Increased glomerular pressure damages incom-
pletely mature nephrons, leading to mesangial expansion and
nephrosclerosis. Birds provide an ideal model for studying
this hypothesis because avian embryos have a predetermined
nutrient supply in the egg12 and their nutrition is free from
influence by daily maternal diet. Also, birds show a maturation-
dependent increase in blood pressure. We therefore investi-
gated whether Japanese quail in which the nutrient supply
was reduced during development: (1) show LBW (low hatch
weight) and a decreased number of renal glomeruli; and
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(2) show renal injury after maturation, particularly in the
glomerular mesangium area, possibly leading to nephrosclerosis.
Nutrition-reduced quail also provide a good model for studying
the phenotype and mechanism of fetal programming and for
examining whether ‘fetal programming’ evolved phylogenetically
early.

Materials and methods

Animals, egg incubation and maintenance

Fertilized eggs of Coturnix japonica (Ebihara’s male/female
differentiable strain) were purchased from a commercial
hatchery (Ebihara Farm; Tochigi, Japan) and were incubated in
a temperature (37.5°C) – and humidity (60%; increased to
80% 3 days before hatching) – controlled incubator with
periodic rotation (Ehret Egg Incubator; AFOS, UK).13–15

Fertilized quail eggs were hatched on D17–D17.5. Chicks that
were hatched after the 18th day were not included. Hatched
birds were kept at 37°C for the first 3 days; the temperature was
decreased by 2°C every 2 days until it reached 25°C. Thereafter,
birds were kept in a temperature (25°C) – and humidity-
controlled brooder (JQ-TECH; Toyohashi, Japan) for 3 weeks
and then moved to a group pen at room temperature (22–24°C).
Chick food (Ebihara Farm, Japan) containing protein (25%
minimum), fiber (6%), crude minerals (13.7%), crude fat (3%),
calcium (0.9%), phosphorus (0.7%) and crude carbohydrate
(rest) was fed to the birds for 2 weeks. The chick food was
gradually replaced with adult food containing 24% protein and
2.5–3.0% calcium (the other constituents are similar). Calcium
in adult food is higher because females use a large amount of
calcium for laying eggs. Drinking water containing multiple
vitamins (GQF Manufacturing; Savannah, GA, USA) was given
for the first 7 days, followed by tap water ad libitum. The
photoperiod (12 h light–12 h dark cycle) was controlled. Birds
were kept in groups separating control (CT) and experimental
[egg white withdrawn (EwW)] quail. Animal protocols were
reviewed and approved by the Institutional Animal Care and Use
Committee of the Niigata University School of Medical and
Dental Sciences, Niigata, Japan and University of Tennessee
Health Science Center.

Withdrawal of partial egg white

Before the experiments, intact eggs were boiled to estimate
approximate volume of egg white.15 Egg whites and yolks were
separated, and the average percentage of egg white over whole
egg weight was calculated (57.8 ± 0.6%; n= 7). In all, 8–10%
of estimated egg white was withdrawn before initiation of
hatching (referred to as EwW). In preliminary studies, we
found that EwW of <5% showed no effect, whereas EwW
of >10% reduced the hatching rate from 75–80% to <5%.
Fertilized eggs were gently cleaned with warm water. A sterile
G19 blunted needle was inserted through a small hole in the
steep end of the egg shell, and the egg white was withdrawn
into a 1-ml syringe moistened with sterile phosphate-buffered

saline (PBS). The punctured hole was completely sealed by
covering it with a small piece of quail egg shell and non-organic
adhesive gel. Eggs were discarded when egg white was
contaminated with egg yolk, which contains vitamins, calcium,
ions and other important materials for egg growth. Analysis of
quail eggs12 indicated that albumen (egg white) comprises
59.2% of the total egg weight.

Animal groups and experimental protocols

Quail incubation and hatches were repeated three times
(Series A, B and C). Because of the low hatching rate of EwW
groups and limitations in maintenance facilities and sample
handling, it was not possible to process all examinations in the
same group.We measured birth (hatch) weight in all series, and
embryonic weight was measured in Series A and C. Body
weight was measured to assess body growth every 2–3 days and
then once a week in all groups. The specific aims of the study
and protocol differed depending on the series.
Series A: the specific aim of Series A was to determine the

morphological development and immunohistochemical prop-
erties of glomerular junction proteins in kidneys of embryonic
and newborn quail. Kidney specimens were collected at
embryonic day 10 (E10), E15, postnatal day 4 (D4) and D21
for examination by electron microscopy (EM) (n= 2 each for
CT and EwW), histology (n= 3 each for CT and EwW), and
immunohistochemistry (n= 3 each). Trunk blood samples
were collected by decapitation at D4 and D21. Series B: this
group was used for studying time-dependent structural changes
in epithelial cells and mesangium. Specimens for histology
(n= 3 each) and EM (n= 2 each) and for trunk blood samples
were collected at 5, 21 and 63 weeks. Series C: the specific aim
of this series was to determine the mechanism of reduction of
the number of glomeruli in the EwW group. Kidney specimens
for measuring apoptosis in CT and EwW quail (n= 3 each)
were taken at E15, D4 and D16–D18. Histology and EM
specimens were also examined (n= 3 each) to confirm whether
the morphological changes were similar to those in Series A
and B. Trunk blood was collected by decapitation at D4 and
D16–D18.
In all series examined, small EM specimens were collected

from the caudal tip of the lower lobe of the left kidney, whereas
the rest of the left lower lobe (largest lobe) was used for histo-
chemical examination. For histology, right and left kidneys
(embryonic and neonatal) or whole right kidneys were used. As
tissue congestion often occurs due to anesthetic agents and
affects a clear microscopic view, we did not use any chemical
treatment before decapitation.

Tissue preparation for histology and EM

Kidneys from embryos and chicks were quickly excised and
immersed in 4% paraformaldehyde (PFA; pH 7.2) for 3 days,
dehydrated in ethanol, and embedded in paraffin. To maintain
their gross structure, excised kidneys were placed on filter paper
before fixation. Left and right kidneys were collected together
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from E10 and E15 embryos and postnatal birds. Tissues were
sliced (longitudinal sections) to a thickness of 3–4 µm and
stained with hematoxylin-eosin, periodic acid-Schiff (PAS),
and periodic acid-methenamine-silver stain (PAM) for mor-
phological examination. Histological examination was con-
ducted with an Olympus Model BX50 microscope (Olympus
America; New Hyde Park, NY, USA).

Tissue blocks from quail kidneys for EM examination were
fixed in 2.5% glutaraldehyde in 0.1M phosphate buffer (pH 7.4)
at 4°C overnight and postfixed in 1% osmium tetroxide. After
dehydration in a graded alcohol series, tissues were embedded in
Epon 812 resin. Ultrathin sections were double-stained with
uranium acetate and lead citrate for observation by EM (H600A;
Hitachi, Tokyo, Japan).16 For gross examination, thin sections
(~2µm) were stained with 0.1% of toluidine blue and viewed.

Morphometric analysis

Assessment of the number and size of glomeruli was conducted
in longitudinally cut slices by (1) counting the number of
glomeruli in a designated cortical (superficial) area (0.2mm2,
five areas per kidney slice, total 30 areas) and in a deeper zone
(1mm2, two areas per kidney slice, total 18 areas) and
(2) determining the size of the glomerulus and mesangium
areas using a Keyence HS All-in-One Fluorescence Microscope
BZ-9000 (Keyence Co.; Osaka, Japan) and Dynamic Cell
Count BZ-H1C kit (Keyence). We selected 6–60 glomeruli
per kidney slice (depending on protocols; exact numbers are
shown in the relevant figures), representing various parts of the
kidney from three birds per group; glomeruli containing a
vascular pole or a Bowman’s capsule transition to a proximal
tubule were selected. In avian kidneys, the zonation between
cortex and medulla is not as clear as in mammalian kidneys.
Hence, ‘superficial’ and ‘deeper’ zones are more suitable
descriptions.

Measurements of corticosterone

The plasma corticosterone level was measured by radio-
immunoassay using a commercially available kit (Coat-A-
Count 125I RIA kit; Siemens Medical Solutions Diagnostics,
Malvern, PA, USA). In birds, corticosterone is the major
adrenal steroid that has both gluco-and mineralo-corticoid
actions. The structure of avian corticosterone is the same as that
of the rat. A rabbit anti-rat corticosterone antibody was used
that shows cross-reactivity of<2.9 and 0.9%, respectively, with
11-deoxycorticosterone and cortisol. Incubation for the assay
with plasma samples (0.1ml each) was performed in duplicate
for 2 h at 20°C in assay tubes coated with antibody. After
decanting solutions (free fraction), radioactivity of the free
fraction and that of remaining in the incubation tubes
(bound fraction) was counted for 1min by a gamma counter
and the ratio was calculated. The standard curve was obtained
by duplicate assay of corticosterone standards ranging
from 0 to 500 ng/ml. The minimum detection limit of the
assay was 3.0 ng/ml. No sample showed levels of corticosterone
exceeding the maximum detection limit.

Inmunofluorescent analysis for glomerular cell
junction proteins

Glomerular cell junction proteins, podocin and N-cadherin,
were determined using immunofluorescent techniques.17,18

The lower lobes of quail kidneys were embedded in optimum
cutting temperature compound, a formulation of water-soluble
glycols and resins (Finetek; Sakura, Japan), and were kept
at −70°C until being sectioned into 3-µm-thick slices by a
cryostat (usually transverse direction). Entire lower lobes were
collected from embryonic kidneys (E10 and E15), whereas only
the bottom halves of lower lobes from postnatal kidneys were
used. The tissue slices were fixed in 2% PFA (10min), washed
with PBS, and then treated with 10% normal goat serum for
30min. Localization of podocin was investigated by incubating
the sliced tissues with the rabbit anti-carboxyl terminus of
mouse and human podocin19 (polyclonal, 1:200 dilution),
followed by goat anti-rabbit fluorescein isothiocyanate-
conjugated (FITC) (Immunobiological Laboratories, Gunma,
Japan) or goat anti-rabbit tetramethylrhodamine iso-
thiocyanate (TRITC) (rhodamine-conjugated; Southern Bio-
tech, Birmingham, AL, USA) labeled immunoglobulin (IgG)
(1:200 dilution). N-cadherin was determined using mouse
monoclonal anti-N-cadherin (10 µg/ml; Invitrogen Corp.,
Camarillo, CA, USA) raised against the intracellular domain of
chicken N-cadherin, followed by goat anti-mouse FITC- or
TRITC-labeled IgG (1:50 dilution). Anti-chicken cadherin
reacts with chicken, human, mouse, rat and pig
cadherin. Laminin was stained using rabbit anti-mouse EHS
(Englebreth Holm-Swarm) sarcoma (1.3 µg/ml; Sigma, St.
Louis, MO, USA), followed by goat anti-rabbit TRITC-
labeled IgG (1:200 dilution). Zonula occludens-1 (ZO-1) was
stained with mouse anti-human recombinant ZO-1 fusion
protein (AA334–634, 5 µg/ml; Invitrogen, Life Technologies;
Carlsbad, CA, USA), followed by goat anti-mouse
FITC-labeled IgG (1:50 dilution). All tissue slices were
incubated with the first antibody for 16–20 h at 4°C and the
second antibodies for 60min at ambient temperature
(23–24°C).
To delineate the cellular localization of glomerular

proteins, double immunofluorescent labeling was performed.
Primary antibodies were mixed as follows: (1) rabbit anti-
human podocin antibody (as above) and mouse anti-ZO-1
(as above) and (2) anti-chicken cadherin (as above) and rabbit
anti-laminin (basement membrane; cross-reacts with avian
laminin). After washing with PBS, appropriate FITC- or
TRITC-conjugated second antibodies were applied. The
tissues were counter-stained by hematoxylin.
Because molecular sequences of avian junction proteins

have not been identified, we used antibodies raised against
mammalian proteins or a part of their sequences. We chose,
however, antibodies that cross-react with proteins from chick-
ens (close species to quail), such as N-cadherin, α-smooth
muscle actin (SMA), and ZO-1, or confirmed the results with
two different sources of antibodies (such as podocin). Also, we
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confirmed by Western immunoblot that quail ‘podocin’
and ‘N-cadherin’ (glomerular lysate) that bind respectively to
anti-human podocin and anti-human N-cadherin showed the
bands expected for mammalian podocin and N-cadherin.20

Also, the antibodies for basement membrane constituents such
as laminin are very basic antibodies that react with various
species.20 α-SMA was measured immunohistochemically using
α-SMA antibody raised against mouse clone IA4 (Sigma).
α-SMA structure has high homology among species, including
birds, and this antibody cross-reacts with chicken α-SMA. We
used FITC-labeled goat anti-mouse IgG as second antibody.

To determine whether epithelial cell junction proteins were
impaired, the fluorescent intensity of podocin signals was
determined using a Keyence fluorescent microscope and cell
count program. A total of 30–45 glomeruli was taken from
three birds from each CT and EwW group on E15, D4 and
D21; glomeruli (longitudinally sliced histological specimens)
were selected that showed either urinary poles or vascular poles
or both. Intensities were normalized by glomerular areas.

In vivo terminal 2'-deoxyuridine 5'-triphosphate (dUTP)
nick-end labeling assay

Apoptosis in glomeruli was assessed using a terminal deoxy-
nucleotidyl transferase-mediated dUTP-biotin nick-end labeling
(TUNEL) method for counting DNA fragments.21,22 Paraffin-
embedded tissue sections (4-µm thick) were mounted on
polylysine-coated glass slides (Matunami Glass, Osaka, Japan)
and deparaffinized. TUNEL was carried out using dUTP-FITC
according to the manufacturer’s instructions (In Situ Cell Death
Detection Kit Fluorescein; Roche Applied Science, Indianapolis,
IN, USA).21 The sections were then stained with rhodamine-
labeled wheat germ agglutinin lectin (Vector Laboratories,
Burlingame, CA, USA) to identify the glomeruli. Nuclei
were counter-stained with 4',6-diamidino-2-phenylindole dihy-
drochloride hydrate (DAPI; Vector Laboratories). In total,
20 glomeruli per section were examined using a fluorescence
microscope, and TUNEL-positive cells in the glomeruli were
counted. The mean number of positive staining nuclei per
glomerulus was designated the glomerular TUNEL score.

Plasma glucose, insulin, creatinine, osmolality
and electrolytes

Plasma glucose was measured by the hexokinase method
wherein hexokinase plus adenosine triphosphate transforms
glucose to glucose 6-phosphate (G-6-P) plus adenosine
diphosphate; G-6-P is then reacted with nicotinamide adenine
dinucleotide phosphate (NADP) and G-6-P dehydrogenase to
form NADPH, which is measured spectrophotometrically.23

Plasma insulin levels were determined by a chemiluminescent
enzyme immunoassay using human insulin antibody.24,25 Plasma
creatinine was measured by enzymatic analysis of creatininase-
HMMPS (N-3-sulfopropyl-3-methoxy-5-metylaniline) in albu-
men (Wako kit; Osaka, Japan) and used as an index for glo-
merular filtration rate.

Plasma osmolality was measured by freezing-point depres-
sion, using Type OM-6030, 6050 and 6060 osmometers
(Arkray Inc., Kyoto, Japan). Plasma electrolytes were deter-
mined using ionic electrodes and a Hitachi 7180 auto-
mated electrolyte analyzer (Hitachi High Technologies Inc.,
Tokyo, Japan).

Statistical analysis

All the data are shown as means ± S.E. The effects of time and
treatment and their interaction were examined using two-factor
analysis of variance (ANOVA; JMP Pro 10 version 10.0.2d1).
The difference between control and experimental groups was
determined by Student’s t-test (two-tailed) or the Tukey–
Kramer method. The difference was considered significant at a
P value of <0.05.

Results

Birth weight and body growth

Undernutrition reduced birth (hatch) weight significantly in
Series A (15.2%) and in Series B (15.4%) (Fig. 1a). In Series C,
the birth weight of EwW quail showed a tendency to be lower
than that of CTs, but the difference was not significant. This is
presumably because the time lag between hatch and measure-
ment of birth weight in series C was larger in EwW groups and
thus some chicks start to grow, whereas all CT birds hatched
nearly simultaneously. Embryonic weights on E15, however,
were significantly lower in EwW quail in both Series A and C
(Fig. 1b). In all series, the hatching rate of EwW groups was low
(CT quail 75–80%, EwW quail 5–10%). Interestingly,
approximately half of the eggs that did not hatch contained
considerably grown embryos, suggesting that reduced nutrition
failed to provide a sufficient energy source to proceed with
maturation and hatching. The glomerular sizes (areas) of EwW
quail were significantly lower on D4 and D16–D18 than those
of CTs in the superficial region (Fig. 1c) (considered as more
newly developed glomeruli), whereas no significant difference
was noted in the deeper regions.
Body growth was similar in both groups except at a few time-

points when EwW birds showed slightly lower body mass
(Fig. 2a). We measured body mass in all series (showed similar
results), and the growth curve of Series B (longest duration) is
shown. The body mass of female quail is higher, partly due to
holding eggs, than that of male birds. There was no significant
difference in kidney weights between CT and EwW quail
(Fig. 2b).

Number of glomeruli during development and histological
and histochemical observations

In both superficial (equivalent to cortex in mammalian kidney)
and deeper regions (equivalent to juxtamedullary areas), the
number of glomeruli was significantly lower in kidneys from
young mature (3-week-old) EwW quail (Fig. 3a, Series A).
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For comparison, the reduction in the number of glomeruli in
an earlier study15 is shown in Fig. 3b (4.5 weeks). In contrast,
the number of glomeruli measured in longitudinally cut
sections was similar between CT and EwW kidneys during
development (E10, E15 and D2).15

Histological views of kidneys were similar in all three series
examined, and representative views are shown in Fig. 4. In
condensate surface areas of E15 kidneys (nephrogenic zone)
from intact (Fig. 4a-1) and EwW quail (Fig. 4a-2), ureteric
bud-like structures (Fig. 4b), undifferentiated dark-stained
mesenchymal cell mass (Fig. 4b), and S-shaped body stage
glomeruli (Fig. 4c) were seen in both CT and EwW. More
mature glomeruli with clear capillary loops were also seen in
E15 and D4 kidneys, and the number further increased with
age. In E10 and E15 kidneys, the condensate nephrogenic
zone areas were irregular and larger in EwW kidneys than in

CT ones (Fig. 4a-2) and mesonephros still remained in E15
and D4 EwW kidneys. Furthermore, the glomeruli were
smaller in D4 EwW kidneys, particularly in the superficial area
(less mature zone) (Fig. 1c).

Fig. 1. Effects of reduced nutrition on birth weight (a) and embryo
weight (b) of control and egg white withdrawn quail from Series A,
B and C. (c) Glomerular size/area during postnatal maturation
from Series C. E10 and E15 indicate embryonic day 10 and 15,
respectively. *P< 0.05; **P< 0.01 from control group;
aP< 0.01 from control postnatal day 4 age group by
Tukey–Kramer method.

Fig. 2. Body mass of control and egg white withdrawn (EwW) quail
(Series B, males and females) as index of body growth (a) and kidney
weight (b, Series A). There was no obvious difference in body
growth curve between the control and EwW groups except for a few
term points when EwW quail showed lower body mass. Numbers of
birds used for measurement of body mass are the following. Control:
male, n= 4–15, female, n= 19–28; EwW: male, n= 4–11, female,
n= 3–7. The numbers vary because birds are used for examinations
on a periodic schedule. *P< 0.05; **P< 0.01 from control group by
Student’s t-test.

Fig. 3. The number of glomeruli in superficial (equivalent to
cortical) and deeper (equivalent to juxtamedullary) regions of mature
control and egg white withdrawn (EwW) quail kidneys counted in
longitudinal histology sections. See Methods section for details of
measurement. (a) The effect of 8–10% of EwW on the number of
glomeruli (Series A). (b) For comparison, the result from previous
studies15 done by the same method is shown (4.5 weeks).
*P< 0.05; **P< 0.01 from control group by Student’s t-test.
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Fig. 4. Histological views of glomeruli from embryonic day 15 (PAS staining), 5-week-old (PAS staining) and 10- to 21-week-old (PAM
staining) quail, and immunofluorescent view of α-smooth muscle (SM) actin in 21-week-old quail. (a) Condensate nephrogenic surface area
from control (CT, a-1) and egg white withdrawn (EwW, a-2) containing undifferentiated mesenchymal cells. (b) Ureter bud (arrow-1) and
mesenchymal mass (arrow-2); (c) S-shaped developing glomerulus; arrow indicates developing podocytes. (d) Mature glomeruli from control
quail. (e) Possible glomerulus and tubules that immaturely stopped growing in egg white withdrawn (EwW) quail. (f) Expanded mesangial cells
(deeper zone) from EwW quail with accumulation of lightly PAS-stained materials (arrows). (g) Glomerulus from control quail (21 weeks) with
well-developed loop structure and Bowman’s capsule; PAM staining. (h) Enlarged glomerulus from EwW quail (21 weeks) with enlarged
mesangium region; arrows indicate fused capillary loop space. (i) Glomeruli from EwW quail (10 weeks); PAS staining. Capillary loop
structures are not clearly seen. Arrows indicate giant fused loops. (j) Immunoreactive α-SM actin staining of control glomeruli. Small arterioles
show positive staining. (k and l) Positive α-SM actin staining in arterioles and glomerular mesangium (arrows) in EwW quail.
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In 5-week-old CT kidneys, glomeruli showed distinct
Bowman’s space and capillary loops and PAS-positive mesan-
gium (Fig. 4d). In contrast, 5-week-old EwW kidneys revealed,
in superficial regions, cell proliferation areas consisting of
undifferentiated cell mass (Fig. 4e). Some of these masses
appeared to contain incompletely differentiated glomeruli
and renal tubules. Furthermore, after maturation, glomeruli in
the deeper zone were larger in EwW kidneys (Fig. 4f),
and mesangial cells were frequently expanded and contained
substances only lightly stained with PAS (Fig. 4f, arrows).
In 10- to 21-week-old or older EwW quail, glomeruli were
often irregular in shape and larger than those of CTs in deeper
areas (Fig. 5). The mesangial areas contained PAM-positive
(also laminin-positive) substance and were larger in EwW
kidneys (Fig. 4g and 4h). Fused giant loops were often seen
(Fig. 4h and 4i, arrows). Possible adhesion between Bowman’s
capsule and capillary loops was also seen (Fig. 4i).

We examined α-SMA using an antibody that cross-reacts
with avian α-SMA. SMA was clearly seen in the blood vessels
from 21-week-old quail kidneys (Fig. 4j, 4k and 4l). In
addition, the mesangium from EwW quail, but not from CT
quail, showed immunoreactive SMA (Fig. 4k and 4l, arrows).

Size of glomeruli and mesangium

Glomerular size (area, µm2) and mesangium size (area, µm2)
were measured in longitudinally cut and PAM-stained slices,
using a Keyence HS All-in-One Fluorescence Microscope
BZ-9000 (Dynamic Cell Count BZ-H1C) (Fig. 5). We selected
well-shaped glomeruli showing vascular poles, urinary poles or
both. In deeper regions of medullary cones, glomerular size and
mesangial areas significantly increased with maturation/aging
(5, 21, 63 weeks) (ANOVA, time effect). Also, glomerular size
and mesangial areas were significantly larger in the EwW quail
than in the CTs (ANOVA, treatment effect). In superficial areas,
glomeruli also increased in size with aging, but the treatment
effect was not as clear as in deeper regions. In the neonatal to early
maturation period (D4 toD17–D18), in contrast, the glomerular
size was smaller in EwW quail (Fig. 1c).

EM observations

In the developing stage of CT glomeruli, the basal membrane was
thin or irregular (Fig. 6a and 6b). Glomeruli from the EwW group
also showed similar findings. Podocyte foot processes (FPs) often
had irregular width (Fig. 6d–6h), and the cell junction complex
was seen away from the basal membrane (Fig. 6a–6d) (arrows).
In glomeruli that had distinct capillary loops, podocytes with
well-developed FPs and slit diaphragms (Fig. 6e, 6f and 6j) and
mesangium in the center area were seen (Fig. 6g and 6m). The
regularity of the FPs increased with maturation in both CT and
EwW kidneys. In EwW kidneys, vacuoles in the mesangium
and podocytes (Fig. 6g), thin tall podocyte FPs (Fig. 6h and 6l),
and basal membranes with irregular width (Fig. 6h) were seen. In
EwW quail glomeruli, capillary loops were sometimes disrupted
(Fig. 6k) or merged and showed ballooning. Mesangial areas

were enlarged and contained cellular constituents with apparently
complex interdigitation between mesangial processes and matrix
and endoplasmic reticulum (Fig. 6n and 6o).

Junction protein markers

Immunoreactive podocin during kidney development (E10),
double-staining of immunoreactive N-cadherin and laminin,

Fig. 5. Glomerular area (size) and mesangial area of superficial (a, b) and
deeper (c, d) regions from 5-, 21-, and 63-week-old quail kidneys
[n=number of glomeruli from three birds per age per each control (CT)
and egg white withdrawn (EwW) group] (Series B). Areas were measured
using a Keyence fluorescent microscope and cell count program in
longitudinally cut histology specimens (PAM staining) using well-shaped
glomeruli with either vascular poles or urinary poles or both. In deeper
regions, glomerular size and mesangial areas showed significant time- and
treatment-dependent effects (ANOVA), whereas in superficial regions the
difference between CT and EwW groups is clear only in
63-week-old quail kidneys. *P<0.05 from control group. Significantly
higher (P<0.05) than 5 weeks (a) and 21 weeks (b) controls.
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and podocin and ZO-1 of young adult quail are shown in
Fig. 7. Glomeruli of mesonephric kidneys were large in CT
(Fig. 7a) and EwW kidneys (not shown), and podocin staining
was seen along the capillary loops (Fig. 7a). In metanephric
kidneys from E15 quail, podocin was expressed in glomeruli

of the S-shaped body stage from both CT (Fig. 7b) and
EwW groups. In mature glomeruli double-stained with
podocin and ZO-1, immunoreactive podocin signals were seen
as a continuous spot along capillary loops beneath the glo-
merular capsule outside the ZO-1 staining that is presumably

Fig. 6. Electronmicroscopic views of glomeruli from embryonic day 15, postnatal day 4 (D4), D21, and 5-week-old quail from control and
egg white withdrawn (EwW) groups. (b) is enlarged framed area from (a). Arrow in (b) shows cell junction apart from basement membrane.
(d) is enlarged from (c) (framed) and shows well-developed foot processes (FPs) of podocytes with attachment to adjacent FP (arrow).
Similarly, (f) and (h) are expanded areas from (e) and (g), respectively. (f) shows irregularly sized and fused FPs (arrow). In (g), numerous
vacuoles are seen in the mesangial area (arrow) and some in podocytes. (i) and (j) [Enlarged from (i)] show well-developed FPs. In (k), arrow
shows disrupted capillary loop and thin FPs in (l). (n) and (o) (expanded) indicate enlarged mesangium in EwW quail as compared to that of
controls (m). For detailed observations, see Results section.
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basement membrane. There were no apparent differences in
location and intensity of podocin staining between CT and
EwW kidneys (Fig. 7c and 7d). In both groups,N-cadherin was
strongly expressed in the superficial mesenchymal cell area
(nephrogenic zone) and in the podocytes of S-shaped glomeruli
and early capillary stage of metanephric glomeruli. N-cadherin
staining was restricted to the capillary loop (podocytes) mem-
brane immediately outside the basement membrane stained by
laminin (Fig. 7e and 7f). There was no obvious difference
between CT and EwW birds in terms of distribution and
staining of N-cadherin. Clear laminin staining was seen in the
mesangial area.

The fluorescent intensity of podocin signals determined by
using a Keyence fluorescent microscope and cell count program
is summarized in Fig. 8. There were no significant differences
in intensity between CT and EwW groups in the superficial
and deeper zones in three age groups (E15, D4 and D21)
except in the D4 superficial area.

Apoptosis

Apoptotic cells identified by TUNEL analysis are shown in
Fig. 9a (upper panel). In all, 20 glomeruli were randomly
selected from each CT and EwW group at three stages
(E15, D4, D17–D18). The number of TUNEL signals
(DNA fragment) per glomerulus was significantly higher in
EwW than in CT groups on E15 (Fig. 9a, upper and lower
panels) and D4 (Fig. 9a). The apoptosis level became lower
with maturation in both groups, and no difference was noted
between CT and EwW groups on Day 17–18.

Plasma corticosterone, glucose, insulin, creatinine,
osmolarity and electrolytes

Plasma levels of corticosterone (major glucocorticoid in birds)
determined by radioimmunoassay are shown in Fig. 9b. Data
from Series A, B and C were combined. On D4, the gluco-
corticoid level was significantly higher in EwW quail. The level
became lower on D17–D18, and no difference was noted
between groups on D17–D18. Plasma levels of glucose (mg/dl)
were high, but no significant differences were noted between
CT and EwW groups on D4 (CT: 299.6 ± 12.9, n= 7;
EwW: 269.3 ± 20.3, n= 7), on D17–D18 (CT: 331.6. ± 9.1,
n= 10; EwW: 370.9 ± 8.6, n= 8), or at 63 weeks (CT:
319.8 ± 8.2, n= 4; EwW: 337.8 ± 14.4, n= 4) of age.
Plasma levels of immunoreactive insulin (μIU/ml) on D4
(CT: 1.96 ± 0.30, n= 5; EwW: 2.80 ± 0.79, n= 3) were higher
than those on D17–D18 (CT: 1.19 ± 0.19, n= 10, P< 0.01;

Fig. 7. Immunofluorescent views of junction proteins.
Podocin staining (FITC green) of large mesonephric (a) and
developing metanephric (b) glomeruli from embryonic day 15
kidney from control (CT) group. (c) (CT) and (d) [egg white
withdrawn (EwW)] are podocin (FITC green) and ZO-1 (TRITC
red) double-staining of mature glomeruli from young adult quail.
(e) (CT) and (f) (EwW) show N-cadherin (FITC) and laminin
(TRITC) double-staining examined by confocal microscope
(A1Rsi; Nikon; Tokyo, Japan). See Methods section for antibodies
and staining conditions. For detailed observation, see Results
section.

Fig. 8. Fluorescent intensity of podocin signals determined by
Keyence fluorescent microscope and cell count program in a total of
30–45 glomeruli from three birds from each control and egg white
withdrawn group at embryonic day 15, postnatal day 4 (D4), and
D21. Intensity was normalized by glomerular area in each
glomerulus. **P< 0.01 from control group by Student’s t-test.
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EwW: 0.92 ± 0.09, n= 7, P< 0.05), but no significant
difference was noted between CT and EwW groups. Likewise,
no differences in levels of plasma electrolytes, osmolality or
creatinine were seen between CT and EwW groups at 3, 5, 10,
21 and 63 weeks of age (Table 1).

Discussion

Kidney development

The current study agrees with the general view of the avian
kidney developmental stages of pro-, meso- and metanephric
kidneys.26 We also noted the developmental process of avian
glomeruli, including a ureteric buds stage, S-shaped body stage
and capillary loop stage.26 The lower embryonic weights,
smaller glomeruli and longer retention of mesonephric kidney
seen in developing EwW groups indicate that EwW birds
developed more slowly than CT birds. We reported previously15

that nephrogenesis continues after birth in the superficial con-
densate area consisting of mesenchymal cells; this nephrogenic
zone was reduced in time-dependent fashion for ~3 weeks in CT
quail. Also, at E10, embryos from the EwW group had wider
nephrogenic zones (20.4± 1.3% of medullary cone) than the CT
group did (10.1± 2.4%, P< 0.01)15 (also, Fig. 4a-1 and 4a-2 in
the present study); this difference was gone after hatch (D2),
suggesting that in spite of delayed development, nephrogenesis
was active in EwW birds. As we reported previously, surface
glomeruli are smaller; and more mature, larger glomeruli are seen
toward the deeper regions.15

Effects of reduced nutrition during development and
possible evidence of programming

Studies by Barker et al.27,28 and numerous other epidemio-
logical studies have indicated a strong inverse relationship
between birth weight and the risk of coronary heart disease,
hypertension, type 2 diabetes and other diseases in adult-
hood.1–3 It is postulated that insufficient nutrient availability
during gestation may lead to developmental adaptations and
that a number of organ structures and functions undergo pro-
gramming during embryonic and fetal life via hormonal influ-
ences.29–30 These adaptive measures have short‐term benefits
to the embryo and fetus, but subsequent catch‐up growth may
create metabolic conflicts that predispose the adult to increased
risks of adult disease susceptibility, including obesity.29–30

Also, catch-up growth immediately after early malnutrition
may program postprandial hyperleptinemia.31 A kidney with a
reduced number of nephrons would have less renal reserve to
adapt to dietary excesses or to compensate for renal injury.3

Impairment of nephrogenesis, renal sodium transport, the
renin–angiotensin system, glucocorticoid levels (excessive
increase) and the sympathetic nervous system appear to play a
critical role in this fetal programming of adult diseases.32,4–6

We used a bird model because embryonic growth during
incubation for hatching occurs with a predetermined nutrition
source devoid of direct influence from maternal nutrition or
circulation. In rodents and other mammals,1,33 reduced fetal
nutrition is induced by decreasing the mother’s nutrition.
The fetus is accordingly exposed to the metabolic and
hormonal changes of the mother in addition to the effect of low
nutrition. Also in birds, environmental factors such as tem-
perature and humidity are well controlled during incubation.

Fig. 9. (a) Glomeruli with positive terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick-end labeling (TUNEL)
marker that indicates possible apoptotic changes. In total, 20
glomeruli were randomly selected from control (CT) and egg white
withdrawn (EwW) quail kidneys in three age groups each. Positive
TUNEL signals (DNA fragments) in each glomerulus were counted,
and the mean number of positive stainings per glomerulus is shown
as the glomerular TUNEL score. Examples of TUNEL signals from
embryonic day 15 CT and EwW kidneys are shown. Arrow head:
glomerulus; bright green: TUNEL staining; red: wheat germ
agglutinin lectin staining; blue: 4',6-diamidino-2-phenylindole
dihydrochloride hydrate staining for nuclei. (b) Plasma
glucocorticoid (corticosterone) determined by radioimmunoassay in
developing quail at days 4 and 17–18. The minimum detection limit
of the assay, defined as the apparent concentration at 95% B/B0 in
the standard curve, was 3.0 ng/ml. No sample showed levels of
corticosterone exceeding the maximum detection limit. *P< 0.05;
**P< 0.01 from control group, Tukey–Kramer method.
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Furthermore, the present study indicates that so-called ‘fetal
programming’ is not limited to mammalian species, but may
be a phylogenetically important biological process.

The current study suggests that reduced nutrition during
incubation causes delayed maturation and structural alteration
of the quail kidney that are likely to program nephron disorders
such as nephrosclerosis. The evidence includes (1) embryos
were smaller and showed delayed embryonic growth and a
lower hatching rate. The possible delay in kidney development
agrees with the inhibition of ureteric bud branching in rats
whose mothers had restricted nutrition.34 (2) The size of glo-
meruli in developing kidneys in the superficial area of EwW
quail was smaller than that in CT kidneys. Birth (hatch) weight
was smaller in most birds, but body growth soon caught up, as
seen in the ‘catch-up growth’ of mammals.29–31,35 (3) The
number of glomeruli was lower in the mature EwW group,
particularly in the superficial region, agreeing with our previous
results15 and with studies in mammals.4,5 In contrast, the
number of glomeruli was similar in the two groups during
development,15 but the nephrogenic zone area was larger in
low-nutrition quail. (4) The number of TUNEL signals in
glomeruli was higher in EwW than in CT groups during the
perinatal period, suggesting that more apoptosis takes place in
nutrition-reduced kidneys. Therefore, although nephrogenesis
actively occurs, apoptosis in glomeruli may exceed develop-
ment/maturation in EwW quail, resulting in the reduced
number of glomeruli after maturation by programming. (5) At
5 weeks of age (young adult), but not earlier, the mesangial
cells of some EwW glomeruli frequently contain lightly PAS-
positive edematous substance; and the capillary loops merge,
forming giant loops partly similar to those seen in human
nephrosclerosis.11 Furthermore, undifferentiated cell masses
are seen in 5-week-old EwW quail kidney (Fig. 4e); we hypo-
thesize that the biological clock for terminating nephrogenesis
remains the same in growth-retarded kidneys as in CT kidneys.
Immature glomeruli may lead to fibrotic degeneration in later
life. The glomeruli of EwW quail became significantly larger
with aging, suggesting hypertrophy compensating for the
reduced number of glomeruli. This agrees with mammalian

studies showing that overloading of the remaining nephrons
causes compensatory enlargement and hyperfiltration.3

Role of mesangium in reduced nutrition-induced
renal injury

In the nutrition-reduced group, we noted changes in the
mesangium, such as vacuoles, edematous appearance, positive
α-SMA, and proliferation/enlargement. It has been shown that
glomerular cell death and accumulation of extracellular matrix
correlate with the progress of nephrosclerosis and deterioration
of renal function.22 Extracellular matrix supports mesangial
cell function and survival, and alteration in its constituents
increases the susceptibility of mesangial cells to micro-
environmental changes that lead to mesangial cell apoptosis
and glomerular scarring. Also, the glomerular basement
membrane and contractile mesangial cells establish a bio-
mechanical unit that develops wall tension in the glomerular
capillaries.36,37 It is thus possible that incomplete mesangial-
basement membrane structure due to insufficient development
in EwW quail may lead to the failure of the biomechanical unit,
particularly in young birds, when blood pressure and thus
glomerular hydrostatic pressure rapidly increase.38 It has been
reported that mesangial flow (interstitial fluid in glomerulus)
plays a role in the maintenance of mesangial structure and that
function and flow disruption induced by occlusion of renal
lymphatic and/or venous flow lead to mesangial and glomerular
injury39 and aging.40

In human nephrosclerosis, detachment of podocytes from
the glomerular basement membrane seems to be the major
mechanism of podocyte loss.41 In the present study, histo-
logical or EM examination of EwW quail kidneys showed no
clear morphological changes in podocytes, whereas ballooning
or deformation of capillary loops was seen in EwW kidneys.
Podocin and N-cadherin signals were expressed in mesone-
phros and metanephros, but no clear difference was noted
in fluorescent visualization of signals between CT and EwW
quail. Fluorescent intensity of podocin showed no difference
between CT and experimental groups or among age groups,

Table 1. Plasma osmolality, electrolytes and creatinine in control and egg white withdrawn

Groups Age Osmolality (mOsm/l) Na (mEq/l) K (mEq/l) Cl (mEq/l) Creatinine (mg/dl)

Control 3 weeks, n= 4 0.12 ± 0.01
Egg white withdrawn
Control 5 weeks, n= 3 324.0 ± 2.3 146.5 7.0 116.0 0.21 ± 0.04
Egg white withdrawn 5 weeks, n= 3 313.0 ± 8.2 140.5 5.8 109.0 0.26 ± 0.04
Control 10 weeks, n= 3 351.3 ± 28.8 151.3 ± 2.3 7.4 ± 0.6 122.0 ± 1.2 0.13 ± 0.05
Egg white withdrawn 10 weeks, n= 3 330.0 149.0 5.40 119.0 0.20 ± 0.09
Control 21 weeks, n= 3 339.3 ± 10.1 146.7 ± 1.2 6.4 ± 0.7 113.7 ± 1.7 0.14 ± 0.003
Egg white withdrawn 21 weeks, n= 3 325.3 ± 2.7 148.7 ± 1.3 6.1 ± 0.6 112.7 ± 1.5 0.14 ± 0.03
Control 63 weeks, n= 4 318.8 ± 6.8 148.5 ± 2.2 5.7 ± 0.3 114.8 ± 2.8 0.16 ± 0.01
Egg white withdrawn 63 weeks, n= 4 325.5 ± 3.8 151.8 ± 3.6 5.9 ± 0.5 120.3 ± 4.1 0.13 ± 0.01

Values are means ± S.E. Those without S.E. indicate mean of n= 2.
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suggesting that cell junction proteins are unlikely to be
impaired in the quail model of renal injury due to reduced
nutrition. Immunoreactive podocin in quail kidneys was also
confirmed using rabbit anti-podocin antibody (kindly provided
by Dr. H. Tsukaguchi; Kansai Medical University; Osaka,
Japan) raised against a synthetic peptide comprising the 17
carboxy-terminal amino acids of human podocin.20 Expression
and distribution were similar to those in the present study.
Genomic analysis revealed that the developing chick genome
lacks nephrin and nephroproteins, whereas the structure of the
slit diaphragms of podocyte FPs is maintained.42

In the present study, plasma levels of creatinine (measured as
an index for glomerular filtration rate), electrolytes and
osmolality are similar between CT and EwW quail, suggesting
that renal function is not impaired at this stage in spite of
morphological injury of glomerular mesangium.

Mechanism of fetal programming

Two primary processes that drive programming are structural
alteration and epigenetic changes in gene expression. Structural
alteration includes low numbers of nephrons due to retarded
development or to increased apoptosis, low numbers of cardio-
myocytes and low deposition of elastin, leading to weak vas-
cular walls.32,43 Intrauterine environmental changes (some may
be permanent) trigger epigenetic changes44 that lead to modi-
fication of gene expression rather than changes in the DNA
sequence or genetic code. DNA methylation can affect genome
stability, viability, expression and imprinting. Several factors
that trigger such changes include impaired maternal–fetal
nutrition (deficit or excess), hypoxia, exposure to excess glu-
cocorticoid and impaired placental function, such as reduced
blood flow and low nitric oxide level.4,32,33,43 Such epigenetic
modifications remain to be studied in the quail model.

We noted that neonatal EwW quail plasma corticosterone
(major adrenocorticoid in birds that has both gluco- and mineral-
ocorticoid actions) levels are also higher. It is possible that the
impaired nutrition and low-energy source may be compensated
by increased adrenocorticoid hormones. In humans, plasma
cortisol levels were found to be higher; and the levels increased
more in response to adrenocorticotropic hormone stimulation in
the LBW group compared with the normal birth weight group,
suggesting that prenatal programming of the hypothalamic–
pituitary–adrenal (HPA) axis may be a fundamental mechanism
underlying the development of metabolic syndrome in popula-
tions with LBW.3,45,46 Elevation of adrenal steroid hormones
may also be a fetal response to stressful conditions such as insuf-
ficient nutrition or hypoxia. Prenatal stress andmaternal exposure
to glucocorticoid may lead to permanent modification of the
HPA axis, possibly due to an impaired negative feedback
mechanism,47 possibly via effects on the epigenome.45,46 Prenatal
exposure to increased glucocorticoid affects development of the
fetal brain, neurotransmitter system and behavior.48

Plasma levels of glucose in birds are in general higher than in
other vertebrates of similar body size.49 In the present study, we

also noted that plasma glucose levels are over 300mg/dl in both
CT and EwW quail, whereas immunoreactive insulin levels are
low in both the neonatal and maturing periods. We anticipated
that plasma glucose levels would be higher in nutrition-reduced
quail for energy supplementation, as shown in mammals.1,8 No
differences in plasma glucose or insulin levels were seen, how-
ever, between the CT and EwW groups. It has been reported49

that plasma insulin levels in birds are about one-tenth of those
in rats, supporting the observation of lower numbers of β-cells
in the avian pancreas; the reported levels agree with our current
observation.
Recent studies show that an increased incidence of non-

diabetic obesity in children is often associated with glomer-
ulopathy, including glomerular hyperfiltration and renal injury,
such as glomerulomegaly, mesangial expansion and nephro-
sclerosis.50 It is not clear, however, whether these findings or
the increase in FSGS is linked to the increased incidence of
LBW or prematurely born babies. Niigata University Pediatric
Department’s Nephrology Group, with which the authors
collaborate, reported11 that of 16 children diagnosed with
secondary FSGS by renal biopsy, 37.5% had LBW; LBW may
be deemed a risk factor for FSGS and also a means of its early
discovery. The results from the present animal experiments
support these clinical observations.

Summary and perspectives

Major findings in Japanese quail include (1) undernutrition
delayed embryonic growth and reduced the birth weight;
(2) young adults exposed to reduced nutrition during develop-
ment had a lower number of glomeruli due in part to increased
apoptosis; and (3) glomeruli, specifically mesangium from
undernutrition quail, were expanded with accumulation of
laminin-positive substance, whereas podocyte junction proteins
remained positive. This suggests that undernutrition may initially
trigger the structural changes in the glomerular mesangium,
possibly leading to nephrosclerosis. It remains to be determined
whether hyperfiltration and increased glomerular pressure due to
progressively rising blood pressure during maturation38 cause
mesangial injury and subsequent inflammatory responses in
incompletely developed glomeruli or in those that have develop-
mental defects such as lack of normal mesangial constituent
substances. Particular attention may be needed to examine injury
at the mesangial angles37,51 of the glomerular capillary loop
where the capillary wall directly faces the mesangium without a
glomerular basement membrane and podocyte FPs. Our attempt
to measure glomerular filtration rate by inserting a fine catheter
chronically in aortae and veins of quail to see whether a low
number of glomeruli affects renal function52 was halted due to
considerable distress of the birds such as weight loss, limping and
restricted movement. In a previous study,15 we reported that
EwWquail lost significantly more body mass by water restriction,
suggesting impaired water homeostasis.
Although the current study does not show a difference in

blood glucose and insulin levels between CT and EwW quail,
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further time-course study of catch-up growth30,35 is necessary.
Indeed, preterm birth is a global problem that needs greater
attention from policymakers, researchers, health care providers,
the media, donor organizations and other stakeholders.
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Clinical Notes

Acute kidney injury in type 3 Bartter syndrome: Angiotensin-converting
enzyme inhibitors as a cause

Ryuhei Nagao,1 Shinzi Suzuki,1 Hisashi Kawashima,1 Kandai Nozu2 and Kazumoto Iijima2
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Bartter syndrome (BS) is a renal tubular disorder characterized

by hyperactivity of the renin-angiotensin-aldosterone system

(RAAS). Angiotensin-converting enzyme inhibitors (ACEI)

may be used to treat BS. We present a patient with type 3 BS

with acute kidney injury (AKI) as a result of ACEI treatment.

Although ACEI have been reported as a cause of renal dys-

function in other kidney diseases, this is the first report on the

association of ACEI with BS.

The patient was a female infant vaginally delivered at

39 weeks of gestation with birthweight 2816 g. At 3 months

of age, her weight was 4150 g, and she was diagnosed with

failure to thrive and was admitted to hospital.

Blood testing indicated hypokalemia (serum potassium,

2.5 mEq/L), metabolic alkalosis, and hyperreninemia (blood

renin activity >20 ng/mL/h); because the blood pressure was

normal, BS was suspected. On day 7 of hospitalization, treat-

ment was initiated with potassium supplementation (2.5 mEq/

kg/day), an aldosterone antagonist (spironolactone, 1.7 mg/kg/

day), and an ACEI (captopril, 0.9 mg/kg/day). As a result,

serum potassium increased to 4.5 mEq/L on day 15 of hospi-

talization. Although serum potassium stabilized, serum crea-

tinine gradually began to rise at this point. On day 29 of

hospitalization, serum creatinine had increased to 0.7 mg/dL.

According to the Kidney Disease: Improving Global Outcomes

(KDIGO) classification, the patient was classified into stage 3

(cut-off serum creatinine, 0.2 mg/dL), and the pediatric-modi-

fied Risk, Injury, Failure, Loss, End-Stage Renal Disease

(p-RIFLE) score indicated renal injury (glomerular filtration

rate [GFR] decrease, 51%). Drug-induced AKI was suspected;

captopril was discontinued, and serum creatinine decreased to

0.2 mg/dL, but hypokalemia reappeared. On day 50 of hospi-

talization, another ACEI, lisinopril (0.06 mg/kg/day), was ini-

tiated. Five days later, serum creatinine had increased to

0.4 mg/dL, and the patient was now at stage 2 according to

the KDIGO classification and at renal risk according to the p-

RIFLE classification (GFR decrease, 35%). Lisinopril was dis-

continued, and serum creatinine decreased again. Ultimately,

captopril at a dose of 0.075 mg/kg caused no elevation in

serum creatinine, and serum potassium was stabilized at 4.0–
4.5 mEq/L.

On genetic testing a mutation was identified in the chloride

channel gene, CLCNKB, the causative gene of type 3 BS

(Fig. 1). The father was already known to be a carrier of the

c.1830G>A p.W610X mutation,1 and duplication of exons 15–
19 was detected in the mother. This compound heterozygote

mutation involving W610X and exon 15–19 duplication,

which was detected in the patient, has not been reported previ-

ously. Type 3 BS is reported to be the most common variant

among BS patients in Japan. This may be because many Japa-

nese people are carriers of the Japanese founder effect muta-

tion (c.1830G>A p.W610X).2

The concept of normotensive ischemic AKI has been pro-

posed for AKI that develops without clear hypotension. Usu-

ally, when there is a decreased circulating plasma volume,

the self-regulatory function of the kidney works so that pros-

taglandin E2 causes afferent arterioles to dilate and angioten-

sin II causes efferent arterioles to contract. When angiotensin

II is suppressed by ACEI, however, the afferent arterioles

dilate; thus, intraglomerular pressure can no longer be main-

tained, leading to decreased GFR. This breakdown in self-

regulatory function is believed to induce vulnerability to

blood flow changes in the kidneys, making it impossible to

maintain GFR even with blood pressure variations within the

normal range.3 The present patient had decreased blood pres-

sure variations within the normal range, but there was no

clear hypotension. In addition, dehydration was suspected due

to decreased suckling and urine. This suggested that nor-

motensive ischemic AKI had occurred.

Bartter syndrome often presents as dehydration, indicating

that the patients are constantly at risk of AKI. Countermea-

sures to prevent normotensive ischemic AKI include preven-

tion of dehydration by providing adequate fluids, and

inhibition of excessive RAAS activity while maintaining self-

regulatory function on careful drug treatment, starting from

below the minimum dose. Genetic testing was done after the

parents consent.
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tion, facilitating definitive diagnosis. (b) Multiplex ligation-dependent probe amplification. The patient’s father was already known to be
a carrier of the c.1830G>A p.W610X mutation, and duplication of exons 15–19 was detected in the patient’s mother. This compound
heterozygote mutation, involving (c) W610X and exon 15–19 duplication, detected in the patient, has not been previously reported.

© 2016 Japan Pediatric Society

1374 R Nagao et al.



ORIGINAL ARTICLE

Altered expression of Crb2 in podocytes expands a variation
of CRB2 mutations in steroid-resistant nephrotic syndrome

Tomohiro Udagawa1 & Tohaku Jo2 & Takeshi Yanagihara2 & Akira Shimizu3
&

Jun Mitsui4 & Shoji Tsuji4 & Shinichi Morishita5 & Reiko Onai1 & Kenichiro Miura1 &

Shoichiro Kanda1 & Yuko Kajiho1 & Haruko Tsurumi1 & Akira Oka1 & Motoshi Hattori6 &

Yutaka Harita1

Received: 22 August 2016 /Revised: 2 November 2016 /Accepted: 8 November 2016 /Published online: 10 December 2016
# IPNA 2016

Abstract
Background Steroid-resistant nephrotic syndrome (SRNS) is
a genetically heterogeneous disorder for which more than 25
single-gene hereditary causes have been identified.
Methods Whole exome sequencing was performed in a 3-
year-old girl with SRNS. We analyzed the expression of
Crb2 and slit diaphragm molecules in the patient’s glomeruli,
and compared it with that of controls or other nephrotic
patients.
Results Whole-exome analysis identified novel compound
heterozygous mutations in exons 10 and 12 of CRB2
(p.Trp1086ArgfsX64 and p.Asn1184Thr, each from different
parents; Asn1184 within extracellular 15th EGF repeat do-
main). Renal pathology showed focal segmental
glomerulosclerosis with effaced podocyte foot processes in a
small area, with significantly decreased Crb2 expression.

Molecules critical for slit diaphragm were well-expressed in
this patient’s podocytes. Crb2 expression was not altered in
the other patients with congenital nephrotic syndrome with
NPHS1 mutations.
Conclusions These findings demonstrate that Crb2 abnormal-
ities caused by these mutations are the mechanism of steroid-
resistant NS. Although CRB2 mutations previously found in
SRNS patients have been clustered within the extracellular
tenth EGF-like domain of this protein, the present results ex-
pand the variation of CRB2 mutations that cause SRNS.

Keywords Steroid-resistant nephrotic syndrome . Crb2 .

Podocyte . Slit diaphragm

Introduction

Idiopathic nephrotic syndrome (NS) is the most common form
of NS in children [1]. Some 80–90 % of patients with
childhood-onset NS are steroid-sensitive; this is called mini-
mal change disease, and its renal biopsy findings show only
diffuse foot process effacement on electron microscopy.
Steroid-resistant NS (SRNS) is the second most common
chronic kidney disease in the first three decades of life, and
renal prognosis is generally poor with end-stage renal failure
(ESRF) occurring in 30–40% of patients [2]. The etiology and
pathogenesis of SRNS have been a conundrum for decades;
however, the single-gene cause can be found in some SRNS
patients. To date, more than 25 single-gene causes of heredi-
tary NS have been identified; they can display either dominant
or recessive inheritance [3]. Very recently, next-generation
sequencing technology discovered that a causative mutation
can be detected in 30 % of all individuals who develop SRNS
before 25 years of age [4]. As genetic alterations are associat-
ed with a poor response to immunosuppressive agents in
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children with SRNS [5, 6], genetic diagnosis of SRNS can
offer a cause-based diagnosis and permit personalized treat-
ment options for SRNS.

The family of Crumbs proteins, homologous to
Drosophila Crumbs (Crb), contain large extracellular do-
mains, including epidermal growth factor (EGF)-like and
laminin G-like domains, a single transmembrane domain,
and a cytoplasmic tail that contains single FERM and
PDZ protein-binding motifs. The longest transcript of
CRB2 (RefSeq NM_173689 [MIM 609720]) has 13 cod-
ing exons. In 2015, several CRB2 mutations were found
in patients with SRNS [7]. Three of the four missense
mu t a t i o n s ( p . C y s 6 2 0S e r , p .A r g 6 2 8Cy s , a n d
p.Cys629Ser) identified in SRNS occur within exon 7 of
CRB2, which encodes the extracellular tenth EGF-like do-
main of this protein [7]. Biallelic CRB2 mutations consis-
tent with autosomal-recessive inheritance were also found
in families who shared a phenotype comprising cerebral
ventriculomegaly and echogenic kidneys with histopatho-
logical findings of congenital nephrosis [8].

Recent data resulting from morpholino-induced knock-
down of zebrafish crb2b demonstrated some of the possible
mechanisms of Crb2 in glomerular filtration. The crb2b−/−

homozygotes resulted in the disappearance of slit diaphragms
and decreased ZO-1 expression, which suggests that differen-
tiation and protein trafficking of slit components are affected
in crb2bmutants [7, 9]. However, pathological analysis of the
morphological changes of podocytes or the expression pattern
of Crb2 in patients with CRB2 mutations has not been report-
ed, and the effect of pathogenic CRB2 mutations on the ex-
pression of other molecules in human podocytes is
undetermined.

Here, we report a Japanese girl who presented with pneu-
mococcal meningitis and SRNS in whom we found novel
compound heterozygosity for two deleterious sequence vari-
ants in CRB2: a frameshift mutation and a missense mutation
that predicted p.Asn1184Thr. Here we analyzed Crb2 expres-
sion and molecules at podocyte filtration slits in normal kid-
neys and the patient’s kidney. The data showed that Crb2
expression is specifically affected in these patients, indicating
the pathogenicity of the mutations.

Materials and methods

Whole exome analysis and CRB2 gene analysis

Genomic DNA was extracted from peripheral white blood
cells of the patient and parents using a QIAamp DNA Blood
Midi Kit (Qiagen, Hilden, Germany). Exome sequences were
enriched using a SureSelect v5+UTRs Kit (Agilent
Technologies, Santa Clara, CA, USA) from 3 μg of genomic
DNA, according to the manufacturer’s instructions. The

captured DNA samples were subjected to massively parallel
sequencing (100-bp paired-end reads) on an Illumina
HiSeq2000 sequencing system (Illumina, Santiago, CA,
USA). Short reads were aligned to the reference genome
(hg19) using Burrows–Wheeler alignment (BWA) [10] with
default parameter settings. Single-nucleotide variants and
short insertions/deletions were called using SAMtools [11]
with default parameter settings. Sanger sequencing was per-
formed to detect CRB2 and to validate the presence of each
variant detected by exome sequencing in the patient and her
Japanese parents. The entire coding region and exon–intron
boundaries of exons 10 and 12 of the CRB2 gene were ampli-
fied from the genomic DNA using polymerase chain reaction
(PCR). The primers for exon 10 were 5 ′-GAGA
ACTTCACCGGCTGCTTG - 3 ′ a n d 5 ′ - GACT
TCTCTGCCCCACCATA-3′. The primers for exon 12
were 5 ′-GGGACAGTGGATGGATAAGC -3 ′ and
5′- ATGACAGAGTGGCCCAGGAAC -3′.

Histological analysis

Tissue for light microscopy was collected and processed
routinely whereas tissue for direct immunofluorescence
was stained, utilizing fluorescein-tagged antibodies
against immunoglobulin G (IgG), IgA, and IgM, and
complement proteins C1q, C3, and C4. Biopsy tissue
fo r e l ec t ron mic roscopy was rou t ine ly f ixed .
Immunohistological analysis of podocyte protein expres-
sion was performed as follows. Paraffin-embedded sam-
p l e s f r om human rena l b iopsy samp le s we re
deparaffinized in xylene and rehydrated through an eth-
anol–H2O gradient, followed by heat-induced epitope re-
trieval by incubating in a target retrieval solution (S1699;
Dako, Carpinteria, CA, USA) for 20 min at 121 °C.
Sections were cooled to room temperature and incubated
with the primary antibodies, followed by incubation with
Alexa Fluor conjugated secondary antibodies (Invitrogen,
Carlsbad, CA, USA). Images were obtained using a con-
focal microscope (model FV300; Olympus, Tokyo,
Japan) and were processed using Adobe Photoshop
CS6. The following antibodies were obtained commer-
cially: rabbit polyclonal anti-CRB2 (Sigma-Aldrich, St
Louis, MO, USA), mouse monoclonal anti-zonula oc-
cludens-1 (ZO-1; 33–9100; Invitrogen, Carlsbad, CA,
USA), and rabbi t polyclonal ant i -synaptopodin
(Meridian Life Science, Memphis, TN, USA). Rabbit
polyclonal anti-nephrin IgG and rabbit polyclonal anti-
podocin have been described previously [12, 13].
Control samples (donor kidney or biopsy samples from
patients with minimal change disease obtained during
remission periods) were stained at the same time.
Kidney samples from patients with congenital nephrotic
syndrome have also been described previously [13].
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Preabsorption of Crb2 antibody

HEK293T cells were purchased from the ATCC (Manassas,
VA, USA) and maintained in DMEM containing 10 % fetal
bovine serum. Transfections were performed using
Polyethylene-imine Max (PEI-Max) reagent (Polysciences,
Warrington, PA, USA) following the manufacturer’s instruc-
tions. Cells were lyzed in a lysis buffer (20 mM Tris–HCl [pH
7.5], 150mMNaCl, 1 mMEDTA, and 1%NP-40) containing
a protease inhibitor cocktail (Roche, Germany) for 15 min on
ice. Lysates were clarified by centrifugation and incubated
with agarose beads conjugated with anti-FLAG M2 antibody
for 1 h at 4 °C. The diluted primary antibody for Crb2 was
incubated with the immunoprecipitates from cells transfected
with control vector or flag-Crb2 for antibody absorption.

Results

The patient was a 3-year-old girl with fever, edema, and mac-
roscopic hematuria. She had an unremarkable birth and family
history and no neurological or cardiac defects had been noted
in her past regular medical checkups. On systemic examina-
tion, she had generalized edema and a depressed level of con-
sciousness with the Glasgow Coma Scale of 10 (E3, V3, M4).
Neck rigidity was present and Kernig’s sign was positive.
Examination of the cerebrospinal fluid (CSF) revealed 2,384
cells/mm3; 97 % polymorphs, protein 189 mg/dL and sugar
0 mg/dL. CSF culture showed growth of Streptococcus

pneumoniae. She had normal kidney function with blood urea
nitrogen of 9.6 mg/dl and creatinine of 0.12 mg/dl. Urinalysis
revealed proteinuria at 10.3 g/g creatinine, with urine sedi-
ments of 5–9 red blood cells per high power field. She was
diagnosed with nephrotic syndrome with bacterial meningitis,
and started on antibiotics, which successfully treated her men-
ingitis. Thereafter, she received prednisolone (30 mg/day), but
did not respond to a 4-week treatment. Thereafter, immuno-
suppressive therapy consisting of methylprednisolone pulse
therapy and cyclosporine, and finally rituximab did not affect
her massive proteinuria. She failed to achieve clinical remis-
sion after 5 months’ follow-up.

We hypothesized that this sporadic steroid-resistant NS
was caused by mutations in known or novel nonsynonymous
coding variants. To identify the causal variant, we then per-
formed exome sequencing using next-generation sequencing
for this patient. Themean sequencing coverage was 95million
reads, with 98.8 % of the total bases mapped to the reference
genome, which encompassed 89.8 % of the targeted regions
with coverage >10×. Among genemutations reported to cause
NS, two heterozygous mutations of CRB2 were found in
exons 10 and 12 (Fig. 1). Direct sequencing of CRB2 con-
firmed that the patient had compound heterozygous mutations
in CRB2 (Fig. 1a–c): c.3551A>C (predicting p.Asn1184Thr)
w a s i n h e r i t e d f r om h e r h e a l t h y f a t h e r a n d
c.3256_3273del18insCGGCCCGGGGTGG (predicting
p.Trp1086ArgfsX64) from her healthy mother. These muta-
tions had not been registered in the database of single-
nucleotide polymorphisms (SNPs) of the National Center for

Fig. 1 Genetic analysis of
steroid-resistant nephrotic
syndrome (SRNS) with CRB2
mutation. a Patient’s familial
pedigree. Red: mutant alleles,WT
wild-type allele. Sequence
chromatograms for portions of b
exon 10 and c 12 of CRB2 for the
patient and her parents. The
patient has compound
heterozygous mutations c.3256_
3273del18insCGGCCCGG
GGTGG and c.3551A>C. d
Protein alignment plot of Crb2
amino acid sequence for residues
1180–1188 in exon 12 of CRB2
(arrowhead), with complete
conservation of the Asn1184
locus
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Biotechnology Information (dbSNP, www.ncbi.nlm.nih.gov),
in the Exome Aggregation Consortium (ExAC) [14] or in the
Japanese SNP control database established by the National
Bioscience Data Base Center, which has genome-wide data
for a million SNPs from 700 samples (http://gwas.
biosciencedbc.jp/snpdb/snp_top.php). Furthermore, the
absence of this DNA sequence abnormality in 1,240 alleles
from 620 unrelated healthy Japanese individuals indicated that
they are mutations and not polymorphisms. Asn1184 is within
an extracellular 15th EGF repeat domain, and is highly
conserved across various species (Fig. 1d). The functionality
of p.Asn1184Thr was analyzed using the Sorting Intolerant
From Tolerant (SIFT) web-based tool (http://sift.jcvi.org),
the Polymorphism Phenotyping 2 (PolyPhen2) tool
(http://genetics.bwh.harvard.edu/pph2), and Mutation Taster
(http://www.mutationtaster.org) by homology modeling and
threading. All three models predicted CRB2 p.Asn1184Thr
to be Bdamaging.^

A renal biopsy sample of the patient revealed focal seg-
mental glomerulosclerosis (FSGS) by light microscopy
(Fig. 2). Segmental sclerosis was evident in the perihilar area
of one glomerulus, indicating FSGS, perihilar variant. No spe-
cific deposition of IgG, IgA or IgM, or of complement pro-
teins C1q, C3, and C4, was detected by direct immunofluo-
rescence. Electronmicroscopy revealed that the foot processes
of podocytes were well retained, with the effacement of these

processes in only a small area, indicating the secondary form
of FSGS.

Next, we investigated Crb2 expression in human kidneys
by using polyclonal antibodies against the extracellular part
( a m i n o a c i d s 7 2 0 – 8 0 2 ) o f h u m a n C r b 2 .
Immunohistochemical staining of adult human kidney tissues
(donor kidney) revealed intense signals for Crb2 in normal
glomeruli along with glomerular capillary loops and parietal
glomerular epithelial cells (Fig. 3a, b). These signals disap-
peared when antibody was pre-absorbed with anti-FLAG im-
munoprecipitates from cell lysates of HEK293 cells that ex-
press FLAG-tagged Crb2 (Fig. 3c–e), indicating the specific-
ity of the signals. To determine the localization of Crb2 in
glomeruli, paraffin-embedded sections of the adult human
kidney were double-labeled with Crb2 and ZO-1, a podocyte
marker. Intense signals for Crb2 in normal glomeruli were
observed along with glomerular capillary loops, partially
colocalizing with ZO-1 (Fig. 4). Notably, Crb2 staining was
also observed outside the linear staining areamarked by ZO-1.
Next, we analyzed expressions of Crb2, ZO-1, synaptopodin,
nephrin, and podocin in kidneys from the patient with Crb2
mutations and compared with those from control samples.
Staining of Crb2 was undetected in glomeruli of the SRNS
patient with CRB2 mutations (Fig. 4), but expressions of ZO-
1, synaptopodin, and slit diaphragm proteins (nephrin and
podocin) were retained in her podocytes (Figs. 4, 5). We also

Fig. 2 Kidney histopathology of the affected individual with biallelic
CRB2 mutation. a On observation using light microscopy, the biopsy
specimen included 21 glomeruli, many of which showed minor
glomerular abnormalities (PAM stain, ×200). b Two glomeruli were
obsolescent (PAM stain, ×600), and c three glomeruli showed
expansion of mesangial areas with accumulation of matrix (PAS stain,
×600). d The perihilar type of segmental sclerosis was noted in one

glomerulus (Masson stain, ×600), indicating the perihilar variant of
focal segmental glomerulosclerosis. In podocytes, electron microscopy
showed relatively well preserved foot processes, with the effacement of
these processes in small areas (arrows in e, ×5,000, and f, ×8,000),
indicating the secondary form of focal segmental glomerulosclerosis.
Focal widening of subendothelial spaces was shown in the segmental
capillary wall (arrowhead in e)
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analyzed Crb2 expression in two congenital nephrotic syn-
drome (CNS) patients with NPHS1mutations (CNS1: hetero-
zygous missense mutation [P676R]; CNS2: homozygous

mutation [Q839RfsX849]) [13]. Clear signals for Crb2 that
demarcated glomerular capillaries were observed in glomeruli
from the CNS patients with NPHS1 mutations (Fig. 6).

Fig. 4 Expression of Crb2 in the
patient with CRB2 mutations.
Dual-labeling
immunofluorescence of Crb2
(red) and ZO-1 (green). Strong
Crb2 signals were partially
colocalized with ZO-1 in the
control specimen. However, Crb2
expression was diminished in the
patient’s glomeruli. Scale bar:
50 μm
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Fig. 3 Crb2 expression in the kidney cortex. Human kidney sections
were stained with anti-Crb2 antibody pre-adsorbed with anti-myc immu-
noprecipitates from lysates of HEK293T cells that expressed a, c control
vector or b, dmyc-tagged Crb2. Strong Crb2 signals were detected along
glomerular capillary loops and in parietal epithelial cells (a and c), with

specific signals detected in the vascular endothelium (e). Scale bar:
50 μm. e Lysates of HEK293T cells expressing control vector or Crb2
vector were immunoprecipitated with anti-FLAG antibody and analyzed
by western blot with indicated antibodies. These immunoprecipitates
were used for antibody absorption (a–d)
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These results support the pathogenic role of CRB2 muta-
tions in exons 10 and 12 in the patient, and imply that specific
disruption of Crb2 expression causes podocyte dysfunction,
which leads to massive proteinuria.

Discussion

In the present study, we identified novel CRB2 mutations in a
girl with SRNS that was resistant to cyclosporine and

Fig. 6 Crb2 expression in
patients with NPHS1 mutations,
showing immunofluorescence for
synaptopodin and Crb2 in
congenital nephrotic syndrome
(CNS) patients with NPHS1
mutations. Note that both patients
retained Crb2 expression in
podocytes and parietal epithelial
cells

Fig. 5 Expression of nephrin, podocin, and synaptopodin in the patient
with CRB2 mutations. Immunofluorescence is shown for a nephrin and
podocin and b synaptopodin in the control case and the patient withCRB2

mutations. Signals for nephrin, podocin, and synaptopodin were not
altered in the patient
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rituximab. Immunohistochemical studies showed specific re-
duced expression of Crb2 in the patient’s podocytes, indicat-
ing the pathogenic role of the mutations. After identifying the
genetic cause, immunosuppressive therapy was discontinued
and supportive treatment was continued.

Recently, large international cohorts were studied for
monogenic causes of childhood SRNS, in which single-gene
mutations associated with SRNS were identified in ∼25–33 %
of all families with SRNS [4, 5, 15, 16]. The earlier the age at
onset, the more likely the causative mutations can be detected:
single-gene causes of SRNS were detected in 61 % of the
families of patients studied whose onset occurred in the first
12 months of life, compared with 25.3 % of families of pa-
tients whose disease began at age 1–6 years [4]. Although
mutations in dominant genes such as INF2 and TRPC6 are
more frequently found in early adulthood [4], mutations of
recessive genes (NPHS1, LAMB2, and PLCE1) often manifest
as SRNS in early childhood. Recessive mutations in CRB2
have been found in four different families affected by SRNS.
Onset of SRNS due to CRB2mutations was reported from the
age 9 months to 6 years. Three of the four missense mutations
(p.Cys620Ser, p.Arg628Cys, and p.Cys629Ser) previously
found in CRB2-associated SRNS were clustered within the
extracellular tenth EGF-like domain of this protein, and one
mutation was in the cytoplasmic tail (p.Arg1249Gln) [7].
However, as p.Arg1249Gln has been reported in a homozy-
gous state in two individuals who were not known to have
renal or cerebral defects, the significance of this mutation is
unclear [17]. One of the mutations found in the present case is
in the 15th EGF-like domain, and the other was a frame-shift
mutation. The present case demonstrated that even a mutation
outside the tenth EGF-like domain can cause the SRNS phe-
notype; the association of mutations in the tenth EGF-like
domain with SRNS was weakened by the present case.

Biallelic CRB2 mutations not only cause isolated early-
onset SRNS [7], but also severe phenotypes that manifest
congenital nephrotic syndrome, showing renal microcysts

complicated with marked cerebral ventriculomegaly, gray
matter heterotopias, and elevated maternal serum alpha-
fetoprotein and amniotic fluid alpha-fetoprotein. Recent anal-
ysis also identified patients with obstructive congenital hydro-
cephalus, urinary tract anomalies and lung hypoplasia, fea-
tures clinically consistent with a ciliopathy [18]. All the mu-
tations reported in the present study and previous reports [7, 8,
17, 18] are shown in Fig. 7. The mechanisms leading to these
different phenotypes caused by CRB2 mutations are un-
known. With regard to genotype–phenotype correlation, the
affected domain does not differentiate the phenotype per se.
For example, homozygous missense mutations in the tenth
EGF-like domain (C620S, C629S, R633W) can cause either
SRNS or the CRB2-related syndrome/ciliopathy phenotype
(Fig. 7). However, the missense mutations in SRNS or in
pleiotropic phenotype reported so far are mutually exclusive
(Fig. 7), raising the possibility of a genotype–phenotype rela-
tionship. Besides, the specificity or severity of the organ af-
fected by CRB2 mutations seems to be complex because the
severity of nephropathy is not necessarily parallel to extra-
renal phenotypes. For example, a patient reported by Lamont
et al. with compound heterozygous missense mutations of
CRB2 (p.E643A and p.N800K) showed cerebral
ven t r i cu lomega ly dur ing the pregnancy, and a
ventriculoperitoneal shunt was placed at 5 days of life to treat
hydrocephalus [17]. Notably, she did not exhibit any detectable
kidney abnormalities at 6 years of age. Future case series and
in vitro or in vivo studies using knock-in mice or cell-specific
knock-out models will be needed to determine the tissue-
specific pathophysiological mechanisms of each mutation.

Although crb2 expression in podocytes had been con-
firmed in zebrafish or rodents [7, 9], expression of Crb2 in
human kidneys has not been reported. We found that Crb2 is
exclusively expressed in podocytes and glomerular parietal
epithelial cells in human glomeruli. Podocyte process pattern-
ing and cellular junction formation by assembling a protein
complex that regulates actin cytoskeletal dynamics are

Fig. 7 Schematic representation
of CRB2 mutation positions.
CRB2 contains large extracellular
domains with 15 EGF-like
domains (blue) and 3 laminin G-
like domains (orange), a single
transmembrane domain, and a
cytoplasmic tail containing single
FERM- and PDZ protein-binding
motifs at the C-terminus.
Mutations reported in patients
with SRNS (above) or CRB2-
related syndrome/ciliopathy
phenotype (below) are shown.
Double asterisk refers to this case,
Ref indicates reference
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influenced by slit diaphragm (SD) proteins such as nephrin
and Neph1 [19]. By gene knock-down using morpholinos,
Crb2b was found to be required for the morphological differ-
entiation of podocyte foot processes [9, 20] as crb2b
morphants had grossly disorganized the podocyte foot process
architecture. While nephrin protein in zebrafish is present
along the basal aspect of podocyte cell bodies, nephrin is
apically mislocalized in podocytes in crb2bmorphants, which
suggests that crb2b might be required for the proper protein
trafficking of nephrin [9]. In zebrafish morphants with stable
heritable loss-of-function mutation in crb2b [7], expression of
ZO-1, another component of slit diaphragm, is decreased, also
suggesting that protein trafficking might be affected in crb2
mutants. In the present patient with decreased Crb2 expres-
sion, expression of nephrin, podocin, and ZO-1 was pre-
served. Furthermore, effacement of podocyte foot processes
was observed in only a small area of the capillary wall. It
should be noted that expression of Crb2 was maintained in
the CNS patients with NPHS1 mutations. These data suggest
that whereas Crb2 in zebrafish may participate in the upstream
SD cascade by regulating expression and the proper targeting of
SD proteins, the modality of regulation by Crb2 of the mainte-
nance of the glomerular filtration barrier in human podocytes
may differ from that of other species. There is also a possibility
that the residual CRB2 mutant in the patient may cause differ-
ences in the expression of slit diaphragm molecules in
podocytes in the patient and that in zebrafish crb2−/− mutants.

The specific loss of Crb2 expression in this patient’s
podocytes indicates that SRNS of the present case is caused
by novel compound heterozygous mutations of CRB2,
expanding the genetic spectrum of CRB2-related diseases.
The advance of the clinical and genetic characterization of the
disease caused by CRB2 mutations will have important impli-
cations for the clinical evaluation and management of patients.
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ABSTRACT
Objective A genome-wide association study (GWAS)
of gout and its subtypes was performed to identify
novel gout loci, including those that are subtype-
specific.
Methods Putative causal association signals from a
GWAS of 945 clinically defined gout cases and 1213
controls from Japanese males were replicated with 1396
cases and 1268 controls using a custom chip of 1961
single nucleotide polymorphisms (SNPs). We also first
conducted GWASs of gout subtypes. Replication with
Caucasian and New Zealand Polynesian samples was
done to further validate the loci identified in this study.
Results In addition to the five loci we reported
previously, further susceptibility loci were identified at a
genome-wide significance level (p<5.0×10−8): urate
transporter genes (SLC22A12 and SLC17A1) and
HIST1H2BF-HIST1H4E for all gout cases, and NIPAL1
and FAM35A for the renal underexcretion gout subtype.
While NIPAL1 encodes a magnesium transporter,
functional analysis did not detect urate transport via
NIPAL1, suggesting an indirect association with urate
handling. Localisation analysis in the human kidney
revealed expression of NIPAL1 and FAM35A mainly in
the distal tubules, which suggests the involvement of the
distal nephron in urate handling in humans. Clinically
ascertained male patients with gout and controls of
Caucasian and Polynesian ancestries were also
genotyped, and FAM35A was associated with gout in all
cases. A meta-analysis of the three populations revealed
FAM35A to be associated with gout at a genome-wide
level of significance (pmeta=3.58×10

−8).
Conclusions Our findings including novel gout risk loci
provide further understanding of the molecular
pathogenesis of gout and lead to a novel concept for
the therapeutic target of gout/hyperuricaemia.

INTRODUCTION
Gout is a common disease characterised by acute
painful arthritis, and its global burden continues to
rise with the increasingly ageing population.1 Gout
is caused by hyperuricaemia, and can be classified
according to patients’ clinical parameters reflecting
its causes2 3 as renal overload (ROL) gout and renal
underexcretion (RUE) gout. As shown in online
supplementary figure S1, patients with gout with
increased urinary excretion of urate due to overpro-
duction and/or decreased extra-renal underexcre-
tion of urate are classified as having ROL gout,
whereas those with decreased renal excretion of
urate are defined as having RUE gout.2 Reflecting
their causes, almost all patients with gout are
divided into those two subtypes. Although these
subtypes are important from both genetic and
pathophysiological points of view,2 4 genome-wide
association studies (GWASs) of gout subtypes have
never been performed, partly due to the difficulty
in assembling sufficient gout cases with requisite
clinical data, including data from a time-consuming
urinary collection examination.
We and other groups5–9 recently reported gout/

hyperuricaemia to have relatively strong genetic
risk factors. More recently, and for the first time,
we performed a GWAS with only clinically defined
Japanese male gout cases in which 16 single
nucleotide polymorphisms (SNPs) were replicated,
and five gout-risk loci were identified including two
novel loci (MYL2-CUX2 and CNIH-2).10 In the
present study (see online supplementary figure S2),
we extended our analysis to identify novel suscepti-
bility loci for gout by replicating approximately
2000 SNPs top-ranked in the GWASs of all gout
and/or its subtypes. In addition, for the first time,
we performed GWASs of gout subtypes to identify
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subtype-specific (cause-specific) risk loci. Furthermore, we con-
ducted a replication study with independent Caucasian and
Polynesian populations to validate loci.

METHODS
Subjects and genotyping
Genome-wide genotyping was performed with the Illumina
HumanOmniExpress-12 v1.0 (Illumina) platform using 946
clinically defined gout cases and 1213 controls, all Japanese
males. Detailed methods of genotyping and quality control are
previously described.10 Ultimately, 570 442 SNPs passed filters
for 945 cases and 1213 controls. At the replication stage, 1246
cases were genotyped with a custom genotype platform using
iSelect HD Custom Genotyping BeadChips (Illumina) on 1961
SNPs, as described in online supplementary methods and
supplementary figure S3, and 150 gout cases were genotyped
with the Illumina HumanOmniExpress-24 v1.0 (Illumina) plat-
form. For controls, 1268 Japanese males with a serum uric acid
(SUA) level ≤ 7.0 mg/dL and without gout history were
recruited from BioBank Japan11 12 and genotyped with the
Illumina HumanOmniExpress-12 v1.0 (Illumina) platform.
Finally, 1961 SNPs with 1396 gout cases and 1268 controls
were successfully genotyped (see online supplementary table
S1). A genome-wide significance threshold was set to be
α=5.0×10−8 to claim evidence of a significant association.

GWASs of the two subtypes of gout, ROL gout and RUE gout
(see online supplementary figure S1), were also performed, fol-
lowed by replication studies with a custom SNP chip (see online
supplementary figure S3) and a subsequent meta-analysis. As
described previously,2 10 and shown in online supplementary
figure S1 and supplementary methods, ROL gout and RUE gout
are defined when patients’ urinary urate excretion is over
25.0 mg/hour/1.73 m2 (600 mg/day/1.73 m2) and patients’ urate
clearance (urate clearance/creatinine clearance ratio, FEUA) is
under 5.5%, respectively. For GWASs of gout subtypes, 1178
cases were classified as ROL gout (560 cases at GWAS stage and
618 cases at replication stage) and 1315 cases as RUE gout (619
cases at GWAS stage and 696 cases at replication stage), respect-
ively (see online supplementary table S2).

A replication study with independent Caucasian and New
Zealand (NZ) Polynesian sample sets was also performed to val-
idate the genetic risk loci identified in the present study. This
replication was done in a data set recruited from New
Zealand13 and from Europe by the Eurogout Consortium14

comprising 1319 male cases and 514 male controls of European
ancestry and 971 male cases and 565 male controls of NZ
Polynesian ancestry. SNPs were genotyped by an allelic discrim-
ination assay (TaqMan) with a LightCycler 480 Real-Time PCR
(RT-PCR) System (Roche Applied Science, Indianapolis,
Indiana, USA). Detailed information of clinical characteristics
and genetic analysis is shown in online supplementary methods
and tables S1–S3.

Statistical analyses
The inverse-variance fixed-effects model was used for meta-
analysis. In the meta-analysis with Japanese, Caucasian and NZ
Polynesian populations or in the presence of heterogeneity (phet
< 0.05 or I2 > 50%), we implemented the DerSimonian and
Laird random-effects model for meta-analysis.15 For the replica-
tion analysis with Caucasian and NZ Polynesian sample sets,
ORs were adjusted by age and ancestral group. All the
meta-analyses were performed using the R V.3.1.1 and 3.2.2 (R
Development Core Team. R: a language and environment for
statistical computing. Vienna: R. Foundation for Statistical

Computing, 2006) with meta package. All calculations of linkage
disequilibrium (LD, measured in r2) were conducted using the
Japanese population. The detailed information for statistical ana-
lyses is described in online supplementary methods.

Functional and localisation analyses
Urate transport analysis of NIPAL1 was performed with an
oocyte expression system16 17 with high potassium (HK) buffer
or HK buffer without magnesium. For immunohistochemical
analysis, the human kidney sections (3 μm) incubated with anti-
human NIPAL1 antibody (1:50) (LS-C164878; LifeSpan
BioSciences, Washington, USA) or with anti-human FAM35A
antibody (1:75) (HPA036582; Sigma-Aldrich, Missouri, USA)
were used, and then visualised with diaminobenzidine
(0.8 mM).18 19 Intracellular localisation of NIPAL1 was also
studied in Xenopus oocytes and Madin-Darby canine kidney II
(MDCKII) cells. Detailed information for the functional and
localisation analyses is described in online supplementary
methods.

RESULTS
GWAS of all gout and its subtypes
In addition to the GWAS stage previously performed with 945
patients with clinically defined gout and 1213 controls, all
Japanese males10 (see online supplementary figure S4), the repli-
cation stage for all cases of gout was carried out by genotyping
1961 SNPs (see online supplementary figure S3 and
supplementary note) in a further 1396 male patients and 1268
male controls, and a meta-analysis then conducted (see online
supplementary figure S2). Furthermore, GWASs of two subtypes
of gout, ROL gout (figure 1A) and RUE gout (figure 1B), were
also performed in the present study, followed by replication
studies with a custom SNP chip and a subsequent meta-analysis.

Meta-analysis of both the GWAS and the replication
study for all gout cases (table 1) identified eight loci which
showed evidence for associations at the genome-wide signifi-
cance level: rs3114020 of ABCG2 (pmeta=8.66×10−35; OR=
1.89), rs1014290 of SLC2A9 (pmeta=6.50×10−26; OR=1.57),
rs4766566 of CUX2 (pmeta=4.03×10−20; OR=1.51), rs2285340
of SLC22A12 (pmeta=4.61×10−11; OR=1.40), rs1260326
of GCKR (pmeta=7.19×10−11; OR=1.31), rs1165176 of
SLC17A1 (pmeta=1.47×10−9; OR=1.42), rs11758351 of
HIST1H2BF-HIST1H4E (pmeta=1.63×10−8; OR=1.40) and
rs4073582 of CNIH-2 (pmeta=3.56×10−8; OR=1.58). Among
these eight loci, SLC22A12, SLC17A1 and HIST1H2BF-
HIST1H4E (figure 2A–C) were first identified as gout-risk loci
by the GWAS approach at the genome-wide significance level.
SLC17A1 was identified here by the GWAS approach for the
first time, while Hollis-Moffatt et al20 reported that rs1183201,
another SNP of SLC17A1, is strongly associated with gout in
Caucasians and NZ Polynesian sample sets by the candidate
gene approach. While rs11758351 of HIST1H2BF-HIST1H4E
is located 374 kb downstream from rs1165176 of SLC17A1,
they are not in LD with each other (r2=0.03), demonstrating
them to be independent susceptibility loci for gout. There
was also a significant signal from rs2532941 of VARS2
(pmeta=2.74×10−8; OR=1.32), which is located downstream of
HIST1H2BF-HIST1H4E by 4.7 Mb, and is reported to be asso-
ciated with mitochondrial respiration.21 Since rs2532941 of
VARS2 showed mild LD with rs11758351 of HIST1H2BF-
HIST1H4E (r2=0.37), its significance did not remain for the
GWAS stage samples after adjustment with rs11758351 of
HIST1H2BF-HIST1H4E (p=0.08), or with both rs1165176 of
SLC17A1 and rs11758351 (p=0.11).
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For GWASs of gout subtypes, 1178 cases were classified as
ROL gout (560 cases at GWAS stage and 618 cases at replica-
tion stage) and 1315 cases as RUE gout (619 cases at GWAS
stage and 696 cases at replication stage), respectively (see
online supplementary table S2). The meta-analysis of a GWAS
of the ROL gout subtype and a replication study revealed
significant SNPs in the following four loci: rs2728104 of
ABCG2 (pmeta=5.08×10−33; OR=1.84), rs4766566 of CUX2
(pmeta=8.14×10−17; OR=1.59), rs3733589 of SLC2A9
(pmeta=2.25×10−13; OR=1.47) and rs1260326 of GCKR
(pmeta=5.39×10−9; OR=1.35).

Another subtype analysis, that is, the meta-analysis of a GWAS
of RUE gout and a replication study (table 1) demonstrated sig-
nificant SNPs in the following seven loci: rs1014290 of SLC2A9
(pmeta=8.71×10−25; OR=1.69), rs1871744 of ABCG2 (pmeta=
2.49×10−22; OR=1.81), rs4766566 of CUX2 (pmeta=2.17×
10−18; OR=1.60), rs2285340 of SLC22A12 (pmeta=8.79×
10−10; OR=1.44), rs780094 of GCKR (pmeta=1.62×10−9;
OR=1.35), rs11733284 of NIPAL1 (pmeta=1.13×10−8;
OR=1.34) and rs7903456 of FAM35A (pmeta=4.29×10−8;
OR=1.34). The latter two loci, NIPAL1 and FAM35A, were
novel risk loci by the GWAS of the RUE gout subtype (figure 2D,
E). In total, 10 loci were identified from the present GWAS
of gout and its subtypes (table 1 and see online supplementary
table S4).

Of the seven loci newly identified by GWAS of the RUE gout
subtype, only NIPAL1 and FAM35A had not been implicated
previously in the GWASs of SUA levels or gout. Analysis with
data from previously reported GWAS22 of SUA in Caucasians
revealed the association with NIPAL1 and FAM35A loci (see
online supplementary figure S5).

Urate transport analysis of NIPAL1 transporter
NIPAL1 and FAM35A were revealed to be associated with RUE
gout in the present study. NIPAL1 has been reported to be a
magnesium transporter,23 which has nine transmembrane
domains (figure 3A), whereas FAM35A is predicted to be a
soluble protein. In this context, we hypothesised that NIPAL1
could be involved in the regulation of urate handling as a renal
urate efflux transporter. However, our functional analysis using
Xenopus oocytes did not show urate transport via NIPAL1,
regardless of the presence of magnesium (figure 3B).

Localisation analysis of NIPAL1 and FAM35A
By immunohistochemical analysis, NIPAL1 and FAM35A
showed cytosolic expression in the renal distal tubules of human
kidney (figure 4A, B). Both proteins were also weakly detected
in the cytoplasm of collecting ducts. NIPAL1-expressing
Xenopus oocytes and MDCKII cells also showed intracellular
localisation of NIPAL1 (see online supplementary figure S6).

Replication study of all gout cases with Caucasian and
Polynesian populations
A replication study for the discovered loci (SLC22A12,
SLC17A1, HIST1H2BF-HIST1H4E, NIPAL1 and FAM35A) was
performed for all gout cases with males drawn from Caucasian
(1319 cases and 514 controls) and NZ Polynesian populations
(971 cases and 565 controls). Because a gain-of-function SNP of
SLC17A1, rs1165196 (Ile269Thr),16 was in strong LD with
rs1165176 (r2=0.99), we performed the following analyses
using rs1165196, assuming that the causal SNP in this locus was
rs1165196 of SLC17A1. Among these five loci, the

Figure 1 Manhattan plots of GWASs
of subtypes of gout. Manhattan plots
of GWASs of (A) ROL gout subtype and
(B) RUE gout subtype. X-axis shows
chromosomal positions. Y-axis shows
−log10 p values. The upper and lower
dotted lines indicate the genome-wide
significance threshold (p=5.0×10−8)
and the cut-off level for selecting
single nucleotide polymorphisms for
replication study (p=0.001),
respectively. GWAS, genome-wide
association study; ROL, renal overload;
RUE, renal underexcretion.
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Table 1 Single nucleotide polymorphisms (SNPs) associated with gout and its subtypes at a genome-wide level of significance in the Japanese population

SNP* Chr.

GWAS¶ Replication study** Meta-analysis††

Position Frequency of A1

OR (95% CI) p Value

Frequency of A1

OR (95% CI) p Value OR (95% CI) p Value

Heterogeneity

Gout
types (bp)† Gene‡ A1/A2§ Cases Controls Cases Controls

Cochran’s
Q I2 (%)

All
gout

rs1260326 2 27730940 GCKR T/C 0.616 0.535 1.39 (1.23 to 1.57) 1.34×10−7 0.611 0.557 1.25 (1.12 to 1.39) 6.10×10−5 1.31 (1.21 to 1.42) 7.19×10−11 0.20 38.2

rs1014290 4 10001861 SLC2A9 T/C 0.678 0.564 1.63 (1.44 to 1.85) 1.75×10−14 0.673 0.576 1.51 (1.35 to 1.69) 2.97×10−13 1.57 (1.44 to 1.70) 6.50×10−26 0.39 0.0

rs3114020 4 89083666 ABCG2 C/T 0.842 0.724 2.03 (1.75 to 2.37) 1.17×10−20 0.844 0.752 1.78 (1.55 to 2.04) 7.74×10−17 1.89 (1.71 to 2.09) 8.66×10−35 0.20 38.9

rs1165176 6 25830298 SLC17A1 G/A 0.874 0.834 1.38 (1.16 to 1.64) 2.89×10−4 0.872 0.824 1.46 (1.25 to 1.69) 1.08×10−6 1.42 (1.27 to 1.59) 1.47×10−9 0.63 0.0

rs11758351 6 26203910 HIST1H2BF-
HIST1H4E

G/T 0.158 0.121 1.37 (1.15 to 1.63) 4.22×10−4 0.158 0.116 1.43 (1.22 to 1.67) 1.01×10−5 1.40 (1.25 to 1.57) 1.63×10−8 0.72 0.0

rs2285340 11 64435906 SLC22A12 A/G 0.228 0.174 1.40 (1.21 to 1.63) 1.09×10−5 0.227 0.174 1.40 (1.22 to 1.61) 9.96×10−7 1.40 (1.27 to 1.55) 4.61×10−11 1.00 0.0

rs4073582 11 66050712 CNIH-2 C/T 0.950 0.915 1.78 (1.39 to 2.29) 4.32×10−6 0.943 0.920 1.44 (1.16 to 1.79) 8.47×10−4 1.58 (1.34 to 1.86) 3.56×10−8 0.21 36.1

rs4766566 12 111706877 CUX2 T/C 0.735 0.633 1.60 (1.41 to 1.83) 1.22×10−12 0.741 0.665 1.44 (1.28 to 1.62) 2.07×10−9 1.51 (1.38 to 1.65) 4.03×10−20 0.22 33.8

ROL
gout

rs1260326 2 27730940 GCKR T/C 0.611 0.535 1.36 (1.18 to 1.58) 2.43×10−5 0.626 0.557 1.33 (1.16 to 1.53) 6.12×10−5 1.35 (1.22 to 1.49) 5.39×10−9 0.81 0.0

rs3733589 4 9987324 SLC2A9 G/A 0.662 0.570 1.48 (1.28 to 1.71) 2.00×10−7 0.668 0.580 1.46 (1.26 to 1.68) 2.05×10−7 1.47 (1.32 to 1.63) 2.25×10−13 0.88 0.0

rs2728104 4 88973006 ABCG2 C/T 0.505 0.346 1.93 (1.67 to 2.23) 3.28×10−19 0.496 0.359 1.75 (1.53 to 2.01) 1.56×10−15 1.84 (1.66 to 2.03) 5.08×10−33 0.35 0.0

rs4766566 12 111706877 CUX2 T/C 0.737 0.633 1.62 (1.39 to 1.90) 8.42×10−10 0.757 0.665 1.57 (1.34 to 1.83) 7.55×10−9 1.59 (1.43 to 1.78) 8.14×10−17 0.76 0.0

RUE
gout

rs780094 2 27741237 GCKR T/C 0.633 0.543 1.45 (1.26 to 1.67) 2.43×10−7 0.615 0.559 1.26 (1.10 to 1.44) 6.47×10−4 1.35 (1.22 to 1.48) 1.62×10−9 0.16 48.8

rs1014290 4 10001861 SLC2A9 T/C 0.699 0.564 1.80 (1.55 to 2.08) 1.58×10−15 0.685 0.576 1.60 (1.39 to 1.84) 1.72×10−11 1.69 (1.53 to 1.87) 8.71×10−25 0.26 21.8

rs11733284 4 48028097 NIPAL1 A/G 0.346 0.281 1.35 (1.17 to 1.57) 6.48×10−5 0.342 0.280 1.34 (1.16 to 1.54) 6.36×10−5 1.34 (1.21 to 1.49) 1.13×10−8 0.91 0.0

rs1871744 4 89039629 ABCG2 T/C 0.834 0.723 1.93 (1.62 to 2.29) 3.85×10−14 0.824 0.733 1.71 (1.45 to 2.01) 7.04×10−11 1.81 (1.60 to 2.04) 2.49×10−22 0.33 0.0

rs7903456 10 88919319 FAM35A A/G 0.303 0.248 1.32 (1.13 to 1.53) 4.32×10−4 0.296 0.235 1.37 (1.18 to 1.59) 3.09×10−5 1.34 (1.21 to 1.49) 4.29×10−8 0.72 0.0

rs2285340 11 64435906 SLC22A12 A/G 0.236 0.174 1.47 (1.25 to 1.74) 8.04×10−6 0.228 0.174 1.41 (1.20 to 1.66) 4.04×10−5 1.44 (1.28 to 1.62) 8.79×10−10 0.72 0.0

rs4766566 12 111706877 CUX2 T/C 0.738 0.633 1.63 (1.40 to 1.89) 1.58×10−10 0.759 0.665 1.58 (1.36 to 1.83) 9.51×10−10 1.60 (1.44 to 1.78) 2.17×10−18 0.78 0.0

*dbSNP rs number. SNPs having associations for all gout, ROL gout and RUE gout at the lowest p value in each locus by meta-analysis are shown in this table.
†SNP positions are based on NCBI human genome reference sequence build 37.4.
‡Five discovered loci are shown in bold.
§A1 is risk-associated allele and A2 is non-risk-associated allele.
¶945 cases for all gout, 560 cases for ROL gout, 619 cases for RUE gout with 1213 controls from Japanese male population.
**1396 cases for all gout, 618 cases for ROL gout, 696 cases for RUE gout with 1268 controls from Japanese male population.
††Meta-analysis of GWAS and replication samples.
Chr., chromosome; GWAS, genome-wide association study; ROL, renal overload; RUE, renal underexcretion; SNP, single nucleotide polymorphism.
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Figure 2 Regional association plots of five discovered loci. Three loci were revealed to exceed the genome-wide significance level from the
meta-analysis with all gout cases, and two loci with renal underexcretion (RUE) gout cases. The highest association signal in each panel is located
on (A) SLC22A12, (B) SLC17A1 and (C) HIST1H2BF-HIST1H4E for all gout cases, and (D) NIPAL1 and (E) FAM35A for RUE gout cases. The region
within 250 kb from the single nucleotide polymorphism (SNP) indicating the lowest p value is shown. (Top panel) Plots of −log10 p values for the
test of SNP association with gout in the genome-wide association study stage. The SNP showing the lowest p value in the meta-analysis is depicted
as a pink diamond. Other SNPs are colour-coded according to the extent of linkage disequilibrium (measured in r2) with the SNP showing the lowest
p value. (Middle panel) Recombination rates (centimorgans per Mb) estimated from HapMap Phase II data are plotted. (Bottom panel) RefSeq
genes. Genomic coordinates are based on NCBI human genome reference sequence build 37.

Figure 3 Functional analysis of
NIPAL1 transporter. (A) The topological
model of the NIPAL1 transporter.
NIPAL1 is predicted to have nine
transmembrane regions. The amino
acid sequences of NIPAL1 were
obtained from GenBank (accession
code NM_207330). (B) Urate transport
analysis of NIPAL1. SLC2A9 (also
known as GLUT9) is a renal urate
transporter and is used for a positive
control for the urate transport analysis.
In contrast to SLC2A9, urate transport
via NIPAL1 was not detected,
regardless of the presence of
magnesium. Data are expressed as
mean±SEM (n=8). Statistical analyses
for significant differences were
performed according to Student’s
t-test. (**p<0.01; N.S., not
significantly different as compared
with control.).
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meta-analysis of those populations for all gout revealed a
significant association with rs7903456 of FAM35A
(pmeta=9.72×10−3; OR=1.17) (table 2). Although SLC17A1
did not show significance (pmeta=0.119) in the present study of
those populations (table 2), a previous paper20 revealed a signifi-
cant association of SLC17A1 with gout in Caucasian and NZ
Polynesian sample sets, indicating the necessity of further repli-
cation studies to investigate the ancestral differences in the sig-
nificance of other genetic loci including SLC17A1. Genotyping
the CUX2 and CNIH-2 loci, which were identified in both our
present and previous GWASs of Japanese,10 was also performed,
and the CUX2 locus was replicated successfully for the first time
in other populations (see online supplementary table S5). The
results of further association analyses and expression quantita-
tive trait locus (eQTL) analysis are shown in online
supplementary note and tables S6 and S7. Significant effects on
FEUA were detected in NIPAL1, FAM35A and SLC22A12 loci in
the Japanese population, and were also observed at SLC17A1 in
NZ Polynesian population.

A further meta-analysis of all gout cases with Japanese,
Caucasian and NZ Polynesian populations was performed for
NIPAL1 and FAM35A, which were at a genome-wide signifi-
cance level in the Japanese population only for the RUE gout
subtype, and not for all gout cases. rs11733284 of NIPAL1 was
not associated with all gout (pmeta=0.16; OR=1.11), suggesting
the presence of ancestral differences in genetic effects of this
locus, or a subtype-specific effect. On the other hand,
rs7903456 of FAM35A showed an association with all gout at a
genome-wide level of significance (pmeta=3.58×10−8;
OR=1.23) (figure 5), indicating that rs7903456 is a susceptibil-
ity locus for all gout as well as the RUE gout subtype.

Figure 4 Localisation analysis of NIPAL1 and FAM35A in the human
kidney. Cytosolic expression was detected strongly in distal tubules and
weakly in collecting ducts in human kidney for (A) NIPAL1 protein and
(B) FAM35A protein. Bar=100 μm.
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Meta-analysis of all gout for the other three loci (SLC22A12,
SLC17A1 and HIST1H2BF-HIST1H4E) was also performed
with Japanese, Caucasian and NZ Polynesian populations as
shown in online supplementary figure S7. rs11758351 of
HIST1H2BF-HIST1H4E did not show a significant association
with gout (pmeta=0.40; OR=1.12). rs2285340 of SLC22A12
and rs1165196 of SLC17A1 did not reach a genome-wide level
of significance (pmeta=2.47×10−4; OR=1.31; and pmeta=
1.28×10−3; OR=1.25, respectively) partly due to statistical
fluctuation in relatively small sample sets, although the effects
were consistently in the same direction.

DISCUSSION
With clinically defined gout cases, we previously performed a
GWAS10 and revealed that ABCG2, SLC2A9, MYL2-CUX2,
GCKR and CNIH-2 were associated with gout at a genome-wide
significance level (see online supplementary figure S4). A more
recent GWAS by Li et al24 with clinically ascertained gout cases
revealed three novel loci (BCAS3, RFX3 and KCNQ1) in Han
Chinese. In the present study, we performed a gout follow-up
study focused on loci not reaching the genome-wide level of sig-
nificance in the previous GWAS,10 genotyping 1961 SNPs in an
additional 1396 cases and 1268 controls. We revealed a total of
eight loci to be associated with all gout cases in Japanese males
(table 1). Among them, three loci (SLC22A12, SLC17A1 and
HIST1H2BF-HIST1H4E) were first identified as gout risk loci at
a genome-wide significance level by the present GWAS
approach.

Both SLC22A12 and SLC17A1 encode urate transporters at
the apical side of the renal proximal tubule16 25 (see online
supplementary figure S8) and are reportedly associated with
SUA level in humans by previous GWASs of SUA.12 22 26 27

Therefore, it is reasonable that SNPs around these loci would
display significant associations with gout or sequelae of hyperur-
icaemia (see also online supplementary note for detail).

The HIST1H2BF and HIST1H4E genes encode histone 1
H2bf and histone 1 H4e, respectively, both of which have a role
of binding DNA to form a chromatin structure. Both are
replication-dependent histone proteins with expression depend-
ent on cell cycle. Therefore, functional SNPs in this locus might
affect the stability of the chromatin structure, varying the cell
cycle, cell amount or reaction to inflammation by changing the
expression level of histones in the kidney and/or intestine. Since
it is also possible that rs11758351 is a surrogate marker near
these histone genes, further studies concerning this locus will be
necessary.

In this study, we first performed GWASs of gout subtypes,
that is, RUE gout and ROL gout (figure 1). From the results of
meta-analysis for GWASs of both ROL gout and RUE gout, four
shared loci of GCKR, SLC2A9, ABCG2 and CUX2 were identi-
fied at a genome-wide significance level, showing the import-
ance of these loci for the pathogenesis of both gout subtypes.
Especially for RUE gout, three more loci, SLC22A12, NIPAL1
and FAM35A, were identified to be associated at a genome-wide
significance level. As described above, it is compatible for
SLC22A12 to be associated with RUE gout, because SLC22A12
(like SLC2A9) encodes a renal urate reabsorption
transporter.25 28

Of note, NIPAL1 and FAM35A were identified as novel loci
by performing GWAS of the RUE gout subtype. Associations
with gout and SUA have never been previously reported with
NIPAL1 and FAM35A. Furthermore, to our knowledge, there is
no study reporting an association between any diseases and
NIPAL1 or FAM35A.

NIPAL1, also known as NIPA3, is reportedly expressed on the
membrane of some organs including kidney, and to be a magne-
sium transporter,23 as another magnesium transporter NIPA2.23

Because NIPAL1 was associated with RUE gout (ie, gout with
renal urate underexcretion), we hypothesised that NIPAL1 is a
urate transporter in the human kidney. However, our functional
study did not show urate transport via NIPAL1, regardless of
the presence of magnesium (figure 3B). Moreover, localisation
to the membrane was not detected for NIPAL1 protein, which
was mainly expressed within the distal tubules of human kidney,
as revealed by immunohistochemical analysis (figure 4A). A
similar result was obtained in confocal microscopic observation,
with NIPAL1-expressing oocytes showing intracellular localisa-
tion of NIPAL1 protein (see online supplementary figure S6).
These findings suggest that NIPAL1 is not a urate transporter
and that it might be involved in the indirect regulation of urate
transport kinetics. Nevertheless, recent studies have revealed
associations between hyperuricaemia and magnesium intake,29

serum magnesium level30 and magnesium excretion.31 Together
with previous reports, our findings support the hypothesis that
there could be some relationship between gout and magnesium
handling via magnesium transporters including NIPAL1, and
that the present study could well provide new insights into the
genetic background of urate and magnesium handling in
patients with gout/hyperuricaemia.

FAM35A is ubiquitously expressed in organs including the
kidney, and our immunohistochemical analysis of human kidney
also revealed cytosolic immunoreactivity of the FAM35A
protein mainly in the distal tubules (figure 4B). Our findings
from FAM35A and NIPAL1 suggest the involvement of the
distal nephron in gout progression as well as dysfunction in
urate handling in humans (see online supplementary figure S9).
To date, the molecular function of FAM35A is totally unknown.
Although further studies are necessary to confirm this, it is pos-
sible that genes near FAM35A including GLUD1 (figure 2E)

Figure 5 Forest plots for all gout among Japanese, Caucasian and
New Zealand (NZ) Polynesian populations. Although rs11733284 of
NIPAL1 (A) did not show significant association with all gout,
rs7903456 of FAM35A (B) revealed an association with all gout at a
genome-wide significance level (pmeta=3.58×10

−8; OR=1.23). GWAS,
genome-wide association study.
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have some relationship with gout (see also online
supplementary note for details).

In addition to studying the Japanese population, we per-
formed a replication study with male Caucasian and NZ
Polynesian sample sets for the five newly discovered loci. Since
they were not divided into subtypes, further evaluations by
meta-analysis were conducted with all gout groups. While other
loci were not replicated, rs7903456 of FAM35A was replicated
with a significant association with gout (table 2). CUX2, which
was reported by both our present and previous gout GWAS in
Japanese,10 was also replicated in these sample sets (see online
supplementary table S5).

A meta-analysis of all gout with Japanese, Caucasian and NZ
Polynesian populations for these five SNPs revealed FAM35A to
be associated with all gout at the genome-wide significance level
(figure 5B), and that rs2285340 of SLC22A12 and rs1165196
of SLC17A1 showed a significant association but did not reach a
genome-wide significance level (see online supplementary figure
S7). rs11758351 of HIST1H2BF-HIST1H4E and rs11733284
of NIPAL1 were not associated by this meta-analysis, although
these loci showed a genome-wide significant association in the
Japanese population. Since this might be due to the differences
in LD structure among these populations, a replication analysis
with East Asian populations will be necessary for these loci.
rs2285340 of SLC22A12 was monomorphic (only G allele) in
Caucasians and not associated with NZ Polynesians. Therefore,
replication studies of this locus in East Asian populations would
also be insightful for future analysis. Although the underlying
molecular mechanism of gout by FAM35A is unknown, this
locus seems to have a common pathophysiological risk of gout
for Japanese, NZ Polynesians and Caucasians.

In summary, we performed GWASs of all gout as well as gout
subtypes and identified five loci in addition to the five loci that
we reported previously.10 Furthermore, the FAM35A locus
showed an association with all gout by meta-analysis among the
Japanese, Caucasian and NZ Polynesian sample sets at a
genome-wide level of significance. Together with their expres-
sion in the renal distal tubules, the identification of NIPAL1 and
FAM35A as gout loci suggests the involvement of the distal
nephron (see online supplementary figure S9) in the urate hand-
ling of the human kidney and in the pathogenesis of gout/hyper-
uricaemia. These findings could well provide a clue leading to a
novel concept for the therapeutic target of gout (see online
supplementary figure S10).
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loci that include urate transporter genes
subtypes identifies multiple susceptibility 
GWAS of clinically defined gout and
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Patient Reports

Congenital nephrotic syndrome with a novel NPHS1 mutation

Chikage Yoshizawa,1,2 Yasuko Kobayashi,1,6 Yuka Ikeuchi,1,2 Masahiko Tashiro,2 Satoko Kakegawa,1,2 Toshio Watanabe,1

Yoshimitsu Goto,3 Koichi Nakanishi,4 Norishige Yoshikawa4,5 and Hirokazu Arakawa1

1Department of Pediatrics, Gunma University School of Medicine, 2Department of Pediatrics, Gunma Central Hospital,
Maebashi, 3Department of Pediatrics, Nagoya Daini Red Cross Hospital, Nagoya, 4Department of Pediatrics, Wakayama
Medical University, Wakayama, 5Center for Clinical Research and Development National Center for Child Health and
Development, Tokyo, Japan and 6Bristol Renal, University of Bristol, Bristol, UK

Abstract Congenital nephrotic syndrome of the Finnish type (CNF) is a rare autosomal recessive disorder. The incidence of

CNF is relatively high in Finland but considerably lower in other countries. We encountered a male newborn with

CNF, associated with compound heterozygous mutations in nephrosis 1, congenital, Finnish type (NPHS1). The

patient was admitted to hospital as a preterm infant. Physical and laboratory findings fulfilled the diagnostic criteria

of nephrotic syndrome, and were compatible with a diagnosis of CNF, but there was no family history of the dis-

ease. On genetic analysis of NPHS1 a paternally derived heterozygous frame-shift mutation caused by an 8 bp dele-

tion, resulting in a stop codon in exon 16 (c.2156-2163 delTGCACTGC causing p.L719DfsX4), and a novel,

maternally derived nonsense mutation in exon 15 (c.1978G>T causing p.E660X) were identified. Early genetic diag-

nosis of CNF is important for proper clinical management and appropriate genetic counseling.

Key words congenital nephrotic syndrome, Finnish type, NPHS1.

Congenital nephrotic syndrome (CNS) manifests at birth or

within the first 3 months of life. The most common type of CNS

is the Finnish type (CNF). CNF is characterized by massive pro-

teinuria, which may even commence in utero.1 Most infants

with CNF are born prematurely, with a low birthweight for ges-

tational age. The placenta is enlarged, representing more than

25% of the total birthweight. The course of CNF is progressive,

often leading to end-stage renal disease by 2 or 3 years of age.2

Congenital nephrotic syndrome is an autosomal recessive

disease caused by mutations in nephrosis 1, congenital, Finnish

type (NPHS1) encoding nephrin, which is a key component of

the podocyte slit diaphragm. These mutations lead to disruption

of the filtration barrier and cause massive protein loss into the

urine.1,2 Thus far, 240 mutations in NPHS1 have been reported.

We encountered a male CNF newborn with compound heterozy-

gous nonsense mutations in NPHS1 inherited from each parent;

one of the mutations was a novel mutation in exon 15. The char-

acteristics of variations in the gene in the Asian population are

discussed relative to the Finnish population.

Case report

The patient was admitted to hospital as a preterm infant. He

was born at a gestational age of 33 weeks, with a birthweight

of 2180 g. The birthweight and height were appropriate for the

gestational age. Neither kidney disease nor consanguineous

marriage was noted in his family. The parents and his older

brother were all healthy, and the pregnancy was otherwise nor-

mal. Apgar scores at 1 and 5 min were 8 and 9 points, respec-

tively. Placental weight was 895 g, which was 41% of the

birthweight.

Physical findings on admission showed a soft, flat fontanel,

although the anterior fontanel was open wide and joined to the

posterior fontanel. Breathing was retracted and a crackle was

heard in both lung fields. The extremities were edematous and

the ankle joints were hyperdorsiflexed. External genitalia were

normal.

Laboratory results indicated low basal serum total protein

(total protein, 3.2 g/dL; albumin, 1.2 g/dL) and low IgG.

Serum IgG on admission was 294 mg/dL (Table 1). The low-

est level was 70 mg/dL at a few days after admission. Total

cholesterol was high. Uric albumin and occult blood were

3 + . Urinary protein: creatinine ratio was 133, and the selec-

tivity index was 1.6 (Table 1). Pulmonary stenosis was noted

on echocardiography. Physical and laboratory findings fulfilled

the diagnostic criteria of nephrotic syndrome.

a-Fetoprotein (AFP) in maternal blood was high (AFP,

3680 ng/mL). The index of placental weight/birthweight was

also high. The patient had massive proteinuria and hypoalbu-

minemia. There was no evidence of congenital infection. Mal-

formation was negative. Glomerular filtration rate during the

first 6 months of life was normal (serum creatinine, 0.18 mg/

dL). The findings were compatible with a diagnosis of CNF,

except that there was no family history of the disease. The
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patient’s and the parents’ samples were submitted for genetic

analysis. Informed consent for genetic analysis was obtained

from the parents of the child.

Polymerase chain reaction and direct sequencing were per-

formed to screen for NPHS1 mutations in peripheral blood

from the patient and his parents, and compound heterozygous

nonsense mutations were identified. A paternally derived

frame-shift mutation was caused by an 8 bp deletion in exon

16 (c.2156-2163 delTGCACTGC causing p.L719DfsX4), and

a novel, maternally derived nonsense mutation was identified

in exon 15 (c.1978G>T causing p.E660X; Fig. 1).

Given the massive proteinuria and hypoalbuminemia noted

on laboratory tests, intermittent albumin infusions and

furosemide injection were initiated, but generalized edema

worsened with intermittent albumin infusion; hence, this was

changed to daily albumin infusion. For hypothyroidism, thy-

roid auxiliary therapy with levothyroxine sodium was initiated.

For hypertension, angiotensin-converting enzyme inhibitor

(ACEI) and angiotensin receptor blocker were used. Prior to

genetic test, steroid therapy was used in an attempt to reduce

proteinuria but was found to be ineffective. Unilateral

nephrectomy of the left kidney was required at 5 months of

age to control generalized edema by reducing the level of pro-

teinuria and the frequency of albumin infusions. At the same

time, peritoneal dialysis was initiated for water removal.

Hypoproteinemia, which had required albumin infusion,

Table 1 Results from Blood and Urinary Test

White blood
cells

11800/lL Aspartate
aminotransferase

99 IU/L Prothrombin time 104% Urinary specific
gravity

1.01

Red blood
cells

628 9 104/lL Alanine
aminotransferase

7 IU/L Activated partial
thromboplastin
time

59.1 s Proteinuria (3+)

Hemoglobin 23.0 g/dL Lactate
dehydrogenase

1350 IU/L Fibrinogen 233 mg/dL Hematuria (3+)

Hematocrit 64.40% Total cholesterol 234 mg/dL AT-III 38.90% U-Red blood
cells

30~49/hpf

Platelet 21.1 9 104/lL Triglycerides 224 mg/dL Hepaplastin test 69.60% U-protein/
U-creatinine

133

Na 134 mEq/L Immunoglobulin G 294 mg/dL Urinary b2-MG 2060 lg/L
(<4000 lg/L)

Total protein 3.2 g/dL K 4.7 mEq/L Immunoglobulin A <6 mg/dL Urinary NAG 329 U/g.Cr
Albumin 1.2 g/dL Cl 107 mEq/L Immunoglobulin M 12 mg/dL
Blood urea
nitrogen

20.1 mg/dL Ca 8.4 mg/dL Thyroid stimulation
hormone

2.66 lIU/mL Selectivity
Index

1.6

Creatinine 0.70 mg/dL C-reactive
protein

0.05 mg/dL Free T4 0.59 ng/mL

AT-III, antithrombin-III; U-, urinary-; b2-MG, b 2-microglobulin; NAG, N-acetyl- b -D-glucosaminidase.

Fig. 1 Compound heterozygous mutation in nephrosis 1, congenital, Finnish type: a frame-shift mutation caused by an 8 bp deletion in
exon 16 (c.2156-2163 delTGCACTGC causing p.L719DfsX4) inherited from the father, and a nonsense mutation in exon 15 (c.1978G>T
[E660X]) inherited from the mother.

© 2016 Japan Pediatric Society
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Table 2 NPHS1 mutations reported in Asia

Genotype

Case Ethnicity Mutation type Patient Father Mother Consanguinity Family history Age at
diagnosis

Reference

1 Japanese Hom 447G>A(E447K) No information 447G>A(E447K) Yes Sibling case 2 days (4)
Hom 819A>T (D819V) No information 819A>T (D819V)

2 Japanese Hom 736G>T (E246X) Not analyzed 736G>T (E246X) No No 1 month (3)
3 Japanese Hom 2156_2163 del (L719DfsX4) Not analyzed Not analyzed Yes No 1 month (3)
4 Japanese Het R460Q Not detected R460Q No No At birth (3)
5 Japanese Het D105N Not analyzed Not analyzed No No 1 month (3)
6 Chinese Cpd het G928A (D310N) G928A(D310N) ND Sibling; case 7 10 days (5)

1893-1900del 8 1893-1900del 8
G2869C (V957L) G2869C (V957L)

7 Chinese Cpd het G928A (D310N) G928A(D310N) ND Sibling; case 6 10 days (5)
1893-1900del 8 1893-1900del
G2869C (V957L) G2869C (V957L)

8 Japanese Cpd het 479G>C (C160S) 479G>C (C160S) ND ND At birth (6)
736G>T (E246X) 736G>T (E246X)

9 Japanese Hom 1135C>T(R379W) Not analyzed Not analyzed ND ND (6)
10 Japanese Cpd het 2479C>T(R827X) 2479C>T (E827X) (6)

nt2515delC Not analyzed ND ND At birth
11 Japanese Cpd het 736G>T (E246X) 736G>T (E246X) ND ND At birth (6)

nt2515delC nt2515delC
12 Japanese Cpd het 1801G>C (G601R) 1801G>C (R601R) ND ND 1 month (6)

nt2515delC nt2515delC
13 Korean Cpd het 2156_2163 del (L719DfsX4) 2156_2163 del j8

(L719DfsX4)
ND Sporadic 2 months (7)

3250insG (V1084fsX1095) 3250_3251insG
(V1084GfsX12)

14 Korean Cpd het 1381G>A (R460Q) 1381G>A (R460Q) ND Sporadic At birth (7)
2442C>G (Y814X) 2442C>G (Y814X)

15 Chinese Cpd het 2225T>C (I742T) 2225T>C(I742T) Sibling; case 16 (8)
2783C>A 2783C>A ND 10 days

16 Chinese Cpd het 2225T>C (I742T) 2225T>C(I742T) Sibling; case 15 (8)
2783C>A 2783C>A ND 20 days

17 Chinese Hom 3250insG(V1084fsX1095) Sporadic 6 days (9)
18 Japanese Cpd het c.1978G>T causing p.E660X c.1978G>T causing

p.E660X
No Sporadic At birth Present case

2156_2163 del (L719DfsX4) 2156_2163 del (L719DfsX4)

Cpd het, compound heterozygous mutation; het, heterozygous mutation; hom, homozygous mutation; ND, not described; NPHS1, nephrosis 1, congenital, Finnish type.

©
2

0
1

6
Jap

an
P

ed
iatric

S
o

ciety

N
o

v
el

m
u

tatio
n

in
co

n
g

en
ital

n
ep

h
ro

sis
1

2
1

3



improved but was still present given that serum albumin was

1.5 g/dL and total protein was 4 g/dL. At 9 months of age, peri-

toneal dialysis was stopped and the dialysis catheter decannu-

lated because of peritoneal infection. Poor weight gain was

observed, likely as a result of low protein levels. Therefore,

indomethacin was initiated from the age of 1 year 3 months to

reduce proteinuria and to increase the serum protein level. At

1 year 5 months, the right kidney was removed and peritoneal

dialysis was re-initiated. At that time, serum albumin was 1.5 g/

dL and total protein was 4.2 g/dL. After bilateral nephrectomy,

serum protein improved to the normal range. The patient gained

weight and height, even though the calorie intake did not

increase (335–628 kJ/kg/day). At the age of 3 years, the patient

received a kidney transplant from his grandfather.

Discussion

Congenital nephrotic syndrome was diagnosed on identifica-

tion of NPHS1 mutations. On genetic analysis the patient had

compound heterozygous mutations in NPHS1 derived from

each parent. Although the frame-shift mutation in exon 16

was previously reported by Sako et al.,3 the nonsense muta-

tion in exon 15 has not previously been reported in PubMed

or on the Human Gene Mutation Database (HGMD� Profes-

sional 2014.4). The nephrin protein consists of eight extracel-

lular immunoglobulin-like domains numbered 1–8, a

fibronectin type III-like module, a transmembrane domain, and

an intracellular domain. The mutation sites and the stop codon

generated by the mutations in this case lay between the sixth

and seventh Ig-like domain coding sites.

Eighteen cases of CNF have been reported from East Asia,

including the present one (Table 2), with 21 mutations in

NPHS1 identified. Five patients (28%) carried a homozygous

mutation, and 13 (72%) carried heterozygous or compound

heterozygous mutations. Six of the 21 mutations were common

to two or three non-related patients. In contrast, CNF caused by

a homozygous mutation of NPHS1 is the common form of CNS

in the Finnish population. In total, 65% of Finnish patients are

homozygous for the Fin-major mutation and 8% carry a Fin-

minor mutation, whereas 16% of patients are compound

heterozygous.10 Thus, in the Asian population, compound

heterozygous mutations are more common than homozygous

mutations, and no hot spot mutations have been reported.

Accurate and early identification of known pathogenic vari-

ants in CNF is important for proper clinical management and

guidance of therapeutic approach to avoid unnecessary

immunosuppression, for supporting therapeutic decisions

including whether or not to use aggressive and invasive treat-

ment, for helping to predict outcome even after renal trans-

plantation, and for indicating additional therapeutic

possibilities. Traditional CNS treatment includes aggressive

supportive care such as massive i.v. albumin infusions and

early nephrectomy. Recent developments have allowed

patients to avoid dialysis prior to transplantation with a medi-

cal regimen of ACEI and prostaglandin synthesis inhibition to

reduce glomerular blood flow and filtration, plus minimal

supportive infusion therapy with or without unilateral nephrec-

tomy.

In the present case, conservative medical therapy including

steroid treatment was carried out during the early stage of the

clinical course because the association between response to

pharmacotherapy and NPHS1 mutation genotype was not clear

clinically. Furthermore, bilateral nephrectomy was required for

the patient to gain weight and height, possibly as a result of

improved serum total protein and albumin after the second

nephrectomy, despite the lack of change in caloric intake after

the first nephrectomy.

Prospective analyses that include clinical outcome and

genetic analysis of CNS are needed to support and strengthen

diagnostic and prognostic accuracy.

In conclusion, compound heterozygous mutations predomi-

nate in CNF among East Asian patients; the present patient

carried a novel mutation in NPHS1.

Acknowledgment

We thank Ms Agnieszka Bierzynska at the University of

Bristol for assistance with the search for reported NPHS1

mutations by HGMD� Professional 2014.4.

Disclosure

The authors declare no conflicts of interest.

Author contributions

C.Y. and Y.K. designed the study and wrote the manuscript;

C.Y., Y.K., Y.I., S.K., T.W., M.T. and Y.G. examined the

patient and collected clinical data; K.N. and N.Y. performed

the genetic analysis; H.A. gave conceptual advice and super-

vised the whole study. All authors read and approved the final

manuscript.

References

1 Kestil€a M, Lenkkeri U, M€annikk€o M et al. Positionally cloned
gene for a novel glomerular protein – nephrin – is mutated in
congenital nephrotic syndrome. Mol. Cell 1998; 1: 575–82.

2 Heeringa SF, Vlangos CN, Chernin G et al. Thirteen novel
NPHS1 mutations in a large cohort of children with
congenital nephrotic syndrome. Nephrol. Dial. Transplant.
2008; 23: 3527–33.

3 Sako M, Nakanishi K, Obana M et al. Analysis of NPHS1,
NPHS2, ACTN4, and WT1 in Japanese patients with
congenital nephrotic syndrome. Kidney Int. 2005; 67: 1248–
55.

4 Aya K, Tanaka H, Seino Y. Novel mutation in the nephrin
gene of a Japanese patient with congenital nephrotic
syndrome of the Finnish type. Kidney Int. 2000; 57: 401–4.

5 Shi Y, Ding J, Liu JC, Wang H, Bu DF. NPHS1 mutations in
a Chinese family with congenital nephrotic syndrome.
Zhonghua Er Ke Za Zhi 2005; 43: 805–9.

6 Aya K, Shimizu J, Ohtomo Y et al. NPHS1 gene mutation in
Japanese patients with congenital nephrotic syndrome.
Nephrol. Dial. Transplant. 2009; 24: 2411–4.

© 2016 Japan Pediatric Society

1214 C Yoshizawa et al.



7 Lee BH, Ahn YH, Choi HJ et al. Two Korean infants with
genetically confirmed congenital nephrotic syndrome of
Finnish type. J. Korean Med. Sci. 2009; 24: S210–4.

8 Wu LQ, Hu JJ, Xue JJ, Liang DS. Two novel NPHS1
mutations in a Chinese family with congenital nephrotic
syndrome. Genet. Mol. Res. 2011; 10: 2517–22.

9 Yu ZH, Wang DJ, Meng DC, Huang J, Nie XJ. Mutations in
NPHS1 in a Chinese child with congenital nephrotic
syndrome. Genet. Mol. Res. 2012; 11: 1460–4.

10 Patrakka J, Kestila M, Wartiovaara J et al. Congenital nephrotic
syndrome (NPHS1): Features resulting from different mutations
in Finnish patients. Kidney Int. 2000; 58: 972–80.

Familial acute necrotizing encephalopathy without RANBP2 mutation:
Poor outcome
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Abstract Most childhood cases of acute necrotizing encephalopathy (ANE) involve neither family history nor recurrence.

ANE occasionally occurs, however, as a familial disorder or recurs in Caucasian patients. A mutation of RAN-bind-

ing protein 2 (RANBP2) has been discovered in more than one half of familial or recurrent ANE patients. In con-

trast, there has been no report of this mutation in East Asia. Here, we report the first sibling cases of typical ANE

in Japan, with poor outcome. DNA analysis of genes associated with ANE or other encephalopathies, including

RANBP2 and carnitine palmitoyl transferase II (CPT2), indicated neither mutations nor disease-related polymor-

phisms. On literature review, recurrent or familial ANE without the RANBP2 mutation has a more severe outcome

and greater predilection for male sex than that with the RANBP2 mutation. This suggests that there are unknown

gene mutations linked to ANE.

Key words acute necrotizing encephalopathy, carnitine palmitoyl transferase II, familial acute necrotizing encephalopathy,

RAN-binding protein 2.

Acute necrotizing encephalopathy (ANE) is a type of acute

encephalopathy characterized by symmetric brain lesions on

computed tomography or magnetic resonance imaging

(MRI). It progresses rapidly to coma within days after viral

infection, mainly influenza.1 Most cases are sporadic, but

some familial or recurrent cases have been reported from

North America and Europe. Heterozygous missense muta-

tions of RAN-binding protein 2 (RANBP2) are found in

approximately a half of these cases; this variant of ANE is

called ANE1.1–6 Although ANE predominantly affects chil-

dren in Asia, no ANE1 patients have been reported.3,4 Here,

we report the first sibling cases of typical ANE in Asia

along with a literature review.

Case reports

Case 1

A Japanese boy was born uneventfully, and was healthy until

the onset of ANE. He had microcephaly, with head circumfer-

ence <3.0 SD and height <1.8 SD. Psychomotor development

was normal. At 3 years 5 months of age, he had fever for

6 days, and was suspected to have viral bronchitis. He then

developed generalized tonic–clonic convulsions, followed by

coma with decorticate posture. Twelve hours later, MRI

showed bilateral lesions in the thalami and basal ganglia with

patchy subcortical white matter lesions (Fig. 1a). Electroen-

cephalography showed diffuse, slow basic activity without

epileptiform discharge. Laboratory blood examination showed

mildly elevated transaminases and normal ammonia (Table 1).

Despite intensive care, including steroid pulse therapy, he died

18 days after the onset of ANE.

Case 2

The younger sibling of patient 1 was born with low birth-

weight (2158 g). He had short stature (<2.9 SD at 3 years of
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Abstract

Background X-linked Alport syndrome (XLAS) is a pro-

gressive, hereditary nephropathy. Although males with

XLAS usually develop end-stage renal disease before

30 years of age, some men show a milder phenotype and

possess somatic mosaic variants of the type IV collagen a5
gene (COL4A5), with severity depending on variant fre-

quencies. In females, somatic mosaic variants are rarely

reported in XLAS, and it is not clear what determines

severity.

Methods Two females with somatic mosaic mutations in

COL4A5 with variant frequencies of 17.9 and 22.1% were

detected using the next-generation sequencing. One patient

only had hematuria. The other, however, had moderate

proteinuria, which is a severe phenotype for a female

XLAS patient of her age. The molecular mechanisms for

the severe phenotype were investigated by examining

variant frequencies in urinary sediment cells and X chro-

mosome inactivation patterns, and by looking for modifier

variants in podocyte-related genes using the next-genera-

tion sequencing.

Results The severe phenotype patient had a variant fre-

quency of 36.6% in urinary sediment cells, which is not

markedly high, nor did she show skewed X chromosome

inactivation. However, she did have the heterozygous

variant in COL4A3, which can affect severity.

Conclusion Factors determining severity in female XLAS

patients remain unclear. One studied patient with the

somatic variant in COL4A5 showed a severe phenotype

without skewed X chromosome inactivation, which might

be derived from digenic variants in COL4A3 and COL4A5.

Further studies are required to determine molecular

mechanisms behind female XLAS resulting in the severe

phenotype.

Keywords Somatic mosaic variants � Female �
Next-generation sequencing � X chromosome

inactivation � Modifier gene

Introduction

Alport syndrome is a hereditary disorder of type IV col-

lagen, characterized by chronic kidney disease progressing

to end-stage renal disease, sensorineural hearing loss, and

ocular abnormalities. Approximately 80% of Alport syn-

drome patients show X-linked inheritance (XLAS)

(OMIM301050) and variants in COL4A5, which encodes

the type IV collagen a5 chain. COL4A5 variants result in

abnormal type IV collagen a5 expression, typically with

the complete absence of type IV collagen a5 in the

glomerular basement membrane and Bowman’s capsule in

men, and a mosaic expression pattern in women [1].

Male patients with XLAS usually develop end-stage

renal disease by the age of 30 [2]. We recently reported that

some male cases tend to show a milder phenotype, because
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they possess somatic mosaic variants in COL4A5 [3, 4].

We previously examined four male cases with somatic

mosaic variants using the next-generation sequencing and

determined allele frequency. Interestingly, the two patients

whose variant frequency was greater than 50% showed

hematuria and moderate proteinuria; however, the two

patients whose frequency was less than 50% were

asymptomatic or only had hematuria. This suggests that the

low variant frequency results in a milder phenotype in male

cases of XLAS with somatic mosaic variants [4].

The molecular mechanisms affecting severity in female

cases are unclear. This study discusses two female cases of

XLAS with somatic mosaic variants in COL4A5, one in

which showed a severe phenotype. In the severe phenotype

case, we examined variant frequency, X chromosome

inactivation pattern, and influence of modifier genes.

Materials and methods

Targeted resequencing

Genomic DNA was isolated from peripheral blood leuko-

cytes from the patients and their family members using the

Quick Gene Mini 80 system (Wako Pure Chemical

Industries, Ltd., Tokyo, Japan) according to the manufac-

turer’s instructions. Genomic DNA from urinary sediment

was isolated using a Quick-DNA urine kit (Zymo

Research, Orange, CA, USA). The next-generation

sequencing samples were prepared using a HaloPlex target

enrichment system kit (Agilent Technologies, Santa Clara,

CA, USA) according to the manufacturer’s instructions.

Briefly, digested genomic DNA (225 ng) was hybridized at

54 �C for 16 h with custom-designed next-generation

sequencing probes to capture 45 genes, including COL4A3,

COL4A4, and COL4A5, and other focal segmental

glomerulosclerosis causative genes to search for modifier

genes [5]. Amplified target libraries were sequenced with

150-base pair-end reads using the MiSeq platform (Illu-

mina, San Diego, CA, USA), followed by variant analysis

using SureCall 3.0 (Agilent Technologies, Santa Clara, CA,

USA).

Mutational analyses using Sanger sequencing

For genomic DNA analysis, exon 30 and exon 32 of

COL4A5 were amplified by PCR. PCR-amplified products

were purified and subjected to direct sequencing using a

dye terminator cycle sequencing kit (Amersham Bio-

sciences, Piscataway, NJ, USA) and an automatic DNA

sequencer (ABI Prism 3130; Perkin Elmer Applied

Biosystems, Foster City, CA, USA). For variant descrip-

tions, reference sequences were NC_000023.9 and

NM_000495.3. Exons were numbered according to a pre-

vious report [6].

PCR-based X chromosome inactivation analysis

To assess X chromosome inactivation patterns in the

affected females, a PCR-based HUMARA assay (i.e.,

digestion with methylation-sensitive restriction endonucle-

ase Hpa II for the human androgen receptor gene

(HUMARA) followed by PCR amplification and fragment

analysis) was performed. Briefly, HpaII digestion results in

the cleavage of the non-methylated HUMARA template

DNA. As HUMARA contains variable numbers of CAG

repeats between different alleles, PCR results in two peaks,

corresponding to the maternal and paternal X chromo-

somes, which can be identified and quantified. This method

was established by Allen et al. [7]. They calculated the

activity ratio on the basis of Southern blotting, reading the

density of bands for the maternal and paternal alleles. This

method was modified by Kubota et al. with the use of

GeneScan (ABI Prism 3130; Perkin Elmer Applied

Biosystems, Foster City, CA, USA) to improve the quan-

tification of the PCR product [8]. Genomic DNA (200 ng)

was digested at 37 �C for 16 h using 5 units of the restric-

tion enzyme Dde I with or without 25 units of Hpa II (New

England BioLabs, Inc., Ipswich, MA) in a total volume of

20 lL followed by heat-inactivation at 80 �C for 20 min.

Dde I is a restriction enzyme of which recognition sites are

randomly distributed over genomic DNA. It cuts DNA into

small pieces, resulting in improved efficiency in digestion

by Hpa II and the following PCR amplification. The PCR

reaction mixture contained 1 lL of digested products,

10 lL of HotStarTaq plus Master Mix (29) (Qiagen, Inc.,

Valencia, CA, USA), and 0.5 lL each of 10 lM primers

(FAM-labeled forward primer: 50-TCCAGAATCTGT
TCCAGAGCGTGC-30; and reverse primer: 50-GCT
GTGAAGGTTGCTGTTCCTCAT-30) in a total volume of

20 lL. PCR was performed as follows: first denaturation at

95 �C for 5 min, 35 cycles at 94 �C for 30 s, 62 �C for 30 s,

and 72 �C for 30 s, and final extension at 72 �C for 5 min.

Amplified products were run on an ABI PRISM� 310

genetic analyzer (ThermoFisher Scientific, Waltham, MA,

USA), and the fragments were analyzed using GeneMap-

per� software (ThermoFisher Scientific).

Skewed X chromosome inactivation was evaluated by

calculating a corrected ratio compensating for amplifica-

tion bias of the shorter allele. The corrected ratio was

obtained by dividing the peak height of the shorter allele

over the longer allele of the double-digested sample by the

peak height of the shorter allele over the longer allele of the

single-digested sample. Results showing a corrected ratio

of 80:20–100:0 were determined as having a skewed X

chromosomal inactivation pattern.
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Ethical considerations

All procedures were reviewed and approved by the Insti-

tutional Review Board of Kobe University School of

Medicine. Informed consent was obtained from all patients

or their parents.

Results (Table 1)

Case presentations

Case 1 was an adult woman. Her family tree is shown in

Fig. 1a. Her son was diagnosed with Alport syndrome by

kidney biopsy. She had had hematuria from 10 years old,

but had not displayed proteinuria until recently. It was

determined that her son had a missense mutation of

c.2405G[T (p.Gly802Val) at exon 30 of COL4A5 by tar-

geted sequencing using the next-generation sequencing; the

variant has been reported as pathogenic [9]. We conducted

Sanger sequencing for Case 1 to confirm that she had the

same variant with heterozygosity; however, the chro-

matogram showed a very small T peak, suggesting that she

had the variant with a somatic mosaic state (Fig. 2a; con-

firmed using Sanger sequencing). Therefore, we conducted

the next-generation sequencing and determined a variant

frequency of 17.9% with a read depth of 190.

Case 2 was an 11-year-old girl. Her family tree is shown

in Fig. 1b. No family member had urinary abnormalities.

She had had hematuria and proteinuria from the age of 1.

Her urinary protein/creatinine was 1.0 g/g�Cr, although she

was taking angiotensin receptor blockers. Kidney biopsy

revealed a thin basement membrane. Her kidney function

was within the normal range. Case 2 had a kidney biopsy

conducted at 11 years of age, which revealed a basket

weave change in the GBM. Based on our clinical experi-

ence, the presence of this histological phenotype, as well as

moderate proteinuria, indicates that the case should be

diagnosed as severe, although there is no widely accepted

index for determining severity in female XLAS cases.

The next-generation sequencing revealed c.2732G[A

(p.Gly911Glu) at exon 32 of COL4A5 (Fig. 2b; confirmed

using Sanger sequencing of all family members). The variant

allele frequency was 22.1% with the read depth of 149.

From genetic analyses, it was determined that Case 1

had a very mild phenotype of XLAS, which is consistent

with female cases which have a somatic mosaic variant in

COL4A5; however, Case 2 had an unexpectedly severe

phenotype on the same genetic background. Therefore,

further studies were conducted for Case 2 to uncover the

molecular background of the severe phenotype.

Comparison of variant frequencies between kidney

biopsies and urinary sediment

We previously reported that urinary sediment could be

used as an alternative cell source to kidney biopsies

[10, 11]. In this study, we compared allele frequencies

between DNA extracted from two sources of leukocytes

and urinary sediment for Case 2 and found 22.1% in

leukocytes with a read depth of 149 and 36.6% in urinary

sediment with a read depth of 216. Urine sediment showed

the higher percentage for the variant but was much less

than 50%, meaning that she should have shown the milder

phenotype when compared with typical heterozygous

female XLAS patients (50%).

Table 1 Clinical and genetic

characteristics of the two cases

with somatic mosaic variants

Case Case 1: adult female Case 2: 11-year-old girl

Kidney symptoms Hematuria Hematuria

Moderate Proteinuria

Pathological findings Not conducted Thin basement membrane

COL4A5 gene variant

Exon 30 32

Nucleotide change c.2405G[T c.2732G[A

Amino acid change p.Gly802Val p.Gly911Glu

Variant frequency (%)

Leukocytes 17.9 22.1

Urinary sediment Not conducted 36.6

X chromosome inactivation (maternal:paternal)

Leukocytes Not conducted 42:58

Urinary sediment 34:66

Modifier gene variant Not detected COL4A3 Exon 42

c.3691G[A

(p.Gly1231Ser)

Clin Exp Nephrol

123



X chromosome inactivation pattern in leukocytes

and urinary sediment

The activity ratios of the maternal and paternal alleles were

42:58 in leukocytes and 34:66 in urinary sediment (Fig. 3).

Case 2 was a sporadic case, and it is not known which

allele the variant derived from. The result, however, did not

show the skewed X inactivation pattern and, therefore, did

not influence severity.

Modifier gene search

For the search of modifier genes, ideally whole exome

sequencing should be conducted. However, because only

podocyte-related genes have been identified previously as

modifiers of this disease, we selected 45 podocyte-related

genes, as shown in Table 2 [5, 12, 13]. In targeted

sequence analysis for 45 podocyte-related genes, we

detected c.3691G[A (p.Gly1231Ser) in COL4A3. This is a

Fig. 1 Patient pedigrees.

a Case 1 possessing the

COL4A5 variant c.2405G[T in

exon 30. This patient showed

only hematuria. The patient’s

son had hematuria and mild

proteinuria and possessed the

same variant. b Case 2

possessing the COL4A5 variant

c.2732G[A at exon 32. No

other family member had

hematuria

Fig. 2 Direct sequencing of Case 2 with the somatic mosaic variant

in COL4A5 and of family members. A-I Case 1 with c.2405G[T

(p.Gly802Val) at exon 30 of COL4A5. The next-generation sequenc-

ing revealed a variant allele frequency of 17.9% in leukocytes. A-II

son of Case 1. He had the same variant in the hemizygous state. B-I

Case 2 with c.2732G[A (p.Gly911Glu) at exon 32 of COL4A5 with

genomic DNA extracted from leukocytes. The next-generation

sequencing revealed a variant allele frequency of 22.1%. B-II

genomic DNA extracted from urinary sediment. The next-generation

sequencing revealed a variant allele frequency of 36.6%. The variant

was not observed in the mother (B-III), father (B-IV), or sister (B-V).

Direct sequencing of COL4A3 for Case 2 and family members is

shown in Fig. 2c. Case 2 (C-I), father (C-III), and sister (C-IV) had the

variant c.3691G[A (p.Gly1231Ser) in COL4A3, and the mother (C-

II) did not
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novel variant. The father and sister of Case 2 possessed the

same variant, but both did not have urinary abnormalities

(Fig. 2c; confirmed using Sanger sequencing of all family

members). Predicting software revealed that the amino acid

substitution affecting protein function was probably dam-

aging (polymorphism phenotyping v2) and damaging

(sorting intolerant from tolerant).

Discussion

The next-generation sequencing analysis has seen a rapid

increase in use in many areas of genetic research. Low

frequencies of mosaic variants are very difficult to detect

using Sanger sequencing. The next-generation sequenc-

ing is far more sensitive for these kinds of variants

[4, 14].

We previously reported four male XLAS patients with

somatic COL4A5 variants who showed milder phenotypes

than normal male XLAS patients [4]. Interestingly, patients

with low variant allele frequencies show a milder pheno-

type. Frequency differs in different organs, and, in severe

cases, variant frequency can be high in kidney cells. A

recent study by Beicht et al. described a female XLAS

patient with a somatic mosaic variant who had variant

allele frequencies of 14, 7, 4, and 7% in leukocytes, urinary

sediment, hair roots, and oral mucosa, respectively, deter-

mined using the next-generation sequencing [14].

Female cases of XLAS can show variety in severity

even among members of the same family [15]. Factors that

affect severity in females are not clear. Some studies have

reported that skewed X chromosome inactivation may

determine the clinical phenotype [16, 17]; however, no

large-scale studies have been performed. A recent study

Without diges�on With diges�on

maternal allele paternal allele maternal allele paternal allele

Case 2 (Leukocytes)

Case 2 
(Urinary 
sediments)

The Mother 
(Leukocytes)

The Father 
(Leukocytes)

Fig. 3 X chromosome inactivation pattern study results. Results of

methylation-specific PCR assay. Left panels show PCR assay results

without digestion. Right panels show results after digestion. The

activity ratios of maternal and paternal alleles were 42:58 in

leukocytes and 34:66 in urinary sediment. This result did not show

the skewed X inactivation pattern and did not influence severity. The

father’s results show no peak after digestion, meaning that digestion

was complete, because, generally, the male X chromosome has 100%

activity which will result in complete disappearance of the peak after

digestion
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reported that Alport syndrome patients with digenic vari-

ants in two of either COL4A3, COL4A4, or COL4A5

showed a more severe clinical course than patients with

single gene variants [13]. Another study reported that

digenic variants in both COL4A5 and MYO1E resulted in

the most severe symptoms and the development of end-

stage renal disease in a girl aged 8 and in a boy aged 3 [12].

These studies suggest the existence of modifier genes that

can result in the more severe phenotypes in female patients

with XLAS. Currently, no common mechanism for the

development of severe XLAS in females has been deter-

mined. No genotype–phenotype correlation has been

demonstrated [15]. The contributions of skewed X chro-

mosome inactivation or modifier genes have been reported

based on a small number of cases [12, 13, 17]. This sug-

gests that the underlying mechanism may be heterogeneous

for each individual. Another possibility is the influence of

disease- or kidney function-related susceptibility genes that

can be determined by genome-wide association [18]. Fur-

ther investigation, including a genome-wide association

study (GWAS), should be conducted for female XLAS

cases. As a result, we detected a COL4A5 variant with

somatic mosaic and a COL4A3 missense variant. Together,

they result in a severe phenotype in Case 2.

In this study, we describe two female XLAS patients

with mosaic variants in COL4A5. Case 1 showed a very

mild phenotype of hematuria without proteinuria. Case 2,

an 11-year-old girl, showed a severe phenotype of mod-

erate proteinuria, although she had a mosaic variant with a

frequency of 22.1% in leukocytes.

For the two COL4A5 variants, p.Gly802Val and

p.Gly911Glu, that were detected in this study, the first is a

novel variant, although a different amino acid substitution

at the same position (p.Gly802Arg) has been reported, and

the second variant has been reported previously [9, 19].

Generally, missense variants result in milder phenotypes

than nonsense mutations. In addition, these two cases

exhibited variants expressed in a mosaic manner. There-

fore, they would be predicted to show mild phenotypes. As

expected, Case 1 showed a very mild phenotype of only

hematuria; however, Case 2 exhibited a severe phenotype.

The difference of the severity in these two cases prompted

us to investigate the molecular mechanisms of the devel-

opment of a severe phenotype in female XLAS cases.

To investigate the molecular mechanisms in Case 2

resulting in the severe phenotype, we examined three factors:

(1) differences in variant frequency between leucocytes and

urinary sediment; (2) the X chromosome inactivation pattern;

and (3) possible modifier gene variants. These studies

revealed no contribution by variant frequency or X chromo-

some inactivation, but we did identify a COL4A3 pathogenic

variant that may have had an effect on the phenotype.

Although the variant c.3691G[A in COL4A3 is novel and the

father and the sister, who possessed the same variant, did not

show urinary abnormalities, predicting software recognized

this variant as pathogenic. It is, therefore, suggested that this

variant affected severity in this particular case.

The next-generation sequencing is an important tool for

the diagnosis of Alport syndrome [5]. This study suggests

the use of the next-generation sequencing for detecting

mosaic variants even in female cases, including detection

of variant frequency, which helps estimate clinical severity.

It should be noted that in females, other factors can influ-

ence severity, such as a skewed X chromosome inactiva-

tion pattern or the existence of modifier genes [12, 13].

However, in most cases, the mechanism for developing a

severe phenotype is still unclear. Therefore, a search for

additional disease- or kidney function-related susceptibility

genes using GWAS should be conducted.

Conclusion

The next-generation sequencing was used to identify two

female cases of XLAS with somatic mosaic variants in

COL4A5. Phenotype severity in females could be affected

by modifier gene variants.

Table 2 Gene list for the search of modifier genes

Gene name Gene name

1 ACTN4 24 KANK4

2 ADCK4 25 LAMB2

3 ANLN 26 LMX1B

4 ARHGAP24 27 MYH9

5 ARHGDIA 28 MYO1E

6 CD2AP 29 NPHS1

7 COL4A3 30 NPHS2

8 COL4A4 31 NUP107

9 COL4A5 32 NUP205

10 COQ2 33 NUP93

11 COQ6 34 PAX2

12 CRB2 35 PDSS2

13 CUBN 36 PLCE1

14 DGKE 37 PTPRO

15 EMP2 38 SCARB2

16 FAT1 39 SMARCAL1

17 GLEPP1 40 TRPC6

18 HNF1B 41 TTC21B

19 INF2 42 UMOD

20 ITGA3 43 WDR73

21 ITGB4 44 WT1

22 KANK1 45 XPO5

23 KANK2
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