Pediatr Nephrol (2016) 31:1459-1467
DOI 10.1007/s00467-016-3368-7

@ CrossMark

ORIGINAL ARTICLE

Identification of mutations in NI leading to glomerulopathy

with fibronectin deposits

Hiromi Ohtsubo' - Taro Okada” - Kandai Nozu' - Yutaka Takaoka® - Akemi Shono' -
Katsuhiko Asanuma* - Lifang Zhang? - Koichi Nakanishi® - Mariko Taniguchi-Ikeda' -

Hiroshi Kaito' - Kazumoto Tijima' - Shun-ichi Nakamura?

Received: 24 October 2015 /Revised: 4 March 2016 / Accepted: 4 March 2016 /Published online: 7 April 2016

© IPNA 2016

Abstract

Background Glomerulopathy with fibronectin deposits
(GFND) is a rare autosomal dominant disease characterized
by massive fibronectin deposits, leading to end-stage renal
failure. Although mutations within the heparin-binding do-
mains of the fibronectin 1 gene (FN/) have been associated
with GFND, no mutations have been reported within the
integrin-binding domains.

Methods In this study, FNI mutational analysis was conduct-
ed in 12 families with GFND. Biochemical and functional
features of mutated proteins were examined using recombi-
nant fibronectin fragments encompassing both the integrin-
and heparin-binding domains.
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Results We report six FNI mutations from 12 families with
GFND, including five that are novel (p.Pro969Lcu,
p.Pro1472del, p.Trp1925Cys, p.Lys1953 Ile1961del, and
p.Leul974Pro). p.Prol472del is localized in the integrin-
binding domain of fibronectin, while the others are in
heparin-binding domains. We detected p.Tyr973Cys,
p.-Prol472del, and p.Leul974Pro mutations in multiple
families, and haplotype analysis implied that p.Pro1472del
and p.Leul974Pro are founder mutations. The protein
encoded by the novel integrin-binding domain mutation
p-Pro1472del showed decreased cell binding ability via the
integrin-binding site. Most affected patients developed urine
abnormalities during the first or second decade of life, and
some mutation carriers were completely asymptomatic.
Conclusions This is the second large-scale analysis of GFND
families and the first report of an integrin-binding domain
mutation. These findings may help determine the pathogene-
sis of GFND.

Keywords Heparin-binding domain - Integrin-binding
domain - GFND - Fibronectin - Nephropathy

Introduction

Fibronectin is an adhesive, multifunctional high-molecular-
weight glycoprotein found in the plasma (pFN) and the extra-
cellular matrix (cell-associated FN, cFN). Fibronectin partici-
pates in various physiological processes, such as cell migra-
tion, adhesion, cell cycle progression, and cell differentiation
[1-3]. The biological activities of fibronectin are mediated via
interactions with various members of the integrin family and
cell surface proteoglycans. pFN is a dimer comprising two
220-kDa monomers joined by a disulfide bond at the C-
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terminus. Each monomer comprises homologous repeating
structural modules (Fig. 1) [1, 4].

Fibronectin is known to be involved in several interactions,
including heparin binding and cell binding via integrins
(Fig. 1). The type III repeat 10 (III;() has been shown to bind
integrins via an Arg—Gly—Asp (RGD) sequence [5], and
repeat 9 contains a synergy site (PHSRN) that enhances
interactions with integrins on the same face of fibronectin as
the RGD segment [6]. In addition to integrin binding, heparin-
binding sites have been reported within type I1I repeats 12—-14
(IlT15_14) [7-9]. The heparin-binding activity of fibronectin
has been proposed to act in concert with integrins in the for-
mation of focal adhesions [10-12].

Glomerulopathy with fibronectin deposits (GFND, OMIM:
601894) is a rare autosomal dominant disease characterized
by proteinuria, microscopic hematuria, hypertension, and
massive fibronectin deposits in the mesangium and
subendothelial space, leading to end-stage renal failure. In
immunolocalization studies, fibrillary deposits stained posi-
tively for an antibody detecting both pFN and cFN, but were
only weakly stained for an antibody specific to cFN, suggest-
ing that the fibrils are deposits of pFN [13]. GFND presents at
different ages, although urinary abnormalities usually occur
during the first decade of life. In the second to sixth decade,
it may lead to end-stage renal failure. There is currently no
specific treatment for this disease.

Until recently, the genetic background of GFND remained
unclear. Castelletti et al. reported, for the first time, three
heterozygous missense mutations in the fibronectin 1 gene
(FNI) (p. Tyr973Cys, p.Trp1925Arg, and p.Leul 974Arg) that
were associated with GFND [14]. These mutations were lo-
cated in heparin-binding domain 2 or 3 (Fig. 1), and resulted
in a lower affinity for fibronectin binding to heparin on the
surface of endothelial cells and podocytes. However, no mu-
tations within the integrin-binding domains have yet been
reported, and the precise molecular pathogenesis underlying
GFND remains to be clarified.

In the present study, we identified six N/ mutations in 12
GFND families, including five novel FN/ mutations. We also

report, for the first time, a mutation localized in the integrin-
binding domain (p.Pro1472del) in two families. Given that
mutations associated with GFND in the integrin-binding do-
main are novel and may be important for understanding
disease pathogenesis, we conducted physicochemical and
functional studies using recombinant mutant fibronectin
fragments encompassing both the integrin- and heparin-
binding domains. Finally, we discuss a possible mechanism
for how these mutations cause GFND, including the integrin-
binding site mutation in fibronectin.

Concise methods

Complete methods are provided in Online Resource 1
(Supplementary Material).

Ethical considerations

All procedures were reviewed and approved by the Institutional
Review Board of Kobe University School of Medicine and
were conducted in accordance with the principles contained in
the Declaration of Helsinki. All participants provided informed
consent.

Patients and diagnosis

This study examined GFND patients and their family mem-
bers. All patients underwent renal biopsies and were diag-
nosed with GEND by renal histological findings. None of
the affected participants presented clinical or laboratory
evidence of systemic lupus, cryoglobulinemia, diabetes
mellitus, amyloidosis, or autoimmune disease.

DNA analysis

Genomic DNA was prepared from peripheral blood according
to standard procedures. Genomic DNA analysis using
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Fig. 1 Domain structure of fibronectin. FN1 comprises type |
(hexagons), II (ellipses), and III (rectangles, numbered 1-15;
alternatively spliced sites are shown with a hatched pattern) repeats.
The three main heparin-binding and integrin-binding domains are shown.
Positions of the glomerulopathy with fibronectin deposits (GFND)-
associated mutations are indicated. The novel mutations identified in
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polymerase chain reaction (PCR) and direct sequencing of
FNI was conducted to detect mutations.

Baculovirus constructs

Full-length fibronectin cDNA was subjected to PCR to ampli-
fy fibronectin fragments encoding the region encompassing
repeats Illg_14. The PCR product was subcloned into the
baculovirus expression vector pFastBacl using Norl.

Production and analysis of recombinant proteins

Mutated fibronectin fragments (p.Pro1472del, p.Leul974Arg,
and p.Leul974Pro) were generated using QuikChange site-
directed mutagenesis (Agilent Technologies, Santa Clara,
CA). His-tagged wild-type and mutant IIlg_,4 fragments were
expressed in Sf-9 cells using the Bac-to-Bac baculovirus
expression system (Thermo Fisher Science, Waltham, MA)
and purified by TALON metal affinity resin (Clontech).

Expression and functional studies

The three mutations were introduced into human cDNA
encoding repeats Illg 4 of fibronectin and expressed as His-
tagged fusion proteins in Sf9 cells using the baculovirus  sys-
tem, according to the methods previously described by
Castelletti et al. [14]. Binding of wild-type and mutant Illg 4
recombinants to heparin was assessed by enzyme-linked immu-
nosorbent assay (ELISA). The capability of wild-type and mu-
tant IIlg_;4 recombinants to bind to podocytes (immortalized
mouse podocytes from Katsuhiko Asanuma, Kyoto University,
Japan) was evaluated by confocal microscopy analysis.

For spreading assays, podocytes were seeded on glass
coverslips coated with or without purified wild-type Illg_ ;4
and mutant recombinant proteins, and examined using
inverted confocal laser microscopy.

Construction of 3-D structures of II1,_;, domains
and docking simulation of fibronectin and integrin ov(33

We analyzed the 3-D structures of I11,, EDB, Illg, Iy, and 111,
domains for wild-type and p.P1472del mutant human fibro-
nectin using homology modeling because the crystal structure
of those domains of human fibronectin was not available.

Results

Clinical characteristics and /NI mutations in GFND
families

The clinical features of our 12 GFND families are shown in
Table 1, and their pedigrees were analyzed (Fig. 2). Detailed

information for each patient is described in Online Resource 2.
Interestingly, some mutation carriers were completely
asymptomatic despite being older than the affected indi-
viduals; this finding has also been reported by Castelletti
et al. in two families [14]. The DNA sequence of the
candidate gene, FNI, was analyzed for each participant.
Six different mutations were identified in all families (giv-
ing a mutation detection rate of 100 %): p.Pro969Leu
(Family 8), p.Tyr973Cys (Families 1, 2, 5, 6, and 11),
p.Prol472del (Families 4 and 10), p.Trp1925Cys
(Family 3), p.Lys1953 Ile1961del (Family 12), and
p-Leul974Pro (Families 7 and 9) (Online Resource 3
and Table 2). We detected four missense variants, which
were all shown to be strongly evolutionarily conserved.
Polyphen2 (http://genetics.bwh.harvard.edu/pph2/index.shtml)
and SIFT (http://sift.jevi.org) analyses estimated that the
amino acid changes resulting from the mutations were
damaging or probably damaging (Table 2). Moreover, these
variants were not found in 100 ethnically matched healthy con-
trols in the ExAC database (http://exac.broadinstitute.org),
suggesting that they are not polymorphisms.

Five of the mutations identified were novel. Of these,
p-Pro969Leu, p.Trp1925Cys, p.Leul974Pro, and
p-Lys1953 Ile1961del are localized within the heparin-
binding domain and p.Pro1472del is within the integrin-
binding domain (Fig. 1). Mutations located at identical sites
in the heparin-binding domain (p.Trp1925Arg and
p-Leul974Arg) have been reported previously [14].
However, p.Pro1472del has not been reported before and is
the first mutation to be identified in the integrin-binding do-
main in GFND patients.

To understand the physiological role of each binding do-
main in integrin signaling and the pathogenesis underlying
GFND, we examined the biochemical features of fragments
encompassing both the integrin- and heparin-binding domains
containing p.Pro1472del, p.Leul974Pro, and p.Leul 974Arg
mutations.

Haplotype analysis

To identify any founder effect for the p.Pro1472del mutation
in families 4 and 10, haplotypes were inferred by using eight
markers: D2S117, D2S2358, D2S325, D2S2321, D2S2361,
D2S2382, D2S163, and D2S126, which span 26.4 Mb
centered on the FN/ region on chromosome 2 (Online
Resources 4 and 5). Because individual -2 in family 4 was
deceased, her genotypes and haplotypes were predicted based
on those of her family members. A haplotype, shown in blue
in Online Resource 4, spanning 8.9 Mb including FNI was
conserved in both families, specifically in affected individuals
I-2 and II-2 in Family 4 and II-8 and III-3 in Family 10,
suggesting that the disease-associated segment was inherited
from the same founder.
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Table 1  Clinical data from glomerulopathy with fibronectin deposits (GFND)-affected participants
Family Sex Age Proteinuria onset ~ Proteinuria eGFR (ml/min/ 1.73 m?)  Hematuria Blood pressure  Treatment
(vears)  (years) (¢/gCre) (mmHg)
1 M 20 6 0.86 92.1 2+ 110/57 ACE-I+ARB
2 F 13 9 1.6 115 - 113/64 ARB
3 F 35 26 ESRD at 34 years ~ ESRD + 170/100 HD
4 F 54 13 ESRD at 49 years ESRD +- Renal transplantation
5 F 35 12 5.85 76.3 - 114/74 Dipyridamole
6 F 15 12 0.51 86.5 2+ 152/90 ACE
7 F 53 20 11.8 48 - 158/96 ACE-1+ARB
8 M 16 15 0.44 124.07 - 124/91 -
9 M 74 61 3.56 63 + 160/100 ARB
10 F 38 38 49 55.3 +- 132/94 ARB + furosemide
11 F 14 11 10.1 123.4 2+ 106/58 ARB
12 M 64 63 4.6 46.3 2+ 146/64 -

M male, F female, eGFR estimated glomerular filtration rate, OB occult blood, A CE-I angiotensin converting enzyme, ARB angiotensin receptor blocker,

ESRD end-stage renal disease, HD hemodialysis

Of note, the frequencies of alleles 1, 2, and 3 for D2S325
are 0.214286, 0.017857, and 0.089286, respectively, in the
CEPH database; allele 2, with the lowest frequency, is the
allele present in the disease-associated haplotype. Although
individuals II-1 and II-4 in Family 4 also had the disease-
associated haplotype, they presented with no proteinuria or

Fig. 2 Pedigrees of 12 families
with FNI mutations. Affected
participants are indicated with
arrows. Individuals with
abnormal urinalysis are indicated
with filled squares. Individuals
with /NI mutations are indicated
with an asterisk. ESRD: end- F 4
stage renal disease. 1. Family 1:

p-Tyr973Cys. 2. Family 2:

p-Tyr973Cys. 3. Family 3

1

O
0

p-Trp1925Cys. 4. Family 4

. OO

ESRD

hematuria, and had normal blood urea nitrogen and creatinine
levels at the ages of 28 and 22, respectively.

Mutation p.Tyr973Cys has previously been reported in
several pedigrees from different ethnic backgrounds and is
considered a mutation “hot spot” [14]. Haplotype analysis
for this mutation revealed that it was not derived from a
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Table 2 FNI mutations found in glomerulopathy with fibronectin deposits (GFND)-affected participants

Family =~ Mutation Amino acid change Binding domain Previous reports Polyphen2 score SIFT score

1 c.2918A>G p.Tyr973Cys Heparin binding 3 [14] 1.0 (Probably damaging) 0 (Damaging)

2 c.2918A>G p-Tyr973Cys Heparin binding 3~ [14] 1.0 (Probably damaging) 0 (Damaging)

3 ¢.5775G>C p-Trp1925Cys Heparin binding 2~ Novel 1.0 (Probably damaging) 0 (Damaging)
(Trp1925Arg [14])

4 c.4414 4416del  p.Prol472del Integrin binding Novel - -

5 c.2918A>G p-Tyr973Cys Heparin binding 3~ [14] 1.0 (Probably damaging) 0 (Damaging)

6 c.2918A>G p-Tyr973Cys Heparin binding 3~ [14] 1.0 (Probably damaging) 0 (Damaging)

7 c.5921T>C p.Leul974Pro Heparin binding 2~ Novel 0.993 (Probably damaging) 0 (Damaging)
(Leul974Arg [14])

8 ¢.2906C>T p-Pro969Leu Heparin binding 3~ Novel 1.0 (Probably damaging) 0 (Damaging)

9 c.5921T>C p-Leul974Pro Heparin binding 2~ Novel 0.993 (Probably damaging) 0 (Damaging)
(Leul974Arg [14])

10 c.4414 4416del  p.Prol472del Integrin binding Novel - -

11 c.2918A>G p.Tyr973Cys Heparin binding 3  [14] 1.0 (Probably damaging) 0 (Damaging)

12 c.5858 5884del  p.Lys1953 Ilel961del  Heparin binding 2~ Novel - -

RefSeq NM_212482.1

All mutations are absent from the EXAC database, although 26 truncating variants (16 nonsense and 10 frameshift), 797 non-truncating variants (790
missense and seven in-frame), and 11 splice site variants have been submitted

common ancestor (Online Resource 6). We also conducted
haplotype analysis for p.Leul974Pro, and observed a founder
effect for this variant (Online Resource 6).

Expression and functional studies

p.Prol472del was within repeat Illy in the integrin-binding
domain, and substitution mutations p.Leul974Pro and
p.Leul974Arg were within repeat 1113 in heparin-binding do-
main 2. Therefore, His-tagged recombinant fragments of
fibronectin (Illg_;4), including both the integrin- and hepa-
rin-binding domains and their mutations (p.Prol472del,
p.Leul974Pro, and p.Leul974Arg as a control), were
expressed using the baculovirus expression system in Sf9 cells
and were purified using an affinity column. Binding of the
purified recombinant protein to immobilized heparin was
measured by ELISA (Fig. 3a). The heparin-binding site mutants
(p-Leul974Pro and p.Leul974Arg), but not the integrin-
binding site mutant (p.Pro1472del), showed decreased binding
to heparin, implying that these amino acids are important for
binding to heparin, although the difference between WT and
Leul974Arg was not statistically significant. Additionally,
binding of the purified recombinant protein to immobilized
integrin was measured by ELISA (Fig. 3b). The integrin-
binding site mutant (p.Pro1472del) showed decreased binding
to integrin, but the heparin mutants (p.Leul974Pro and
p-Leul974Arg) did not.

The binding ability of recombinant fragment proteins to
immortalized mouse podocytes was also investigated. We
found that neither the integrin- nor the heparin-binding do-
main mutants showed decreased binding. We expected

p-Leul974Pro and p.Leul974Arg to have a lower binding
ability, but they showed the same level as wild-type (Fig. 3c,
left four bars). A previous study by Castelletti et al. reported a
significantly lower cell-binding ability of fibronectin com-
pared with controls for p.Leul974Arg. The difference be-
tween this and our current finding is that the researchers in
the former study constructed the recombinant fibronectin
fragment to contain only the heparin-binding domain, whereas
we used both the heparin- and integrin-binding sites. It is
therefore possible that our findings reflect the fact that heparin
and integrin binding sites affect each other’s binding ability.

Interestingly, binding of the p.Prol472del mutant to
podocyte cells was strongly decreased in the presence of
protamine, which itself binds to the heparin-binding domain
in competition with heparin. This suggests that the binding
ability of the p.Pro1472del mutant fragment through the
integrin-binding domain was strongly impaired (Fig. 3c, right
four bars), and that either the intact integrin-binding domain or
the heparin-binding domain is sufficient for the binding of
fibronectin fragment proteins to the podocyte cell surface.

To address whether these mutant fragment proteins retain
the ability to transmit integrin signaling, a podocyte suspen-
sion was seeded on glass-bottomed dishes coated with wild-
type or mutated recombinant fibronectin fragments and
incubated for 2 h. All fibronectin fragments induced podocyte
spreading, shown by well-developed actin stress-fiber forma-
tion, to a similar extent as the wild-type counterpart (Fig. 4a).
This finding was consistent with the cell surface binding assay
under ‘without protamine’ conditions (Fig. 3c).

The ability of fibronectin fragments to induce integrin-
mediated intracellular signaling was also assessed by
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<« Fig. 3 Binding of wild-type and mutated fibronectin fragments. a The
binding of wild-type (WT), Pro1472del, Leul974Pro, and Leul974Arg
fragments to heparin was assayed using ELISA. The binding data for each
mutant fragment were normalized to the fold-change of the wild-type
fragment. The data are representative of three independent experiments.
Error bars show standard errors of means. b The binding of wild-type
(WT), Pro1472del, Leul 974Pro, and Leul974Arg fragments to integrin
was assayed using ELISA. The binding data for each mutant fragment
were normalized to the fold-change of the wild-type fragment. The data
are representative of four independent experiments. Error bars show
standard errors of means. ¢ The binding of wild-type (WT),
Pro1472del, Leul974Pro, and Leul947Arg fragments on mouse
podocytes with or without protamine. His-tagged recombinants were
added to the cells and stained with an anti-His antibody after fixation
without permeabilization. The amount of each recombinant bound on
the surface of podocytes was assayed as a fluorescent signal using con-
focal microscopy and ImagelJ software. N=44, 38, 44, and 63, respec-
tively for without protamine assay and 20, 34, 20, 17, respectively, for
with protamine assay. Error bars show standard errors of means

immunostaining using an anti-phosphotyrosine antibody.
Both wild-type and mutant fragments elicited tyrosine phos-
phorylation at the typical focal adhesion-like structures, sug-
gesting that either the integrin-binding domain or the heparin-
binding domain is sufficient not only for association to the cell
surface, but also for intracellular signal transduction (Fig. 4b).

Construction of 3-D structures and docking simulations

The mutant protein contained alterations in molecular confor-
mation and electrostatic surface potentials, as well as signifi-
cantly weaker integrin-docking compared with the wild-type
fibronectin protein (Online Resource 7).

Discussion

Castelletti et al. previously reported that several mutations in
FNI cause GFND [14]. These researchers detected FNI/ mu-
tations in repeats 111, and III,3, mapping to heparin-binding
domains 3 and 2, respectively (Fig. 1). They constructed
recombinant fibronectin fragments containing only the
heparin-binding site (from repeats IIl;, 4) and found that
mutant recombinant heparin-binding fragments showed
weaker binding to heparin and to endothelial cells and
podocytes compared with wild-type fragments, and also had
an impaired capability to induce endothelial cell spreading and
cytoskeletal reorganization.

In the current study, we found novel FN/ mutations in
repeats Illy (p.Prol472del) and II1;3 (p.Trp1925Cys,
p-Lys1953 Ile1961del, and p.Leul974Pro). This brings the
total number of mutations reported to date to eight, of which
two were at position 1925 and two were at 1974. However,
according to the ExAC database, 16 nonsense variants, 790

Without coating p.Pro1472del

p-Leul974Pro p-Leul974Arg

Without coating p.Pro1472del

p.Leu1974Pro p.Leul974Arg

Fig. 4 Actin stress-fiber formation and Intracellular tyrosine phosphory-
lation induced by fibronectin fragments in podocytes. a Podocytes were
trypsinized, seeded on non-coated or wild-type (WT) or mutant fibronec-
tin fragment-coated glass-bottomed dishes, incubated at 37 °C for 2 h,
fixed, permeabilized, and stained with rhodamine—phalloidin. Actin
stress-fiber formation was analyzed by confocal microscopy. b
Podocytes were trypsinized, seeded on non-coated or wild-type (WT) or
mutant fibronectin fragment-coated glass-bottomed dishes, incubated at
37 °C for 2 h, fixed, permeabilized, immunostained using an anti-
phosphotyrosine antibody, and analyzed using confocal microscopy.
Almost no positive signals were observed in cells seeded on non-coated
dishes

missense variants, and numerous silent variants have been
reported. The fact that only eight pathogenic variants have
been reported might be because variants at other locations
do not cause disease involving fibronectin deposits in the
glomerulus.

We also constructed a mutant recombinant that in-
cluded both the heparin- and integrin-binding fragments
(from repeats Illg_;4). Because the synergy site in repeat
Ily cooperates with the RGD sequence in repeat III;q
for maximal «5@31 integrin-mediated matrix assembly,
we studied functional characteristics using recombinant
fragments that included both the integrin- and heparin-
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binding domains (from repeats Illg 14). We found that
both the integrin-binding mutation p.Pro1472del and the
heparin-binding mutations p.Leul974Pro and
p.Leul974Arg possessed a similar capacity to wild-type
to induce actin filament rearrangement (Fig. 4a) and
integrin signaling (Fig. 4b). However, each mutation
caused a significant loss of binding ability of the
heparin- or integrin-binding sites to immobilized heparin
(Fig. 3a) or to integrins and the cell surface, respectively,
in the presence of protamine (Fig. 3b and c).
Additionally, 3-D modeling showed a significant reduc-
tion in the integrin-binding ability for the integrin-
domain mutation (Online Resource 7).

From differences between the experimental designs
used in our study and that of Castelletti et al. [14], it is
suggested that either the integrin-binding domain or the
heparin-binding domain is sufficient for cell surface bind-
ing and integrin signaling. This was also indicated follow-
ing our in vitro podocyte binding assay using integrin
«5p1 and heparin as binding partners to demonstrate the
importance of Pro1472 and Leul974, respectively. Either
integrin or heparin binding was shown to be sufficient for
recombinant fibronectin (Illg_14) to bind podocytes. Because
p-Prol472del binds more to heparin and p.Leul974Pro and
p.Leul974Arg bind more to integrin o531 than the wild type,
it is possible that the integrin- and heparin-binding domains
interact with each other, and that this interaction is disturbed in
these mutants. The physiological role of an intermolecular
interaction should be clarified in future studies, while further
experiments involving the construction of a double mutated
protein are required to confirm if integrin and/or heparin bind-
ing is necessary for podocyte binding.

Our study failed to show an impaired capability to in-
duce endothelial cell spreading and cytoskeletal reorgani-
zation. This is a possible limitation of the in vitro assay,
and might not be an accurate reflection of GFND patho-
genesis in vivo.

We detected some asymptomatic patients with FNI muta-
tions at F1, F3, and F4. The observation of large intra-familial
heterogeneity meant that no genotype—phenotype correlation
was observed, so additional studies are required to determine
any such correlation.

In conclusion, we detected a novel integrin-binding
domain mutation in two unrelated families, and microsat-
ellite marker analysis suggested the presence of a foun-
der effect. This mutation caused decreased integrin-
binding ability in both in vitro functional studies and 3-
D modeling. These findings may contribute to an under-
standing of GFND pathogenesis. Although GFND is a
very rare disease, most patients show proteinuria from
childhood. It is therefore imperative that pediatric ne-
phrologists are aware of this disorder, and that diagnosis
is not delayed.

@ Springer
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Summary A 35-year-old woman was admitted to our hospital for evaluation of end-stage renal failure. Di-
agnostic imaging, including ultrasonography and magnetic resonance imaging, showed polycystic kidneys
and peribiliary hepatic cysts, but the renal cysts were isointense and her kidneys were smaller than the end-
stage kidneys of patients with autosomal dominant polycystic kidney disease. Glomerulocystic kidney dis-
case was diagnosed by renal biopsy. Clinical examination revealed findings such as a missing maxillary ca-
nine, lingual anomalies, and brachydactyly. Genetic testing gave a diagnosis of orofaciodigital syndrome
type 1 with a 5 nucleotide deletion indicating a frameshift mutation in exon 9. The patient’s mother had
the same mutation and similar clinical findings. This case is useful for understanding kidney and liver in-
volvement in orofaciodigital syndrome type 1.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

There are many causes of polycystic kidney disease other
than autosomal dominant polycystic kidney disease (ADPKD)
and autosomal recessive polycystic kidney disease, including
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nephronophthisis, tuberous sclerosis, Caroli disease, and some
types of glomerulocystic kidney disease (GCKD). Among
them, GCKD was classified into 5 categories by Lennerz
etal [1]. Type 1 GCKD is a variant of ADPKD or autosomal
recessive polycystic kidney disease with glomerular cysts,
whereas type 2 GCKD is a hereditary disease due to mutation
of uromodulin, hepatocyte nuclear factor—1b, or other unspec-
ified genes. Type 3 is defined as syndromic GCKD caused by
various hereditary or acquired syndromes. Type 4 is due to
urinary tract obstruction, and type 5 is due to ischemia and/
or drugs or other factors. Orofaciodigital syndrome type 1 is
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one of the type 3 GCKDs and has varying systemic
manifestations [1].

The orofaciodigital syndromes (OFDs) are a group of at
least 13 related conditions that affect development of the oral
cavity (mouth and teeth), facial features, and digits (fingers
and toes). OFD type 1 (OFDI1) was first described by
Papillon-Léage and Psaume in 1954. It is characterized by
X-linked dominant inheritance, so almost all affected individ-
uals are female. Renal involvement in OFDI results in poly-
cystic kidney disease [2]. The locus of OFDI1 was first
mapped by Feather et al [3], who used linkage analysis to iden-
tify a 19.8-cM interval in the Xp22 region flanked by cross-
overs with the markers DXS996 and DXS7105. Ferrante
et al [4] reported that analysis of familial cases of OFD1 re-
vealed a missense mutation, a 19—base pair deletion, and a sin-
gle base pair deletion leading to frameshift, whereas sporadic
cases showed missense, nonsense, splice, and frameshift muta-
tions. The OFDI gene is located on Xp22, and its product is
related to formation of primary cilia and establishment of the
left-right axis [5]. The relation between OFD1 and polycystic
kidneys remains unclear [6—10].

We encountered a 35-year-old Japanese woman with clini-
cal features of OFDI1, including a missing maxillary canine,
lingual anomalies, and brachydactyly, as well as polycystic
kidney disease of the glomerulocystic type. The patient’s
mother also had similar phenotypic characteristics. This report
presents their imaging findings, renal histology, and gene anal-
ysis data, as well as discussing kidney involvement in OFD1.

2. Case presentation

In August 2013, a 35-year-old woman was admitted to our
hospital for evaluation of end-stage renal failure. She had de-
veloped fatigue in March 2013, whereas dizziness, flu-like
symptoms, and edema of the bilateral lower extremities were
noted in May. At her local clinic, anemia (hemoglobin
concentration, 6.6 g/dL) and renal dysfunction (serum creati-
nine, 10.2 mg/dL) were detected in June. Hemodialysis was
started immediately, 2 U of red cell concentrate were trans-
fused, iron and erythropoietin supplementation were initiated,
and she was transferred to our hospital.

On admission, the patient was 148 cm tall and weighed
41.3 kg. Her blood pressure was 118/73 mm Hg. Her fingers
(Fig. 1A and B) and toes were short, and she had mild edema
of the lower legs. Her left maxillary canine was missing
(Fig. 1C). She had a history of frenotomy as an infant because
of difficulty with nursing due to dense adhesions between the
tongue and floor of the mouth.

Laboratory parameters are shown in the Table. There were
mild anemia (hemoglobin concentration, 11.5 g/dL), hypoal-
buminemia (serum albumin, 3.4 g/dL), elevation of serum urea
nitrogen (85 mg/dL), and elevation of serum creatinine
(10.2 mg/dL). Urinalysis showed moderate proteinuria (24-
hour protein excretion, 1.2 g).

Abdominal ultrasonography revealed numerous cysts in the
bilateral kidneys and in the liver. The hepatic cysts were located
parallel to the bile ducts (Fig. 1D). Magnetic resonance imaging
(MRI) showed that both kidneys were largely replaced by iso-
intense cysts and seemed smaller than ordinary end-stage kid-
neys of ADPKD patients (Fig. 1E). Renal volume was
calculated from MRI data using the formula for an ellipsoid
(long axis x short axis x short axis x 71/6), revealing that the left
kidney volume was 427 ¢cm? (12.1 x 5.4 x 6.4 cm) and the
right kidney volume was 332 ¢cm? (10.5 x 5.4 x 5.7 cm).

Cystic kidney disease had previously been diagnosed in the
patient’s mother, so she was also investigated. On examina-
tion, she had congenital absence of the right maxillary canine,
and her digits of both hands were short. The mother’s labora-
tory data are also shown in the Table. Abdominal ultrasonog-
raphy demonstrated peribiliary cysts in the liver, and MRI
revealed numerous renal cysts similar to those in her daugh-
ter’s kidneys (Fig. 1F).

2.1. Renal biopsy

Renal biopsy was performed because the time course of re-
nal failure was unknown. Of the 32 glomeruli in the biopsy
specimens, 8 showed global sclerosis accompanied by severe
interstitial fibrosis, tubular atrophy, and marked cellular infil-
tration. Several cystic lesions with thick fibrous walls and a flat
epithelial lining were observed, and collapsed glomeruli with
dilation of Bowman space and glomerular cysts could be seen
around these cystic lesions. A few dilated proximal tubules
with thickened basement membrane were noted, but dilation
of distal tubules and collecting ducts was not observed. The re-
sidual glomeruli were intact. Based on these findings, the cys-
tic lesions were considered to have originated from glomerular
cysts (Fig. 2A). Immunofluorescence microscopy and electron
microscopy did not detect any immune deposits.

Her mother had also previously undergone renal biopsy for
diagnosis. The biopsy specimens contained 27 glomeruli, and
all of them showed global sclerosis with severe interstitial fi-
brosis, tubular atrophy, and inflammatory cell infiltration.
Some small cystic lesions with thick fibrous walls and flat ep-
ithelial lining were also noted, which resembled her daughter’s
cystic lesions, but no glomerular cysts associated with col-
lapsed glomeruli were found (Fig. 2B).

2.2. Gene analysis

Because of the characteristic findings revealed by renal bi-
opsy and the presence of brachydactyly, we considered analy-
sis of several genes related to glomerular cysts. Among them,
the OFD1 gene was the most plausible candidate because the
patient’s history of frenotomy and her mother’s renal cystic
disease were considered to suggest an X-linked systemic
condition.

We performed genetic analysis after obtaining written in-
formed consent from the proband and her mother. All
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Fig.1 Clinical and imaging findings. A and B, The patient has short fingers (brachydactyly). C, The left maxillary canine is missing (arrow). D,
Abdominal ultrasonography reveals hepatic cysts parallel to the bile ducts (peribiliary cysts) (arrows). E, MRI shows that both kidneys (arrows) are
largely replaced by isointense cysts and are smaller than the end-stage kidneys of ADPKD patients. F, MRI also reveals numerous cysts in the

mother’s kidneys (arrows).

procedures were reviewed and approved by the Institutional
Review Board of Kobe University School of Medicine and
were in accordance with the ethical standards of the 1964 Decla-
ration of Helsinki. Genomic DNA was extracted from peripheral
blood mononuclear cells using QuickGene whole blood kit S
(Kurabo, Osaka, Japan) according to the manufacturer’s instruc-
tions. Twenty-two pairs of oligonucleotide primers were generat-
ed to amplify all 23 coding exons of OFDI. Then, polymerase
chain reaction was performed, and the products were purified
with a DNA purification kit (Qiagen Japan, Tokyo, Japan),
followed by direct sequencing with a 3100 Genetic Analyzer
(Life Technologies Japan, Tokyo, Japan). Sequence alignment
was performed with CLC Main Workbench software (CLC-
bio, Aarhus, Denmark). In both the proband and her mother,
we identified a 5 nucleotide deletion indicating a heterozygous

frameshift mutation in exon 9 (NM_003611.2 [OFDI]:
¢.840_844delAGAAA [p.Lys280AsnfsX27]), consistent with
the genotype of OFD1 (Fig. 2C). This mutation was consid-
ered to be causative in both patients.

3. Discussion

Patients with OFD1 can develop polycystic kidney disease.
Renal cysts are considered to arise from both the tubules and
glomeruli, although previous reports have not provided suffi-
cient information about the mechanism of renal involvement.
There have been 3 reports about the incidence of polycystic
kidneys in OFD1. Saal et al [6] investigated renal findings in
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Table Laboratory data of the patient and her mother

Daughter Mother Normal limit and unit
Hematology
White blood cells 6700 6000 3200-7900/mL
Hemoglobin 11.5 11.2 11.3-15.0 g/dL
Platelet count 167 166 155-350 x 10°/mL
Serum chemistry
Total protein 6.3 7.7 6.7-8.3 g/dL
Albumin 3.4 4.0 4.0-5.0 g/dL
Aspartate aminotransferase 9 14 13-33 IU/L
Alanine aminotransferase 12 12 8-42 IU/L
Lactate dehydrogenase 170 184 119-229 IU/L
Alkaline phosphatase 289 239 18-42 U/L
v-Glutamyltransferase 15 17 10-46 TU/L
Urea nitrogen 85 39 8-22 mg/dL
Creatinine 10.2 4.6 0.6-0.8 mg/dL
Uric acid 7.9 3.8 3.6-7.0 mg/dL
Sodium 138 144 135-145 mmol/L
Potassium 5.2 4.7 3.5-4.9 mmol/L
Chloride 106 110 96-108 mmol/L
Calcium 8.3 8.9 8.7-10.1 mg/dL
Phosphate 5.3 4.6 2.8-4.6 mg/dL
C-reactive protein 0.0 0.0 <0.3 mg/dL
Ferritin 120 19 <12.0 pug/L
Immunoglobulin G 937 1235 870-1700 mg/dL
Immunoglobulin A 139.6 155.4 110-410 mg/dL
Immunoglobulin M 130.7 87 30-190 mg/dL
Antinuclear antibody Negative Negative <40
Urinary analyses
Red blood cells l1to5 <1 /HPF
White blood cells <1 1to4 /HPF
Protein excretion 1.2 0.63 g/d
a-1 Microglobulin 103.1 g/day
-2 Microglobulin 49,179 56,645 30-370 ug/d
M protein Negative Negative

Abbreviation: HPF, high-power field.

34 female patients with pathogenic mutation of the OFD1 gene.
Polycystic kidneys were diagnosed in 12 patients by ultraso-
nography, whereas 10 patients presented with renal impair-
ment and 6 received kidney transplantation. The probability
of developing renal failure was estimated as greater than
50% after the age of 36 years. Although their data revealed a
high incidence of renal impairment in OFD1 syndrome, they
could not find any genotype-phenotype correlation that was
predictive of renal failure [6].

Bisschoff et al [7] studied 55 sporadic and 6 familial cases
of suspected OFD1. Comprehensive gene analysis revealed
mutations in 37 women from 30 families. They also found cys-
tic kidney diseases in 6 of 23 patients investigated (26.1%), but
the details were not reported.

Prattichizzo et al [8] performed mutation analysis in a cohort
of 100 unrelated affected individuals collected worldwide with
a clinical diagnosis of OFD1 syndrome. Most of the probands
were from Europe (65%) and North America (21%), followed
by Australia (6%), the Middle East (5%), and Asia (3%).

Cystic kidney disease was demonstrated by renal scans in 24
of 81 patients tested (29.6%). Renal cystic disease was present
in 15 of 25 patients (60%) > 18 years old who were examined.

According to our literature search, there are only 2 case re-
ports showing the development of renal cysts from the glomer-
uli in OFDI1 patients. Feather et al [3] performed histological
examination at autopsy of a woman in her 50s who had end-
stage renal failure and polycystic kidneys with cysts <1 cm
in diameter. Cysts were not noted in any of her other organs.
Most of the renal cysts were lined by flat epithelium and had
fibrotic walls. Glomerular tufts were detected in the cyst lin-
ing, and many of the tufts within cysts contained open capil-
lary loops. Mildly dilated tubules up to 100-200 micrometers
in size were also noted [3]. Stapleton reported an 11-year-old
girl with OFD1 who underwent bilateral nephrectomy before
renal transplantation. Examination of the resected kidneys
showed that the cortex was largely replaced by numerous cysts
lined by flattened epithelium, many of which contained glo-
merular tufts [9].
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OFb1 Exon9
C €.840-844delAGAAA, K280Nfs*27
deletion
——
Wildtype ATTGAAACAAAAGAAATTTATGCTCAAAG
Mutant ATTGAAACAAATTTATGCTCAAAGGCAAC
The Proband
Mother
: .:;éj

Control ’\'

Fig. 2  Renal biopsy finding. A, Several cystic lesions with thick fibrous walls and flat epithelial lining were observed, and collapsed glomeruli

with dilation of Bowman space and glomerular cysts (arrows) were seen around the cystic lesions. In some of the glomerular cysts, Bowman cap-
sule was connected to the cystic lesions. A few dilated proximal tubules with thickened basement membrane (large arrow) were noted. B, The
mother had similar cystic lesions (arrow) to those of her daughter. However, no glomerular cysts associated with collapsed glomeruli could be
detected. C, Gene analysis revealed a 5 nucleotide deletion, indicating a frameshift mutation in exon 9 (NM_003611.2 [OFD1]: c.840_844delA-
GAAA [p.Lys280AsnfsX27]), which was consistent with the genotype of OFD].

The imaging characteristics of renal cysts were reported by
Scolari et al [10] in 2 generations of a family with OFD1
(mother and daughter). CT of the abdomen revealed polycystic
kidneys in both patients. Renal cysts were more numerous and
smaller in the 2 OFDI patients compared with those in
ADPKD patients, and their kidneys showed less enlargement
without gross deformity of the renal contour.

Similarly, there have only been a few reports about hepatic
cysts in patients with OFDI. Scolari et al [ 10] reported the co-
existence of multiple liver and pancreatic cysts in OFD1, with

the liver containing peribiliary cysts along the principal
branches of the biliary tree. Topra et al [11] reported a 20-
year-old woman with polycystic kidneys and end-stage renal
disease who was diagnosed as having coexistence of OFD1
and Caroli disease. Thus, it seems that hepatic cysts may be
a rare manifestation of OFD1.

OFD1 needs to be differentiated from “acquired cystic disease”
in end-stage renal disease patients. Acquired cystic disease can be
diagnosed in patients on dialysis for more than 4 years. It features
multiple cystic lesions that mainly originate from the proximal
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tubules and exist throughout cortex and medulla, along with intra-
cystic hemorrhage and calcium oxalate crystal deposition [12].

In conclusion, we encountered a 35-year-old woman with
clinical features of OFD1 (missing maxillary canine, lingual
anomalies, and brachydactyly) and polycystic kidney disease.
Her mother also had similar clinical characteristics. In both
women, gene analysis revealed a 5 nucleotide deletion of a
frameshift mutation in exon 9, which was consistent with the
diagnosis of OFD1. MRI showed that their kidneys contained
isointense cysts and were smaller than the end-stage kidneys of
ADPKD patients, whereas peribiliary cysts were noted in the
livers of both women. Renal biopsy showed glomerulocystic
polycystic kidney disease. This case suggests that OFD1
may be a possible alternative diagnosis in women with poly-
cystic kidney disease and smaller cysts. Further clinical infor-
mation about renal involvement in OFD1 may be obtained
from detailed case series.
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Gout is a common disease resulting from hyperuricemia. Recently, a genome-wide association study
identified an association between gout and a single nucleotide polymorphism (SNP) rs2188380, located
on an intergenic region between MYL2 and CUX2 on chromosome 12. However, other genes around
rs2188380 could possibly be gout susceptibility genes. Therefore, we performed a fine-mapping study
of the MYL2-CUX2 region. From 8,595 SNPs in the MYL2-CUX2 region, 9 tag SNPs were selected, and
genotyping of 1,048 male gout patients and 1,334 male controls was performed by TagMan method.

. Eight SNPs showed significant associations with gout after Bonferroni correction. rs671 (Glu504Lys)

. of ALDH2 had the most significant association with gout (P=1.7 x 10~'%, odds ratio =0.53). After
adjustment for rs671, the other 8 SNPs no longer showed a significant association with gout, while the
significant association of rs671 remained. rs671 has been reportedly associated with alcohol drinking

. behavior, and it is well-known that alcohol drinking elevates serum uric acid levels. These data suggest

. thatrs671, acommon functional SNP of ALDH2, is a genuine gout-associated SNP in the MYL2-CUX2

. locus and that “A” allele (Lys) of rs671 plays a protective role in the development of gout.

: Gout is a common disease resulting from hyperuricemia, and causes acute arthritis. Previous genetic and func-
. tional analyses revealed that ABCG2 dysfunctional variants caused gout'~> due to decreased urate excretion in
gut* and kidney®. Genome-wide association studies (GWASs) of gout also showed genome-wide significant asso-
ciations with ABCG2 and GLUT9%. Recently, we revealed for the first time that the following 3 loci were associ-
ated with gout at the genome-wide significance level: rs1260326 of GCKR, rs4073582 of CNIH-2 and rs2188380
of MYL2-CUX2®%. Among them, 2 SNPs are located in gene regions: rs1260326 is a nonsynonymous single nucle-
: otide polymorphism (SNP) (Leu446Pro) of GCKR, and rs4073582 is an intronic SNP of CNIH-2. On the other
. hand, rs2188380 is located on an intergenic region between MYL2 and CUX28. Additionally, we detected many
. SNPs showing significant associations with gout across the chromosome 12924 region which were in strong
: linkage disequilibrium (LD) with rs2188380. MYL2 encodes a regulatory light chain associated with cardiac myo-
. sin 3 (or slow) heavy chain, and an association between MYL2 variant and high-density lipoprotein cholesterol
metabolism was previously reported®. CUX2 regulates cell-cycle progression'® and plays important roles in neural
: progenitor development in the central nervous system'®!!. An association between CUX2 and type 1 diabetes
. has also been reported'?. However, there is a possibility that the other genes around rs2188380 of MYL2-CUX2
. can be gout susceptibility genes. Therefore, we performed fine-mapping of the MYL2-CUX2 region and a further
association analysis of gout.
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Figure 1. Linkage disequilibrium heat map of 46 SNPs. We examined the linkage disequilibrium (LD)
between each pair of 46 SNPs and searched the SNPs that were tagging other SNPs with strong LD (> 0.8).
The 9 tag SNPs (rs7978484, rs16940688, 152071629, rs2188380, rs11065783, rs3809297, rs4766566, rs671 and
rs2555004), which are shown in bold and boxes, were selected for association analysis.

Results

From 8,595 SNPs in the MYL2-CUX2 region within 10 Mb across rs2188380, 45 SNPs in LD (r? > 0.3) with
rs2188380 were selected (Supplementary Figure S1). Among these 45 SNPs and rs2188380, 9 tag SNPs were
selected for association analysis (Fig. 1 and Supplementary Table S1). Genotyping results of the 9 tag SNPs for
1,048 gout patients and 1,334 controls were shown in Table 1. The call rates for the 9 SNPs were more than
95.0%. All the SNPs in the control group were in Hardy-Weinberg equilibrium (P> 0.05). Except for rs2555004,
the other 8 SNPs showed significant associations at P < 5.6 x 107% (=0.05/9) with the Bonferroni correction,
and rs671 (Glu504Lys) of aldehyde dehydrogenase 2 (ALDH?2) had the most significant association with gout
(P=1.7 x 107! odds ratio [OR] = 0.53; 95% confidence interval [CI]: 0.46-0.61, Table 1 and Supplementary
Figure S2A).

Next, the multivariate logistic regression analyses were performed to evaluate whether there was an addi-
tional association signal after the adjustment for the most significantly associated SNP rs671. We set the signif-
icance threshold as a = 6.3 x 1072 (=0.05/8) with the Bonferroni correction. While the significant association
of rs671 remained, the other 8 SNPs no longer showed a significant association with gout after the adjustment
for rs671 (Table 2 and Supplementary Figure S2B). Among rs671 and 6 tagged SNPs (rs3782886, rs11066015,
rs4646776, rs11066132, rs2074356 and rs11066280) shown in Supplementary Table S2, rs671 is the most prom-
ising functional SNP because only rs671 is a nonsynonymous variant (Glu504Lys). rs4766566 had a nominally
significant association (P = 0.032), but did not pass the significant threshold for multiple hypothesis testing
(Table 2). Additionally, the OR for rs4766566 became closer to 1.0 after the adjustment for rs671 (from 0.59 to
0.82; Tables 1 and 2). These data suggest that rs671 (Glu504Lys) of ALDH? is a genuine gout-associated SNP in
the MYL2-CUX2 locus.
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152188380 111386127 | MYL2-CUX2 - - T/C 0.14 0.22 7.1 x 10712 | 0.58 (0.50-0.68) | 1.72 (1.47-2.00)
rs7978484 109738076 FOXN4 0.35 | 0.65 G/A 0.14 0.17 4.8x 1073 | 0.79(0.67-0.93) | 1.26 (1.07-1.49)
1516940688 110360321 | TCHP-GIT2 | 0.36 | 0.85 G/A 0.07 0.13 6.2x 107 | 0.55(0.45-0.67) | 1.82(1.49-2.23)
rs2071629 111351186 MYL2 0.73 | 0.90 G/A 0.17 0.25 3.7x 107" | 0.60 (0.52-0.70) | 1.65 (1.42-1.92)
1511065783 111396249 | MYL2-CUX2 | 0.47 | 1.00 A/G 0.25 0.31 2.8x107° | 0.76 (0.66-0.86) | 1.32(1.16-1.51)
rs3809297 111609727 CUx2 0.52 | 0.79 G/T 0.17 0.28 6.7 x 10716 | 0.55 (0.48-0.64) | 1.82 (1.57-2.10)
rs4766566 111706877 CUX2 0.43 | 1.00 T/C 0.25 0.36 1.2x107'% | 0.59 (0.52-0.67) | 1.69 (1.48-1.92)
15671 112241766 ALDH2 0.50 | 091 G/A 0.18 0.29 1.7 x 10718 | 0.53 (0.46-0.61) | 1.88 (1.63-2.16)
rs2555004 114686645 | RBM19-TBX5 | 0.31 | 0.82 A/G 0.21 0.20 0.22 1.09 (0.95-1.26) | 0.91 (0.79-1.06)

Table 1. Association analysis of gout. Abbreviation: MAF = minor allele frequency; OR = odds ratio;

CI= confidence interval. ‘"dbSNP rs number. "SNP positions are based on NCBI human genome reference
sequence Build 37. *72 and D indicate the pairwise linkage disequilibrium with rs2188380. A1 is a major allele
and A2 is a minor allele. P values smaller than 5.6 x 1072 (adjusting for 9 tests with the Bonferroni correction)
are shown in bold letters.

rs7978484 0.390 0.94 (0.74-1.19) 2.6x 10716 0.57 (0.46-0.70)
1516940688 0.054 0.93 (0.78-1.10) 1.6x 107! 0.54 (0.47-0.63)
152071629 0.228 0.80 (0.63-1.00) 7.8x 1071 0.57 (0.49-0.67)
152188380 0.593 0.89 (0.73-1.08) 2.1x1077 0.56 (0.47-0.67)
rs11065783 0.195 1.11 (0.95-1.31) 6.8x 1071 0.48 (0.41-0.58)
rs3809297 0.213 0.85 (0.66-1.10) 3.1x10°° 0.59 (0.46-0.76)
154766566 0.032 0.82 (0.68-0.98) 3.2x10°¢ 0.61 (0.50-0.75)
rs2555004 0.353 1.07 (0.93-1.24) 9.4x10°" 0.52 (0.45-0.60)

Table 2. Multivariate logistic regression analysis of gout including rs671 and each of the 8 SNPs.
Abbreviation: OR = odds ratio; CI = confidence interval. "P values of each of the 8 SNPs (SNP A) adjusted by
rs671. TP values of rs671 adjusted by SNP A. P values smaller than 6.3 X 1072 (adjusting for 8 tests with the
Bonferroni correction) are shown in bold letters.

It is well-known that individuals with rs671 heterozygotes (A/G; Lys/Glu) have only 6.25% of enzyme activity
of those with normal ALDH?2 (G/G; Glu/Glu), and those with homozygotes (A/A; Lys/Lys) show almost no activ-
ity"3. Therefore, it is expected that dominant model (G/G v.s. A/G or A/A) is the most likely genetic model for the
association between rs671 and gout. Actually, the statistical significance of the association between rs671 and gout
was improved by applying the dominant model (P=2.9 x 10~2!; OR = 0.44; 95% CI: 0.37-0.52) compared with
the result from the allelic model (P= 1.7 x 1078 OR=0.53; 95% CI: 0.46-0.61; Table 1). These findings indicate
that “A” allele (Lys) of rs671 plays a protective role in the development of gout.

Discussion

In this study, among 9 tag SNPs selected from 8,595 SNPs in the MYL2-CUX2 locus, only the association of
rs671 of ALDH2 remained significant after the adjustment for each SNP with the Bonferroni correction (Table 2).
Together with the fact that rs671 (Glu504Lys) is a well-known dysfunctional SNP, we therefore concluded that
rs671 is a genuine gout-associated SNP. Indeed, a previous Japanese study with 180 gout cases and 49 controls has
indicated that the frequency of homozygotes (A/A; Lys/Lys) of rs671 was lower in gout patients than in controls'.
The fine-mapping study for the associational signal on chromosome 12 identified by our GWAS reached the con-
sistent result with the previous finding showing the association between ALDH?2 and gout*.

ALDH?2 is a crucial enzyme in the alcohol metabolism. Alcohol is oxidized to acetaldehyde by alcohol dehy-
drogenase, and acetaldehyde is further metabolized to acetate by aldehyde dehydrogenase'®, which largely
depends on ALDH2. rs671 (Glu504Lys), a common missense SNP of ALDH2 gene, severely decreases the activity
of ALDH2 enzyme'®. When acetate is metabolized to acetyl-coenzyme A, adenosine triphosphate (ATP) hydro-
lyzes to adenosine monophosphate (AMP) which is ultimately metabolized to uric acid. This alcohol metabolism
is one of the reasons why alcohol drinking elevates serum uric acid (SUA) levels. Thus, the association between
rs671 and gout is partly due to alcohol drinking.

The allele frequencies of rs671 of ALDH? differ among populations: the 504Lys allele (“A” allele) is common in
East Asians including Japanese, but quite rare in other populations such as European and African descendants'.
Therefore, it is reasonable that this SNP has not been detected in the previous GWASs of gout in Europeans and
African Americans due to its low frequency. We showed that rs671 of ALDH?2 is an influential genetic factor for
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Japanese as the other 4 previously reported loci® (ABCG2, SLC2A9, GCKR and CNIH-2) of gout, and further
investigations in East Asian populations will be able to warrant these findings.

In summary, Glu504Lys polymorphism (rs671), a common dysfunctional SNP of ALDH?2, is identified as a
genuine gout-associated polymorphism in the MYL2-CUX2 locus, and “A” allele (Lys) of rs671 plays a protective
role in the development of gout.

Methods

Study participants. This study was approved by the institutional ethical committees (National Defense
Medical College and Nagoya University), and all procedures involved in this study were performed in accordance
with the Declaration of Helsinki with written informed consent from each subject.

1,048 gout cases were assigned from the Japanese male outpatients at the gout clinics of Kyoto Industrial
Health Association (Kyoto, Japan), or Ryougoku East Gate Clinic (Tokyo, Japan). All patients were clinically
diagnosed as primary gout according to the criteria established by the American College of Rheumatology'’.
Patients with inherited metabolism disorders including Lesch-Nyhan syndrome were excluded. For the control
group, 1,334 Japanese males with normal SUA (<7.0 mg/dl) and without a history of gout were collected from the
participants in the Shizuoka area in the Japan Multi-Institutional Collaborative Cohort Study (J-MICC Study)'®".
The details of participants in this study are shown in Supplementary Table S3.

Selection of SNPs.  First, 8,595 SNPs within 10 Mb across rs2188380 were selected using HapMap phase
III JPT samples (http://hapmap.ncbi.nlm.nih.gov/)?; then, the pairwise LD was calculated between rs2188380
and the 8,595 SNPs (Supplementary Figure S1). After 8,550 SNPs in weak LD were excluded, the other 45 SNPs
showing moderate to strong LD (? > 0.3) with rs2188380 remained. Next, we examined the LD between each
pair of these 46 SNPs (Fig. 1), and searched for the SNPs that were tagging other SNPs with strong LD (> > 0.8).
Finally, in addition to rs2188380, we selected 8 SNPs (rs7978484, rs16940688, rs2071629, rs11065783, rs3809297,
rs4766566, rs671 and rs2555004) for association analysis (Supplementary Table S1).

Genetic analysis. Genomic DNA was extracted from whole peripheral blood cells?!. Genotyping of the
8 SNPs was performed by the TagMan method (Life Technologies Corporation, Carlsbad, CA USA) with a
LightCycler 480 (Roche Diagnostics, Mannheim, Germany)?. To confirm their genotypes, DNA sequencing anal-
yses were performed with the primers shown in Supplementary Table S4. Direct sequencing was performed with
a 3130x] Genetic Analyzer (Life Technologies Corporation)?. The deviation from Hardy-Weinberg equilibrium
in control samples was evaluated by chi-square test using the software R (version 3.1.1) (http://www.r-project.
org/).

Statistical analyses. The associations between SNPs and gout were examined with logistic regression anal-
yses. For the robustness of the statistical test, random re-sampling methods with computer simulation are often
applied®*?*. In this study, the permutation test** was used for random re-sampling in a case-control study with
replacement for 1,000,000 times, and the robustness of statistics was confirmed. All the logistic regression anal-
yses and chi-square tests were performed with SPSS v.22.0] (IBM Japan Inc., Tokyo, Japan) and the software R
(version 3.1.1) (http://www.r-project.org/). We examined the pairwise LD using PLINK v1.07%.
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Genetic, Clinical, and Pathologic Backgrounds of
Patients with Autosomal Dominant Alport Syndrome

Naohiro Kamiyoshi,* Kandai Nozu,* Xue Jun Fu,* Naoya Morisada,* Yoshimi Nozu,* Ming Juan Ye,* Aya Imafuku,”
Kenichiro Miura,* Tomohiko Yamamura,* Shogo Minamikawa,* Akemi Shono,* Takeshi Ninchoji,* Ichiro Morioka, *
Koichi Nakanishi,® Norishige Yoshikawa,® Hiroshi Kaito,* and Kazumoto lijima*

Abstract

Background and objectives Alport syndrome comprises a group of inherited heterogeneous disorders involving
CKD, hearing loss, and ocular abnormalities. Autosomal dominant Alport syndrome caused by heterozygous
mutations in collagen 4A3 and/or collagen 4A4 accounts for <5% of patients. However, the clinical, genetic, and
pathologic backgrounds of patients with autosomal dominant Alport syndrome remain unclear.

Design, setting, participants, & measurements We conducted a retrospective analysis of 25 patients with
genetically proven autosomal dominant Alport syndrome and their family members (a total of 72 patients) from
16 unrelated families. Patients with suspected Alport syndrome after pathologic examination who were referred
from anywhere in Japan for genetic analysis from 2006 to 2015 were included in this study. Clinical, laboratory,
and pathologic data were collected from medical records at the point of registration for genetic diagnosis. Genetic
analysis was performed by targeted resequencing of 27 podocyte-related genes, including Alport-related collagen
genes, to make a diagnosis of autosomal dominant Alport syndrome and identify modifier genes or double
mutations. Clinical data were obtained from medical records.

Results The median renal survival time was 70 years, and the median age at first detection of proteinuria was 17
years old. There was one patient with hearing loss and one patient with ocular lesion. Among 16 patients who
underwent kidney biopsy, three showed FSGS, and seven showed thinning without lamellation of the glomerular
basement membrane. Five of 13 detected mutations were reported to be causative mutations for autosomal
recessive Alport syndrome in previous studies. Two families possessed double mutations in both collagen 4A3
and collagen 4A4, but no modifier genes were detected among the other podocyte-related genes.

Conclusions The renal phenotype of autosomal dominant Alport syndrome was much milder than that of
autosomal recessive Alport syndrome or X-linked Alport syndrome in men. It may, thus, be difficult to make an
accurate diagnosis of autosomal dominant Alport syndrome on the basis of clinical or pathologic findings. No
modifier genes were identified among the known podocyte-related genes.

Clin | Am Soc Nephrol 11: 1441-1449, 2016. doi: 10.2215/CJN.01000116

Introduction

Alport syndrome is a hereditary disorder involving
CKD progressing to ESRD, sensorineural hearing loss,
and ocular abnormalities (1). Alport syndrome has
three genetic modes of inheritance: X-linked Alport
syndrome (XLAS), autosomal recessive Alport syn-
drome (ARAS), and autosomal dominant Alport syn-
drome (ADAS). XLAS is caused by mutations in the
collagen 4A5 (COL4Ab) gene encoding the type 4 colla-
gen ab—chain and accounts for approximately 80% of
patients with the disease. ARAS occurs in about 15% of
patients as a result of homozygous or compound het-
erozygous mutations in the COL4A3 or COL4A4 gene,
whereas ADAS occurs in <5% of patients and arises
as a result of heterozygous mutations in the COL4A3
and/or COL4A4 gene encoding the type 4 collagen
a3— or ad—chain, respectively (2). However, hetero-
zygous mutations in COL4A3 or COL4A4 are also

www.cjasn.org Vol 11 August, 2016

found in about 40% of patients with thin basement
membrane nephropathy (TBMN) (3). Although most
affected individuals develop hematuria in childhood,
proteinuria, renal failure, and extrarenal disorders are
not observed in patients with TBMN, and the molecu-
lar mechanisms responsible for the different clinical
courses of ADAS and TBMN remain unclear. Recent
studies have revealed correlations between FSGS and
heterozygous mutations in COL4A3 or COL4A4 (3,4),
and 10% of patients diagnosed with familial FSGS
showed heterozygous mutations in these two genes
(). A recent study using next generation sequencing
(NGS) analysis revealed high proportions of mutations
in COL4A3 and COL4A4 and a higher incidence of
ADAS than previously reported (6). However, studies
of ADAS are limited, and the clinical phenotype and
genetic and pathologic backgrounds remain unclear (7—-
12). In this study, we provide the first clarification of
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the genetic, clinical, and pathologic backgrounds of ADAS
in a relatively large number of patients.

Materials and Methods
Diagnostic Criteria for ADAS

All patients diagnosed with ADAS in this study satisfied
one of the following criteria: (1) hematuria and proteinuria or
ESRD with renal pathology showing thickening and thin-
ning with lamellation in the glomerular basement membrane
(GBM; basket weave change [BWC]) and heterozygous mu-
tations in COL4A3 and/or COL4A4; (2) hematuria and pro-
teinuria with renal pathology showing thin basement
membrane (TBM) and a family history of ESRD, with het-
erozygous mutations in COL4A3 and/or COL4A4; and (3)
siblings or consanguineous family members of patients with
ADAS diagnosed with criteria 1 or 2 and at least showing
hematuria, including patients for whom genetic tests were
not available. These criteria ensured that at least one person
in the family had received a kidney biopsy and had TBM
leading to a pathologic diagnosis of ADAS.

Patients

Patients with suspected Alport syndrome after patho-
logic examination who were referred to our hospital for
genetic diagnosis from 2006 to 2015 were included in this
study. Clinical, laboratory, and pathologic data were
collected from medical records at the point of registration
for genetic diagnosis. Detailed family histories were gath-
ered from the patients and/or their parents. Information on
hearing loss was obtained from medical records. All
patients were evaluated for ocular lesions by an ophthal-
mologist before genetic analysis. In Japan, annual urinary
screening is available for all students and most adults, and
family members with urinary abnormalities of at least
hematuria were included in the analysis of renal survival.
Patient age was determined at the time of registration for
genetic testing. We conducted a retrospective study of 72
patients with renal manifestations, including 25 genetically
diagnosed patients with ADAS and 47 family members
from 16 unrelated families. The family trees for all families
are shown in Supplemental Figure 1. Age at registration
for genetic analysis, age at reaching ESRD, or age at death
without ESRD are shown for all 72 patients. Of these 72
patients, 19 (26%) had already developed ESRD. Clinical
and laboratory data and pathologic findings were obtained
from medical records. The degree of urinary protein excre-
tion was evaluated by urinary protein-to-creatinine ratio.
eGFRs were calculated using the Schwartz equation (13,14)
or GFR-estimating equations for Japanese individuals (15)
for patients <18 and =18 years old, respectively.

Genetic Analyses

Sanger Sequencing. Sanger sequencing for COL4A3 and
COL4A4 was performed by PCR and direct sequencing of
genomic DNA for all exons and exon-intron boundaries.
Most patients in this study had undergone Sanger se-
quencing for the diagnosis of ADAS before NGS analysis.
Blood samples were collected from patients and family
members, and genomic DNA was isolated from peripheral
blood leukocytes using the Quick Gene Mini 80 System

(Fujifilm, Tokyo, Japan) according to the manufacturer’s
instructions. For genomic DNA analysis, all 52 specific exons
of COL4A3 and 48 exons of COL4A4 were amplified by PCR
as described previously (16). The PCR-amplified products
were then purified and subjected to direct sequencing
using a Dye Terminator Sequencing Kit (Amersham Biosci-
ences, Piscataway, NJ) with an automatic DNA sequencer
(model ABI Prism 3130; PerkinElmer, Waltham, MA).

Targeted Resequencing. NGS samples were prepared
using a HaloPlex Target Enrichment System Kit by following
the manufacturer’s instruction (Agilent Technologies, Santa
Clara, CA). Briefly, digested 225 ng genomic DNA were
hybridized at 54°C for 16 hours with custom-designed
NGS probes to capture 27 genes, such as COL4A3, COL4A4,
COL4A5, and other FSGS—causative genes. Amplified target
libraries were sequenced with 150-bp pair-end reads on a
MiSeq Platform (Illumina, San Diego, CA) followed by vari-
ant analysis on a SureCall 3.0 (Agilent Technologies).

We analyzed 25 patients with ADAS, including at least
one from each of 16 families.

Haplotype Analyses. Haplotype analysis was performed
for families 122 and 140, both of which possessed double
mutations in both COL4A3 and COL4A4 with identical
substitutions and were, thus, suspected of having a com-
mon ancestor. The target fragments on chromosome 2 were
amplified by AmpliTaq Gold (Thermo Fisher Scientific,
Vernon Hills, IL) using microsatellite markers D25163,
D25126, D25133, D252354, D25362, D25396, D2s233, and
D2s206. PCR fragment size was analyzed using an ABI
PRISM 310 Genetic Analyzer (Applied Biosystems, Foster
City, CA) followed by allele binning using GeneMapper
(Thermo Fisher Scientific).

Statistical Analyses

Statistical analysis was performed using JMP (JMP,
Version 11 Package for Windows; SAS Institute Inc.,
Cary, NC). The occurrence of events (age at detection of
proteinuria and age at ESRD) was analyzed according to
the Kaplan-Meier method. We defined the outcomes as
age at ESRD for renal survival analysis and detection of
proteinuria for proteinuria—free survival analysis. We con-
sidered patients who died without ESRD as censored pa-
tients. Deaths in patients who had already developed
ESRD were treated as having reached the outcome at the
age of developing ESRD. Patients who had not reached
ESRD at the point of registration for genetic analysis
were also treated as censored patients.

Ethical Considerations

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

Results
Clinical Features

The clinical features of the 25 patients with genetically
proven ADAS are shown in Table 1, and all family trees are
shown in Supplemental Figure 1. The cohort included 11
men and 14 women, with a mean age of 33.4 years old
(range =5-82 years old). Proteinuria was detected in
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Figure 1. | Probability of each clinical sign in autosomal dominant Alport syndrome cases. (A) Probability of developing proteinuria in 24
patients. (B) Probability of developing ESRD in 72 patients. (C) Probability of developing ESRD according to the type of mutation (38 missense,
25 nonmissense, and nine double mutations). The median ages for developing proteinuria and ESRD were 17 and 70 years old, respectively.
Differences between types of mutation were not significant (P=0.18).
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18 patients, and the median age for developing proteinuria
was 17.0 years old (Figure 1A). Although the proteinuria—
free survival curve shows the time to proteinuria detection
rather than time to onset, all students in Japan receive
urinary screening every year, and most adults also receive
urinary screening through their employers or public health
organizations. The age at detection of proteinuria is, thus,
relatively accurate. Seven patients showed normal renal
function (age range =5-25 years old), 14 showed mild to
severe renal dysfunction, and three patients reached ESRD
at 33, 57, and 63 years old (Table 1). One patient had hear-
ing loss, and one ocular lesion was detected. We also
assessed a total of 172 patients with ADAS and family mem-
bers for renal disease and detected renal disorders in 72
individuals, including ESRD in 19 patients. The median re-
nal survival time in this study was 70.0 years (Figure 1B).

Pathologic Findings

The pathologic findings are shown in Table 2. Renal biopsy
was performed in 16 patients from 16 families. All of these
patients had both hematuria and proteinuria at the time of
kidney biopsy. The mean age at renal biopsy was 32.3 years
old (range =11-61 years old). Five biopsies showed minimal
glomerular change, eight showed diffuse mesangial prolifer-
ation, and three showed FSGS, by light microscopy. Immu-
nofluorescence staining revealed IgM deposits in three
patients and IgA and C3 deposits in two patients. BWC
was detected by electron microscopy in nine patients, and
seven patients showed isolated TBM. Immunohistochemical
staining of collagen-a5(4) showed normal expression in 15
patients and was not examined in one patient. Seven patients
underwent multiple renal biopsies before diagnosis.

Mutation Detection
The detected mutations are shown in Table 3. Thirteen
different mutations, including 10 missense mutations

Autosomal Dominant Alport Syndrome, Kamiyoshi et al. 1445

leading to glycine substitutions, an 18-bp deletion
mutation, a splice-site mutation, and a 1-bp deletion mu-
tation were identified, all in the collagenic domain. Eight
of the mutations were novel mutations. Among the 16
families with ADAS, six had mutations in COL4A3, eight
had mutations in COL4A4, and two had mutations in both
COL4A3 and COL4A4 with identical substitutions suspi-
cious of a common ancestor. Five mutations were reported
to be causative mutations for ARAS in previous studies
(17,18).

NGS Analyses

We conducted comprehensive analyses of 25 patients
from 16 families by targeted resequencing. We targeted 27
causative genes for inherited FSGS and Alport syndrome
(Supplemental Table 1). Identical variants in COL4A3
and/or COL4A4 were detected by both Sanger method
and targeted resequencing in all patients. We also detected
168 variants in exonic region in 26 genes (Supplemental
Table 2), and those were not pathogenic variants.

We failed to identify any other variants considered to be
modifier genes or double mutations that might have
increased the severity of the phenotype.

Haplotype Analyses

Two families had double mutations in both COL4A3 and
COL4A4, with identical substitutions of p.Gly1406Glu
in COL4A3 and p.Gly957Arg in COL4A4. We, therefore,
performed microsatellite analysis to identify any founder
effect between these two families using eight markers
spanning 22.5 Mb centered on the COL4A3 and COL4A4
region on chromosome 2. A haplotype (gray in Figure 2)
spanning 13.4 Mb including COL4A3 and COL4A4 was
conserved in both families, suggesting that the disease-
associated segment might have been inherited from the
same founder.

Table 2. Pathologic findings
Patient ID .Age at . Light Immunoﬂuprescence Electron o5-Staining No. Qf
Biopsy, yr Microscopy Staining Microscopy Biopsies
72 14 MGA Negative TBM, BWC Positive 1
122 35 DMP Negative TBM Positive 1
124 45 MGA IeM TBM Positive 2
129 43 DMP ND TBM Positive 1
140 16 FSGS IgM TBM Positive 1
148 46 FSGS Negative TBM, BWC Positive 1
153 48 DMP ND TBM, BWC Positive 1
154 24 DMP IgA, C3 BWC Positive 2
161 26 MGA Negative TBM, BWC Positive 1
175 31 DMP Negative TBM, BWC Positive 4
198 17 DMP Negative TBM, BWC ND 4
205 45 FSGS IgM, Fib TBM Positive 2
279 30 MGA IgA, C3 TBM Positive 2
285 25 DMP Negative TBM Positive 1
297 11 MGA IgG, Clq TBM, BWC Positive 1
305 61 DMP Negative TBM, BWC Positive 2
ID, identification; MGA, minimal glomerular abnormality; TBM, thin basement membrane; BWC, basket weave change; DMP, diffuse
mesangial proliferation; Fib, fibrinogen; ND, not determined.
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Figure 2. | Haplotype analysis of two families harboring p.Gly1406Glu in collagen 4A3 (COL4A3) and p.Gly957Arg in COL4A4 mutations.
Haplotypes of (A) family 122 and (B) family 140. The haplotype from D25163 to D25362 (gray with black frame), spanning 13.4 Mb, was
conserved in both families. Squares indicate men, and circles indicate women. lack symbols indicate affected individuals, oblique bars in-
dicate deceased individuals, roman numerals represent generations, and numbers identify family members.

Genotype-Phenotype Correlations

We compared renal survival curves for patients with
missense mutations, nonmissense mutations, and double
mutations (Figure 1C). There were no significant differ-
ences among these three groups (P=0.18).

Discussion

This study is one of the largest to examine the clinical
manifestations, pathologic characteristics, and genetic
backgrounds of patients with ADAS. We conducted genetic
analyses in patients with clinical manifestations, pathologic
findings, and family histories consistent with Alport syn-
drome throughout Japan. To date, we have confirmed a
genetic diagnosis of Alport syndrome in 305 families and
detected ADAS in 16 families, giving a proportion of ADAS
of 5.25%, consistent with a previous report (2).

In our study, the median age for developing proteinuria
was 17 years old, and the median renal survival time was
70 years. In contrast, previous studies reported median
renal survival rates in men with XLAS or ARAS of 25 and
21 years old, respectively (18,19). Marcocci et al. (10) ob-
served proteinuria in 50% of patients with ADAS, but only

one patient developed proteinuria at younger than 20
years old; however, nine patients reached ESRD, and
only one reached ESRD before 40 years of age, consistent
with our results. Overall, these results indicate that renal
manifestations in individuals with ADAS are mild and
slowly progressive compared with those in men with
XLAS and individuals with ARAS.

Only one patient in our cohort developed hearing loss (at
age 61 years old), and one developed suspected age-related
macular degeneration (at age 82 years old). Marcocci et al.
(10) reported that 13.3% of patients with ADAS developed
sensorineural hearing loss and that only one developed
bilateral cataract, which was assumed to be caused by
postrenal transplantation steroid treatment. Jais et al. (19)
reported hearing loss and specific ocular changes in 79%
and 35.2%, respectively, among men with XLAS, whereas
Oka et al. (18) reported hearing loss in 40% and ocular
lesions in 10% of Japanese patients with ARAS. These re-
sults indicate that extrarenal manifestations are relatively
rare in patients with ADAS. Overall, the clinical manifes-
tations in patients with ADAS, especially in younger pa-
tients, seem to be much milder than those in men with
XLAS and patients with ARAS.



1448 Clinical Journal of the American Society of Nephrology

Sixteen patients in this study (one from each family)
underwent kidney biopsy. Light microscopy revealed FSGS
in three of these 16 patients. Previous studies of large Greek
Cypriot pedigrees led to the suggestion of a causal relation-
ship between heterozygous COL4A3/COL4A4 mutations
and FSGS (20,21). Malone et al. (5) analyzed a familial
FSGS cohort and found COL4A3 or COL4A4 variants in
seven of 70 families. Xie et al. (4) identified heterozygous
COL4A3 mutations in five (12.5%) FSGS families, whereas
Gast et al. (22) reported COL4A3 or COL4A4 variants in four
patients from three families among a total of 80 patients (5%)
with FSGS. This suggests that some patients with ADAS
might be diagnosed as having familial FSGS. Immunohisto-
chemical staining of a5(4) showed normal expression in glo-
meruli in all patients in this study. We previously also
showed normal expression of a5(4) in GBM in 29% of pa-
tients with XLAS and 20% of patients with ARAS (16,18). A
normal distribution of a5(4) cannot, thus, be used to estab-
lish the inheritance mode for ADAS. Although GBM alter-
ations were detected in all patients by electron microscopy,
seven patients showed isolated TBM. The mean ages at renal
biopsy were 34.1 years old (range =16-45 years old) in pa-
tients with isolated TBM and 30.9 years old (range =11-61
years old) in patients with BWC, suggesting that the differ-
ent findings between TBM and BWC are unlikely to be
caused by different ages at renal biopsy in patients with
ADAS. Furthermore, multiple renal biopsies were per-
formed before reaching a definite diagnosis in seven of
the 16 patients. These results indicate that it may be dif-
ficult to make a precise diagnosis of Alport syndrome on
the basis of clinical and pathologic findings.

Six patients in this study had heterozygous mutations in
COL4A3, eight patients had heterozygous mutations in
COL4A4, and two patients had heterozygous mutations
in both COL4A3 and COL4A4. The mutation sites were
scattered throughout the genes with no accumulation in
any specific region as in the previous study (10). Broad
differences in phenotypes were observed among unrelated
families, even among families with identical variants, and
we were unable to establish any genotype-phenotype cor-
relations in this cohort. Two families had double muta-
tions with identical substitutions in both genes in the cis
position, and microsatellite analysis in these families
identified a founder effect. Mencarelli et al. (23) recently
reported that digenic inheritance in ADAS was associated
with a poorer prognosis, intermediate between ADAS and
ARAS. The two families in our study comprised eight pa-
tients, five of whom developed ESRD at the ages of 20, 33,
57,70, and 80 years old. Renal phenotype, thus, varied in
these families, and we were unable to identify any corre-
lation between phenotype severity and double mutations.

Five mutations detected in patients with ADAS in this
study were previously reported as causative mutations for
ARAS (11,18). Interestingly, the heterozygous carrier parents
of these mutations in those reports were asymptomatic or
only presented with microhematuria. Strasser et al. (24) re-
ported that digenic mutations in COL4A5 and MYH9 af-
fected severity of Alport syndrome symptoms. We,
therefore, conducted targeted resequencing to search for
modifier genes among podocyte-related genes reported as
causative genes of familial FSGS or congenital nephrotic syn-
drome. As a result, we could not identify any variants likely

to act as modifier genes in this study (Supplemental Table 2).
These findings indicate that the heterozygous mutations in
COL4A3 or COL4A4 may cause ESRD on their own, al-
though secondary factors, such as environmental factors or
unknown genetic changes, might also contribute to the phe-
notype of kidney disease in patients with ADAS.

In conclusion, the results of this study clarify the natural
history of ADAS. Patients with ADAS show nonspecific
clinical manifestations, except for hematuria at a young age.
Pathologically, one half of the examined patients showed
isolated TBM, and all showed normal «a5(4), highlighting
the difficulty of establishing a precise diagnosis of ADAS
on the basis of clinical and pathologic findings, especially
in the early phase of the disease. Some patients with ADAS
may be incorrectly diagnosed with familial FSGS or even
IgA nephropathy. The phenotype of ADAS varies, regardless
of the genetic background, with no identifiable phenotype-
genotype correlations, indicating the existence of secondary
factors affecting the phenotype of kidney disease in patients
with ADAS.
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Abstract Atypical hemolytic uremic syndrome (aHUS) is
a rare disease characterized by the triad of microangio-
pathic hemolytic anemia, thrombocytopenia, and acute
kidney injury. In 2013, we developed diagnostic criteria to
enable early diagnosis and timely initiation of appropriate
treatment for aHUS. Recent clinical and molecular findings
have resulted in several proposed classifications and defi-
nitions of thrombotic microangiopathy and aHUS. Based
on recent advances in this field and the emerging
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international consensus to exclude secondary TMAs from
the definition of aHUS, we have redefined aHUS and
proposed diagnostic algorithms, differential diagnosis, and
therapeutic strategies for aHUS.

Keywords Atypical hemolytic uremic syndrome -
Thrombotic microangiopathy - Eculizumab - Alternative
complement pathway

Introduction

Thrombotic microangiopathy (TMA) is a pathophysiolog-
ical process characterized by the triad of microangiopathic
hemolytic anemia (MAHA), consumptive thrombocytope-
nia, and platelet-mediated microvascular occlusion, leading
to organ failure. Classic forms of TMA include hemolytic
uremic syndrome (HUS) and thrombotic thrombocytopenic
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purpura (TTP). TMAs caused by Shiga toxin-producing
Escherichia coli (STEC) are termed STEC-HUS, while
TMAs caused by severely reduced activity (levels less than
10 % of normal) of a disintegrin-like metalloproteinase
with thrombospondin type 1 repeat motifs 13
(ADAMTS13) are termed TTP.

Approximately 90 % of patients presenting with HUS
symptoms have STEC infection with bloody diarrhea. The
remaining 10 % do not present with diarrhea and their
samples are negative for Shiga toxins; such cases were pre-
viously classified as diarrhea-negative HUS (D(-)HUS). In
1981, the first case of D(-)HUS accompanied by complement
factor H (CFH) deficiency was reported [1]. Warwicker et al.
suggested CFH gene mutations as a possible cause of HUS in
a linkage analysis study performed in 1998 [2], one of the
earliest works to propose genetic involvement in atypical
HUS (aHUS). Subsequently, a series of studies indicated that
aHUS pathogenesis involved genetic abnormalities of the
complements, such as C3, complement factor B (CFB),
complement factor I (CFI), membrane cofactor protein
(MCP or CD46), and thrombomodulin (THBD). In addition,
an acquired form of aHUS with positive anti-CFH antibodies
has been identified.

Patients with aHUS have also been reported in Japan
[3], and a series of cases prompted the Japanese Society of
Nephrology and the Japan Pediatric Society to jointly
develop the aHUS diagnostic criteria in 2013 [4, 5]. These
criteria broadly defined aHUS as a TMA condition unre-
lated to STEC-HUS or TTP; thus, the definition included
aHUS with complement regulation abnormality and TMA
with coexisting diseases (secondary TMA; also called other
TMA). However, the international consensus to exclude
secondary TMAs from the definition of aHUS [6-8] sug-
gested the need to revise the 2013 edition. This article
explains the diagnosis and treatment guides for aHUS,
which have incorporated diagnostic algorithms and thera-
peutic recommendations to assist in clinical practice.

Definitions of TMA and aHUS

Originally, TMA was used to describe pathologic condi-
tions involving systemic microvascular thrombosis and
endothelial injury. Currently, TMA also refers to the clin-
ical conditions with the triad of MAHA, consumptive
thrombocytopenia, and platelet-mediated microvascular
occlusion, leading to organ failures. Common forms of
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TMA include TTP, STEC-HUS, complement-related
aHUS, and secondary TMA. Different types of TMA cause
thrombosis in preferential organs, and renal impairment is
the most frequent with STEC-HUS and aHUS.

There is currently no international consensus regarding
the classification of diseases under TMA. According to the
definition of the aHUS diagnostic criteria jointly proposed
by the Japanese Society of Nephrology and the Japan
Pediatric Society in 2013, aHUS involved the triad of
MAHA, thrombocytopenia, and acute kidney failure in the
absence of Shiga toxins and TTP [4, 5].

Quoting the diagnostic criteria established by the UK
aHUS Rare Disease Group, Scully and Goodship [7] pro-
posed to exclude the following from aHUS: STEC-HUS,
TTP, and secondary TMAs resulting from drugs, infection,
transplantation, cobalamin deficiency, systemic lupus ery-
thematosus, antiphospholipid syndrome, scleroderma, and
other causes.

The definitions of aHUS and TMA have been consider-
ably revised in the current aHUS clinical guides, based on
findings reported by several publications [7-9]. Specifically,
aHUS associated with congenital and acquired “comple-
ment regulation abnormality”, as defined in the 2013 ver-
sion, has been termed “aHUS (complement-mediated
HUS)” in the current edition. In addition, TMAs arising from
other causes have been defined as “secondary TMAs.”

More specifically, aHUS defined in the current version
relates to one of the following:

1. Congenital genetic abnormalities (known as of 2015)
in seven complement component and complement
regulatory genes; i.e., abnormalities in the CFH, CFI,
CD46 (MCP), C3, CFB, THBD, and diacylglycerol
kinase € (DGKE) genes. Note that several researchers
do not regard DGKE abnormalities as a cause of aHUS
because of the absence of compelling evidence of the
interplay between the DGKE and complement sys-
tems. Further, plasminogen (PLG) gene mutations
have been suggested to contribute to the etiology of
aHUS, but warrant further investigation.

2. Anti-CFH autoantibody positivity (a cause of acquired

aHUS).

3. Patients who have none of the genetic mutations

mentioned above, but whose clinical manifestations
suggest aHUS that cannot be classified as STEC-HUS,
TTP, or secondary TMA.

Epidemiology

The exact incidence rates of aHUS are unknown. It is
estimated that 2 per million adults and 3.3 per million
children develop aHUS each year [10]. Approximately
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40 % of patients who are newly diagnosed with aHUS are
under 18 years of age [9, 11]. A one-year prospective study
conducted in the United Kingdom reported that the inci-
dence rate was 0.4 patients per million population [12]. In
Japan, current estimates suggest that 100 to 200 patients
are diagnosed with aHUS.

Etiology and pathophysiology

Complement-mediated HUS is caused by dysregulation of
the alternative pathway of the complement system. The
genetic causes of aHUS can be divided into loss-of-func-
tion and gain-of-function mutations. Loss-of-function
mutations relate to the CFH, CFI, CD46, and THBD genes.
Anti-CFH antibody also results in CFH dysfunction. Gain-
of-function mutations relate to the CFB and C3 genes.
Loss-of-function and gain-of-function mutations both
cause hyperactivation of the alternative complement path-
way, which in turn induces aHUS by triggering endothelial
damage and platelet aggregation.

Anti-CFH autoantibodies have been detected in
approximately 10 % of patients with aHUS [13]. These
antibodies bind to the C-terminal domain of CFH and
impair CFH-mediated cell surface protection by interfering
with the interaction between CFH and its surface ligands.

Recent genetic studies of patients with TMA have
identified abnormalities in the THBD, DGKE, and PLG
encoding components of the coagulation and fibrinolytic
pathways [14, 15]. However, the details of the involvement
of these mutations in TMA pathogenesis remain to be
clarified. While THBD is a key mediator of anticoagulant
response, it also induces C3b inactivation by binding to
C3b or CFH. In the current clinical guides, patients with
THBD, DGKE, and PLG abnormalities are categorized as
having aHUS.

Diagnosis
Clinical manifestations

According to a UK national survey, the onset of many
cases of aHUS is either idiopathic or secondary to infection
and other disease triggers [16]. Similar to STEC-HUS,
aHUS is frequently accompanied by hemolytic anemia,
thrombocytopenia, and renal failure. The clinical mani-
festations may also include central neuropathy, cardiac
failure, respiratory disorders, enterocolitis, hypertension,
and other conditions affecting multiple organs or systems.
Patients with aHUS may present with ischemic enterocol-
itis and other gastrointestinal problems. In addition, aHUS
may be precipitated by microbial or viral infections of the

@ Springer

digestive system. Therefore, attention should be paid to the
fact that the presence of diarrhea does not exclude the
diagnosis of aHUS [16].

Clinical diagnostic criteria

Patients with TMA are clinically diagnosed with aHUS if
the following diagnoses can be excluded: STEC-HUS,
TTP, TMA secondary to metabolism-related, infection,
drug-induced, autoimmune diseases, malignant tumors,
hemolysis, elevated liver enzymes, and low platelets
(HELLP) syndrome, transplantation, or other known cau-
ses. TMA typically, but not necessarily, involves the fol-
lowing conditions:

1. MAHA with hemoglobin levels below 10 g/dL. In
addition to blood hemoglobin levels, elevation of
serum lactate dehydrogenase (LDH) level, notable de-
crease of serum haptoglobin level, and the presence of
schistocytes on a peripheral blood smear should be
taken into consideration to confirm the diagnosis of
MAHA. Detection of schistocytes is not a necessary
criterion for diagnosis of MAHA.

2. Thrombocytopenia with platelet counts less than
150,000/pL [9].

3. Acute kidney injury (AKI). In pediatric patients, AKI
is defined as serum creatinine levels at least 1.5 times
the upper limit of the age- and sex-specific pediatric
reference range defined by the Japanese Society for
Pediatric Nephrology [17]. For adult patients, the
diagnosis of AKI should be made according to well-
established diagnostic guidelines [18].

Differential diagnosis

Patients with TMA should be clinically diagnosed with
aHUS after confirming that they do not meet the criteria
for the following: first, STEC-HUS or TTP, and then,
TMA secondary to known causative underlying conditions
[7, 19]. It should be noted that some cases of secondary
TMA have been reported to have complement gene
mutations and anti-CFH antibodies. Future research
should investigate the extent of the involvement of
abnormal complement activation in the etiology of sec-
ondary TMA, the proportion of patients with complement
gene mutations among the population with secondary
TMA, and the effectiveness of eculizumab for treating
secondary TMA.

Clinicians should strongly suspect aHUS if the patient’s
family history includes individuals with the following
diagnoses: aHUS; HUS, TTP, or TMA in the era when
aHUS was not well recognized; or renal failure of unknown
cause.
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Differentiation between TMA and similar conditions

¢ Diagnosis of hemolytic anemia and differentia-
tion of MAHA from other forms of hemolytic
anemia. Elevated LDH level, schistocytes in blood
smears, and marked decreases in haptoglobin levels
are consistent with the diagnosis of hemolytic
anemia. The Coombs test is helpful in diagnosing
autoimmune hemolytic anemia.

e Differentiation between TMA and other disor-
ders causing AKIL

o Differentiation of disseminated intravascular
coagulation (DIC). Physicians should use well-
established diagnostic criteria for DIC. For this
purpose, appropriate parameters should be evalu-
ated, such as prothrombin time (PT), activated
partial thromboplastin time (APTT), and fibrin
degradation product (FDP), D-dimer, and fibrino-
gen levels. In general, DIC occurs secondary to
sepsis, malignant tumors, hematologic disorders,
trauma, and other underlying causes.

o Differentiation of pernicious anemia. Pernicious
anemia has been reported to present with clinical
manifestations similar to those of TMA [20].
Measurements of vitamin B12 and folic acid levels
are helpful for its identification. Patients with
pernicious anemia frequently have low reticulocyte
counts.

¢ Differentiation of heparin-induced thrombocy-
topenia (HIT).

Differentiation of STEC-HUS

Results of stool culture assays, direct detection of
Shiga toxins in feces, and anti-lipopolysaccharide
(LPS) immunoglobulin (Ig) M antibody measurements
assist the diagnosis of STEC infection. Approximately
80 % of patients with STEC-HUS have bloody diar-
rhea, which is often severe. Ultrasound scans typically
show extreme wall thickening of the ascending colon
with elevated echogenicity. In pediatric patients,
STEC-HUS accounts for approximately 90 % of all
TMA cases. Therefore, STEC-HUS should be primar-
ily suspected in children aged 6 months or older
presenting with severe bloody diarrhea and other
common gastrointestinal complications.
Differentiation of TTP

Patients who have less than 10 % of normal
ADAMTSI3 activity and are positive for anti-
ADAMTSI13 neutralizing antibodies (inhibitors) are
diagnosed with acquired TTP. Congenital TTP is
suspected if ADAMTS13 activity is less than 10 % and
anti-ADAMTS13 inhibitors are not present [21]. To
confirm the diagnosis of congenital TTP, ADAMSTI3
gene analysis is necessary. TMAs other than TTP, such

as aHUS, HUS, and secondary TMA, are occasionally
associated with decreased ADAMTS13 activity; how-
ever, in most such cases, ADAMTS13 activity does not
decrease below 20 % of normal [22].
Differentiation of Secondary TMA

e Cobalamin C deficiency (particularly in infants).
Disorders of cobalamin metabolism are frequently
detected in infants less than 12 months of age
presenting with feeding problems, vomiting, poor
growth, enervation, hypotonia, and convulsions.
Cobalamin C deficiency has also been reported in
adults in recent years. This disease presents with

hyperhomocysteinemia, decreased plasma
methionine levels, and methylmalonic aciduria
[23].

e Autoimmune diseases and connective tissue
diseases, in particular, systemic lupus erythemato-
sus, scleroderma renal crisis, antiphospholipid
syndrome, multiple myositis/dermatomyositis, and
vasculitis. These disorders often present with signs
and symptoms similar to TMA. The following
assessments should be conducted, as appropriate:
antinuclear antibodies, antiphospholipid antibodies,
anti-DNA antibodies, anti-centromere antibodies,
anti-Scl-70 antibodies, C3, C4, CH50,
immunoglobulin (Ig)G, IgA, IgM, and anti-neu-
trophil cytoplasmic antibodies (ANCA).

e Accelerated or malignant hypertension. Patients
with accelerated or malignant hypertension often
present with TMA. Patients with aHUS sometimes
present with accelerated or malignant hypertension;
thus, when TMA persists after treatment of hyper-
tension, efforts should be made to differentiate
aHUS from these disorders.

e Malignant tumors. Advanced malignant tumors
often cause TMA. In a review of cancer-related
TMA cases reported in the literature, more than
90 % had advanced cancers, including tumors of
the gastrointestinal tract, breast, prostate, and lung
[24].

e Infections. Pneumococcal infections, particularly
invasive pneumococcal infections, cause TMA
mostly in children. Therapeutic plasma exchange
may aggravate the condition. Approximately 90 %
of patients with pneumococcus-associated HUS
have positive direct Coombs test results [25]. In
addition to pneumococcal infection, infections with
human immunodeficiency virus (HIV), influenza A
HINI1 virus, hepatitis C virus, and cytomegalo-
virus, as well as pertussis, varicella, and severe
streptococcal infection, have been reported to cause
TMA [16, 26, 27]. Attention should be paid to the
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cases where infections with influenza virus and
other infections often trigger the onset of aHUS
[28].

e Pregnancy-induced HELLP syndrome and
eclampsia. HELLP syndrome and eclampsia usu-
ally resolve quickly after delivery. However, cases
of TTP and aHUS triggered by pregnancy have
been reported in the literature. In a cohort study,
patients with aHUS developed HELLP syndrome
primarily postpartum [29]; however, the incidence
of aHUS among patients with HELLP syndrome or
postpartum HELLP syndrome is unknown.

e Drug-induced TMA. Anti-tumor agents, anti-
platelet drugs, immunosuppressive agents, and
other medications may cause TMA (Table 1)
[30]. Agents suspected of causing TMA should
be tapered or discontinued wherever possible.

e Acute pancreatitis. Acute pancreatitis is a possible
or probable precipitating event for TMA episodes
[31]. In a review of seven cases of TMA precip-
itated by acute pancreatitis, patients responded well
to therapeutic plasma exchange [32].

e Post-transplant TMA subsequent to hematopoi-
etic stem cell or organ transplantation. Post-
transplant TMA following hematopoietic stem cell
transplantation has been widely documented. In
patients with post-transplant TMA, ADAMTS13
activities usually do not fall below 10 % of normal,
and plasma exchange is not very effective. Typical
interventions include discontinuation or dose
reduction of immunosuppressive calcineurin inhi-
bitors [33]. Recent research revealed a high
prevalence of anti-CFH autoantibodies in pediatric
patients with hematopoietic stem cell transplant-
associated TMA [34]; however, the involvement of
complement dysregulation in the pathogenesis of
TMA following hematopoietic stem cell transplant
requires further investigation.

Patients with end-stage renal disease due to aHUS
who are undergoing kidney transplant are at high
risk of TMA recurrence and graft loss. It is
therefore advisable to conduct genetic testing
preoperatively in prospective kidney recipients
suspected of having aHUS. TMAs occurring sub-
sequent to kidney transplant (de novo) involve new
onset of aHUS, with complement abnormalities
[35], as well as transplant-induced TMA [30]. The
clinical approaches for patients with aHUS under-
going kidney transplantation and TMA after kidney
transplantation are beyond the scope of this guide;
please see the current consensus [8]. The occur-
rence of TMA has been documented not only in
patients with kidney transplants, but in those
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receiving liver, heart, lung, and small intestine
transplants [36].

Considerations concerning pediatric diagnosis

STEC-HUS should primarily be suspected in children with
TMA aged 6 months or older who manifest severe bloody
diarrhea, because STEC-HUS accounts for approximately
90 % of all pediatric TMA cases. Conditions that predis-
pose pediatric patients to TMA, not accompanied by
diarrhea or bloody stool include pneumococcal and other
infections in infants, and systemic lupus erythematosus and
antiphospholipid syndrome. When a pediatric patient is
diagnosed with TMA, the physician should immediately
examine the possibility of TTP and determine whether
existing medical conditions or oral medications are causing
TMA. If these possibilities are ruled out, the physician
should initiate eculizumab therapy while continuing to
investigate whether rarer etiologies are responsible for
TMA.

Laboratory confirmation of aHUS diagnosis

Besides the laboratory data supporting the diagnosis of
TMA mentioned above, low C3 and normal C4 levels
strongly suggest activation of the alternative pathway, and
hence aHUS. However, previous data show that low C3
levels are detected in approximately half of patients with
aHUS, and normal C3 levels do not necessarily rule out its
diagnosis. To establish a diagnosis of aHUS, several
studies recommend analyses of CFH, CFI, and CFB levels,
and leukocyte expression levels of CD46 in addition to
routine blood C3 and C4 measurements. However, the
levels of these alternative complement molecules do not
necessarily lead to the diagnosis of aHUS [6]. Quantitative
hemolytic assay protocols using sheep erythrocytes are
highly sensitive methods for detecting patients with genetic
CFH abnormalities and anti-CFH antibodies [37, 38].
However, these protocols are still not practical for use in
routine clinical settings. Urological examination in many
patients with aHUS shows hematuria and proteinuria.

Confirmatory diagnosis of aHUS requires genetic testing
for known causative genes and analysis of anti-CFH anti-
bodies. However, the absence of causative genetic muta-
tions does not always exclude the diagnosis of aHUS,
because approximately 40 % of patients show no known
genetic abnormalities.

Physicians caring for patients with suspected aHUS in
Japan are advised to contact the Division of Nephrology
and Endocrinology, University of Tokyo Hospital (ahus-
office @umin.ac.jp), which will conduct hemolytic assay,
anti-CFH antibody screening and genetic assays in
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Table 1 Examples of

. Antiplatelets
medications that may cause ) ]
TMA (adopted from References Antibacterials
[9, 30]) Antivirals

Interferons

Antitumor agents

Immunosuppressants

Oral contraceptives

Ticlopidine, clopidogrel
Quinine

Valacyclovir

Mitomycin C, gemcitabine, cisplatin, vascular endothelial
growth factor (VEGF) inhibitors, tyrosine kinase inhibitors

Cyclosporin, tacrolimus, sirolimus

collaboration with the National Cerebral and Cardiovas-
cular Center, Research Institute, Osaka, Japan. These
researches are supported as the government-subsidized
program, “Observational Study of Atypical Hemolytic
Uremic Syndrome in Japan”.

Treatments
Therapeutic considerations

Since the 1980s, plasma exchange therapy has been the
mainstay method for management of aHUS. This therapy
aims to eliminate abnormal complement regulatory pro-
teins and anti-CFH antibodies, while supplementing nor-
mal complement regulatory proteins. Eculizumab is a
humanized monoclonal antibody that binds to C5 com-
plement protein. Eculizumab suppresses C5 cleavage to
C5a and C5b and thereby prevents the production of the
membrane attack complement complex (MAC).

In practical terms, when a patient presents with TMA
and is negative for STEC-HUS and invasive pneumococcal
infection (the latter of which is not indicated for plasma
exchange), the treating physician should start the empirical
treatments described below, while continuing diagnostic
efforts. Physicians should also pay attention to systemic
management such as fluid and electrolyte control, blood
pressure control, and supportive therapies for AKI.

If the physician considers plasma exchange appropriate,
it should be started immediately. Daily sessions followed
by gradual tapering of the plasma therapy are recom-
mended. Plasma infusion may be implemented in pediatric
patients in whom plasma exchange is technically difficult
to perform, as well as in situations where plasma exchange
cannot be performed. The tapering of the plasma therapy
will generally be based on improvements in platelet count,
LDH and hemoglobin levels [39]. Although plasma infu-
sion and plasma exchange can achieve hematological
remission in approximately 70 % of patients with aHUS,
long-term outcomes include high incidences of TMA
recurrence, progression to end-stage renal failure, and
death [40].

If the patient is clinically diagnosed with aHUS after
STEC-HUS, and if TTP and secondary TMA are ruled out,
the physician should consider eculizumab therapy [7].
Eculizumab is recommended in the early stages of treat-
ment of pediatric patients with clinically diagnosed aHUS
because pediatric patients have a lower incidence of sec-
ondary TMA than adults and a higher rate of complications
related to catheterization for plasma exchange and plasma
infusion [8].

Decreased platelet counts observed in patients with
aHUS usually resolve after 1 to 2 weeks of eculizumab
therapy [41-43].

In anti-CFH antibody-positive patients, plasma
exchange combined with immunosuppressants or steroids,
as compared to plasma exchange alone, yielded better
outcomes with reduced antibody titers [11]. Eculizumab
may be considered for treating aHUS accompanied by
extra-renal organ injury [8].

Warnings and precautions for eculizumab use

Eculizumab has been shown to elevate the risk of
meningococcal infection, and patients should be immu-
nized with meningococcal vaccine at least two weeks prior
to receiving eculizumab. If situations require immediate
eculizumab administration in a patient who has not been
immunized with meningococcal vaccine, the physician
must administer appropriate prophylactic antibiotics.

Discontinuation of eculizumab

No expert consensus has been reached regarding the timing
of eculizumab withdrawal after achievement of remission.

One study reviewed 20 cases of aHUS involving eculi-
zumab therapy discontinuation [8]. Patients with CFH
mutations and anti-CFH antibody-positive patients had a
higher rate of recurrence. However, among patients with
CD46 or CFI mutations and those without known causative
genes, no recurrence was observed during the study period.
In a similar review of 24 patients who terminated eculi-
zumab therapy [44], the incidence rate was 25 %, and
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recurrences were noted more frequently in patients with
CFH mutation and those positive for anti-CFH antibodies.

Available vaccines are insufficient for completely pre-
venting meningococcal and other types of infections in
patients receiving eculizumab. Eculizumab therapy
requires patients to visit the hospital once every two weeks,
a requirement that considerably affects their quality of life.
Long-term repeated intravenous administration often leads
to compromised vascular access. In addition, cost-benefit
analyses should be considered for eculizumab, one of the
most expensive drugs on the market. Future research on the
relationship between genetic mutations and treatment out-
comes, and markers for early detection of recurrence, will
shed light on ways of overcoming these problems [8, 44].

Outcome

The literature has reported gene-specific differences in
response to therapeutic plasma exchange and in graft sur-
vival after kidney transplant [11]. While eculizumab ther-
apy has been shown to improve treatment outcomes, its
gene-specific outcomes are not well known.
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decreased urate excretion
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: To clarify the physiological and pathophysiological roles of intestinal urate excretion via ABCG2 in
humans, we genotyped ABCG2 dysfunctional common variants, Q126X (rs72552713) and Q141K

. (rs2231142), in end-stage renal disease (hemodialysis) and acute gastroenteritis patients, respectively.

. ABCG2 dysfunction markedly increased serum uric acid (SUA) levels in 106 hemodialysis patients

© (P=1.1 x 10~*), which demonstrated the physiological role of ABCG2 for intestinal urate excretion
because their urate excretion almost depends on intestinal excretion via ABCG2. Also, ABCG2
dysfunction significantly elevated SUA in 67 acute gastroenteritis patients (P=6.3 x 103) regardless
of the degree of dehydration, which demonstrated the pathophysiological role of ABCG2 in acute
gastroenteritis. These findings for the first time show ABCG2-mediated intestinal urate excretion in
humans, and indicates the physiological and pathophysiological importance of intestinal epithelium as
an excretion pathway besides an absorption pathway. Furthermore, increased SUA could be a useful
marker not only for dehydration but also epithelial impairment of intestine.

Hyperuricemia is a common disease which induces gout, and can lead to renal disorder, hypertension, cardiovas-
© cular or cerebrovascular diseases!. ATP-binding cassette transporter, subfamily G, member 2 (ABCG2/BCRP) is a
* high-capacity urate transporter? and expresses in both intestine® and kidney*. We and others previously demon-
strated that ABCG2 dysfunction by its common variants causes gout>>° and hyperuricemia®’ by decreasing urate
. excretion. However, the evaluation of intestinal urate excretion in humans is very difficult due to urate degrada-
© tion by intestinal bacterial flora. Thus, our previous study® has revealed the importance of ABCG2 for intestinal
urate excretion using Abcg2-knockout mice, but not in humans. In this study, to clarify the physiological role of
intestinal urate excretion via ABCG2 in humans, we performed genotyping of ABCG2 dysfunctional variants
in end-stage renal disease (hemodialysis) patients whose serum uric acid (SUA) levels are extremely elevated®!
and urate excretion almost depends on intestinal excretion via ABCG2 because of their almost complete absence
of renal urate excretion. Furthermore, to investigate the pathophysiological role of intestinal urate excretion via
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Full function c/C C/C *1/%1 51 50 29
3/4 function Cc/C C/A *1/%2 46 41 30
1/2 function c/C A/A *2/%2 4 8 7

C/T c/C *1/%3 3 5 1
<1/4 function C/T A/C *2/%3 2 2 0

T/T c/C *3/%3 0 0 0
Total 106 106 67

Table 1. Genotyping results for each estimated ABCG2 function of participants. **1, *2 and *3 represent
haplotypes “C-C” (126Q and 141Q), “C-A” (126Q and 141K) and “T-C” (126X and 141Q) of two dysfunctional
variants, Q126X (rs72552713) and Q141K (rs2231142), respectively. 7106 health examination participants were
matched for sex- and body-mass index to 106 hemodialysis patients and selected from J-MICC Study.

Full function (*1/%1) 51| 71401 50 | 53402 29 | 75405 24 | 42403
3/4 function (¥1/%2) 46 | 79401 4 | 50+02 30 | 96407 24 | 49404
1 k1 /% *9) [k k9 /%
=2 /i“;;““’“ CU*3,521%2,720%3 | g | g4t07 15 | 60403 8 | 106414 7 | 54406
0.63(0.16) 0.17 (0.18) 173 (0.61) 0.60 (0.36)
Total 106 | 75201 | 0 010 106 | 5300 | 93700 67 | ssoa | IO s | ggu0a | 000

Table 2. Estimated ABCG2 function and SUA of hemodialysis patients and acute gastroenteritis patients.
N, number; SUA, serum uric acid. Plus-minus values are means == SEM. **1, *2 and *3 represent haplotypes

of two dysfunctional variants (Q126X and Q141K) as previously reported. Detailed information on ABCG2
haplotypes is also shown in Table 1. 7106 controls were matched for sex- and body-mass index to 106
hemodialysis patients and selected from health examination participants in J-MICC Study. *3 means regression
coefficient. SP values were obtained by multiple regression analysis including ABCG2 function and age in the
model. IIP values were obtained by linear regression analysis.

ABCG2 in intestinal diseases, we also performed genotyping of ABCG2 dysfunctional variants in acute gastroen-
teritis patients whose ABCG2 function of intestinal urate excretion should be seriously impaired due to damage
to the intestinal epithelium.

Results

Genotyping of ABCG2. Genotyping results of the two ABCG2 dysfunctional variants, Q126X (rs72552713)
and Q141K (rs2231142), for 106 hemodialysis patients, 106 sex- and body mass index (BMI)-matched health
examination participants and 67 acute gastroenteritis patients, were shown in Table 1. The call rates for both
variants were 100%, and they were in Hardy-Weinberg equilibrium (P > 0.05). Haplotype frequency of Q126X
and Q141K was estimated as shown in Supplementary Table 1. This result indicates that there is no simultaneous
presence of the minor allele of Q126X (“T” allele) and Q141K (“A” allele) in one haplotype, which is consistent
with our previous study?. Therefore, we presumed the diplotypes of all samples as shown in Table 1. In this study,
all of the participants were divided into three groups (full function, 3/4 function and <1/2 function) based on
estimated ABCG2 function for the following analyses.

Analysis of hemodialysis patients. The estimated ABCG2 function of 106 hemodialysis patients and
the mean SUA for each group were shown in Table 2. The less activity the ABCG2 function showed the higher
the SUA (7.1 mg/dl for full function, 7.9 mg/dl for 3/4 function and 8.4 mg/dl for <1/2 function), and multiple
regression analysis revealed that ABCG2 dysfunction significantly elevated SUA (P=1.1 x 10~*). On the other
hand, in 106 sex- and BMI-matched health examination participants, ABCG2 dysfunction tended to elevate SUA
(5.3 mg/dl for full function, 5.0 mg/dl for 3/4 function and 6.0 mg/dl for <1/2 function), although not signifi-
cantly (P=0.36, Table 2).

Analysis of acute gastroenteritis patients. The SUA levels of 67 patients were measured during an acute
period of gastroenteritis. Additionally, the SUA levels of 55 patients were measured during the recovery period
from gastroenteritis. The mean SUA levels of the acute and recovery period (Table 2) were 8.8 mg/dl and 4.7 mg/dl,
respectively, and the paired t-test showed a significant difference between them (P=2.3 x 107!2). The number
of patients, who were divided into three groups by estimated ABCG2 function, and the mean SUA levels at the
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Number
-

Estimated ABCG2 function Dehydration
(Diplotype of Q126X and Q141K)" | Acute gastroenteritis = + | Pvalue?
Full function (*1/*1) 29 23 6
3/4 function (*1/*2) 30 20 10
<1/2 function (*1/*3, *2/*2, 3 6 5
*#2/%3 or *3/*3)
Total 67 49 18 0.50

Table 3. Dehydration in acute gastroenteritis patients for each ABCG2 function. **1, *2 and *3 represent
haplotypes of two dysfunctional variants (Q126X and Q141K). Detailed information on ABCG2 haplotypes

is also shown in Table 1. *“—” means minimal or no dehydration and “+” means mild to moderate or severe
dehydration evaluated according to the criteria recommended by the Center for Disease Control (CDC).

P values were obtained by Cochran-Armitage test.

acute and recovery period of gastroenteritis were shown in Table 2. In the acute period, ABCG2 dysfunction
significantly elevated SUA (7.5 mg/dl for full function, 9.6 mg/dl for 3/4 function and 10.6 mg/dl for <1/2 func-
tion, P=6.3 x 1072), and the degree of dehydration also affected SUA (P=1.6 x 10, Supplementary Table 2).
However, ABCG2 dysfunction was not associated with the degree of dehydration in the acute period (P=0.50,
Table 3) and the significant association between ABCG2 dysfunction and SUA remained after the adjustment
for the degree of dehydration (P=7.8 x 10~?), indicating that the association between ABCG2 dysfunction and
SUA was not due to dehydration. Regarding the recovery period, there was a trend for SUA to increase by ABCG2
dysfunction (4.2 mg/dl for full function, 4.9 mg/dl for 3/4 function and 5.4 mg/dl for <1/2 function, Table 2), but
it was not significant (P=0.10).

Discussion

ABCG2, which mediates urate excretion, expresses in both intestine® and kidney*. About two-thirds of urate is
excreted from kidney and about one-third from intestine'"'2. This is consistent with our previous study using
Abcg2-knockout mice®. However, ABCG2-mediated intestinal urate excretion has not been directly shown by
human study. In end-stage renal disease (hemodialysis) patients whose SUA levels are extremely elevated®'?, renal
urate excretion is nearly completely absent, and almost all urate excretion must depend on intestinal excretion
via ABCG2. Thus, it was supposed that the degree of intestinal ABCG2 dysfunction strongly affects the severity
of hyperuricemia in hemodialysis patients (Fig. 1), as was shown by multiple regression analysis in the present
study (Table 2). This finding is the first evidence for a physiological role of ABCG2 on intestinal urate excretion
in humans.

Besides the physiological role for intestinal urate excretion via ABCG2 in humans, we for the first time
demonstrated that hyperuricemia in acute gastroenteritis patients is caused by decreased urate excretion in addi-
tion to dehydration which is generally considered to be a major cause of hyperuricemia in acute gastroenteritis
patients'®. Pathogens which cause acute gastroenteritis, such as rotaviruses, primarily infect the villus epithelium
of the small intestine'*-"7. These viruses induce the destruction of infected intestinal epithelial cells, but they also
mediate the down-regulation of the expression of absorptive enzymes, transporters and cytokines, which instigate
malabsorption of D-xylose, lipid or lactose!*1”18, In acute gastroenteritis patients, intestinal inflammation would
also seriously impair the function of intestinal urate excretion of ABCG2, which could be one of the reasons why
SUA is markedly increased in acute gastroenteritis patients. Therefore, it is clearly possible that the degree of renal
ABCG?2 dysfunction affects the severity of hyperuricemia in gastroenteritis patients (Fig. 1), as was first shown by
linear regression analysis in acute period gastroenteritis patients in the present study (Table 2).

The evaluation of intestinal urate excretion in humans is very difficult because urate excreted into the intes-
tinal lumen is rapidly metabolized by bacterial flora. Thus, our previous study® could reveal the importance of
ABCG2 for intestinal urate excretion not using human, but rather Abcg2-knockout mice treated with oxonate, an
uricase inhibitor. In addition, another study has also reported the decreased intestinal excretion and increased
plasma concentration of uric acid in Abcg2-knockout mice®.

Taking into account the results from both hemodialysis and acute gastroenteritis patients in the present study,
we for the first time demonstrated that ABCG2 mediates intestinal urate excretion in humans, which suggests
the physiological importance of intestinal epithelium as an excretion pathway besides an absorption pathway.
In addition, if an end-stage renal disease patient develops acute gastroenteritis, both renal and intestinal urate
excretion via ABCG2 will extremely decrease, and thereby greatly elevate SUA.

In light of these findings, although further studies would be necessary because of the limited sample size in
this study, we proposed a physiological model of urate excretion via ABCG2 in humans, and a pathophysiological
model of hyperuricemia in intestinal and renal diseases (Fig. 1). Physiologically, ABCG2 mediates urate excretion
in both intestine and kidney in humans. Pathophysiologically, in end-stage renal disease patients, the degree of
intestinal ABCG2 dysfunction strongly affects the severity of hyperuricemia because urate excretion almost all
depends on intestinal excretion via ABCG2. Contrarily, in acute gastroenteritis patients, the function of intestinal
urate excretion via ABCG2 is severely impaired. Therefore, the degree of renal ABCG2 dysfunction clearly affects
the severity of hyperuricemia. By this proposed model, physicians will recognize that increased SUA levels could
be a useful marker not only for dehydration but also for intestinal impairment which induces urate export failure
in intestines. Physicians could also consider “the urate excretion failure due to intestinal impairment” as one of
the common causes of hyperuricemia which is often complicated in patients with acute gastroenteritis.
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Figure 1. Pathophysiological model of ABCG2-mediated urate excretion in end-stage renal disease and
acute gastroenteritis patients. SUA, serum uric acid. ABCG2 physiologically mediates urate excretion in both
intestine and kidney. In end-stage renal disease (renal failure) patients, renal urate excretion would be nearly
eliminated with urate excretion depending almost entirely on intestinal excretion. Thus, the degree of intestinal
ABCG?2 dysfunction strongly affects the severity of hyperuricemia in renal diseases such as end-stage renal
disease. On the other hand, in acute gastroenteritis patients, intestinal inflammation seriously impairs the
intestinal urate excretion via ABCG2. Therefore, the degree of renal ABCG2 dysfunction markedly affects the
severity of hyperuricemia in intestinal diseases such as acute gastroenteritis patients.

In summary, we revealed that two common dysfunctional variants (Q126X and Q141K) of ABCG2 have a
significant negative effect on both intestinal and renal urate excretion in humans, and that intestinal and renal
ABCG2 dysfunction markedly increases SUA in end-stage renal disease and acute gastroenteritis. These find-
ings for the first time demonstrated the physiological and pathophysiological roles of ABCG2 on intestinal urate
excretion in humans.

Methods

Participants. This study was approved by the institutional ethical committee of the National Defense Medical
College, and all procedures were performed in accordance with the Declaration of Helsinki with written informed
consent from each subject. When the participant was a minor, written informed consent was obtained from
each parent or guardian of that participant. Degree of dehydration in acute gastroenteritis patients was evaluated
by physicians (T. Tsunoda and T.S.) according to the criteria recommended by the Center for Disease Control
(CDC)?, and classified as “minimal or no dehydration”, “mild to moderate dehydration’, and “severe dehydration”.

In order to clarify the physiological role of intestinal urate excretion via ABCG2, 106 maintenance hemodial-
ysis patients not taking medications for hyperuricemia were assigned from among the outpatients at Ryougoku
East Gate Clinic (Tokyo, Japan). Their SUA levels were measured three times just before each maintenance hemo-
dialysis, and the average was used for analyses. In addition, 106 sex- and BMI-matched subjects were selected
from health examination participants in the Shizuoka area in the Japan Multi-Institutional Collaborative Cohort
Study (J-MICC Study)?»2.

Sixty-seven pediatric patients with acute gastroenteritis were also recruited at the Department of Pediatric
Hepatology and Gastroenterology in Saiseikai Yokohamashi Tobu Hospital (Yokohama, Japan). Their SUA levels
were measured twice at the acute and recovery period of gastroenteritis.

The details of participants in this study are shown in Supplementary Table 3.

Genetic analysis and estimation of ABCG2 function. Genomic DNA was extracted from whole peripheral
blood cells®. Genotyping of ABCG2 dysfunctional variants, Q126X (rs72552713) and Q141K (rs2231142), was
performed using the TagMan method (Life Technologies Corporation, Carlsbad, CA, USA) with a LightCycler 480
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(Roche Diagnostics, Mannheim, Germany) as previously described?*. Custom TagMan assay probes were designed
as follows: for Q126X, VIC-CCACTAATACTTACTTGTACCAC and FAM-CCACTAATACTTACTTATACCAC;
for Q141K, VIC-CTGCTGAGAACTGTAAGTT and FAM-CTGCTGAGAACTTTAAGTT. To confirm their
genotypes, DNA sequencing analysis was performed with the following primers: for Q126X,
forward 5'-TGTACAATGAAAAGAGAAAGGTGAG-3' and reverse 5'-CTGCCTTTTCACATAAGTGTC-3'; for
Q141K, forward 5-ATGGAGTTAACTGTCATTTGC-3' and reverse 5'-CACGTTCATATTATGTAACAAGCC-3'.
Direct sequencing was performed with a 3130x] Genetic Analyzer (Life Technologies Corporation)??*,

We previously reported that Q126X is a nonfunctional variant, Q141K is a half-functional variant for urate
excretion compared to the wild-type, and that there was no simultaneous presence of the minor alleles of Q126X
and Q141K in one haplotype?, which is confirmed in the participants of the present study (Supplementary Table 1).
Thus, three haplotypes were defined as *1 (126Q and 141Q), *2 (126Q and 141K) and *3 (126X and 141Q) as
previously reported®, and all patients could be divided into the following ABCG2 functional groups: full function
(*1/*1), 3/4 function (mild dysfunction, *1/*2), 1/2 function (moderate dysfunction, *1/*3 or *2/*2), and <1/4
function (severe dysfunction, *2/*3 or *3/*3)?* as shown in Table 1.

Statistical analysis. For all calculations in the statistical analysis, the software R (version 3.1.1) (http://
www.r-project.org/) was used?. Comparison of SUA between the acute and recovery period of gastroenteritis
was performed with a paired t-test using a two-tailed P value. Linear regression analysis was performed to test the
hypothesis that there was no relation between ABCG2 dysfunction and SUA in the analysis of acute gastroenteri-
tis patients. Multiple regression analysis including ABCG2 function and age in the model was used for the analy-
sis of hemodialysis patients and sex- and BMI-matched health examination participants, because age could not be
completely matched in the selection from health examination participants. The association between ABCG2 and
dehydration was examined using the Cochran-Armitage trend test. Haplotype estimation was performed with
the EM algorithm?” using the package haplo.stats of the software R. We set the significance threshold as &« =0.05.

References
1. Feig, D. 1., Kang, D. H. & Johnson, R. J. Uric acid and cardiovascular risk. N. Engl. . Med. 359, 1811-1821 (2008).
2. Matsuo, H. et al. Common defects of ABCG2, a high-capacity urate exporter, cause gout: a function-based genetic analysis in a
Japanese population. Sci. Transl. Med. 1, 5rall (2009).
3. Maliepaard, M. et al. Subcellular localization and distribution of the breast cancer resistance protein transporter in normal human
tissues. Cancer Res. 61, 3458-3464 (2001).
4. Huls, M. et al. The breast cancer resistance protein transporter ABCG?2 is expressed in the human kidney proximal tubule apical
membrane. Kidney Int. 73, 220-225 (2008).
5. Woodward, O. M. et al. Identification of a urate transporter, ABCG2, with a common functional polymorphism causing gout. Proc.
Natl. Acad. Sci. USA 106, 10338-10342 (2009).
6. Matsuo, H. et al. Common dysfunctional variants in ABCG2 are a major cause of early-onset gout. Sci. Rep. 3, 2014 (2013).
7. Nakayama, A. et al. Common dysfunctional variants of ABCG2 have stronger impact on hyperuricemia progression than typical
environmental risk factors. Sci. Rep. 4, 5227 (2014).
. Ichida, K. et al. Decreased extra-renal urate excretion is a common cause of hyperuricemia. Nat. Commun. 3, 764 (2012).
9. Krishnan, E. Chronic kidney disease and the risk of incident gout among middle-aged men: a seven-year prospective observational
study. Arthritis Rheum. 65, 3271-3278 (2013).
10. Prasad Sah, O. S. & Qing, Y. X. Associations between hyperuricemia and chronic kidney disease: a review. Nephrourol Mon 7, 27233
(2015).
11. Sica, D. A. & Schoolwerth, A. In Brenner and Rector’s The Kidney (ed Brenner, B. M.) 645-649 (Saunders, 2004).
12. Sorensen, L. B. Role of the intestinal tract in the elimination of uric acid. Arthritis Rheum. 8, 694-706 (1965).
13. Adler, R., Robinson, R., Pazdral, P. & Grushkin, C. Hyperuricemia in diarrheal dehydration. Am. J. Dis. Child. 136,211-213 (1982).
14. Schreiber, D. S., Blacklow, N. R. & Trier, J. S. The mucosal lesion of the proximal small intestine in acute infectious nonbacterial
gastroenteritis. N. Engl. . Med. 288, 1318-1323 (1973).
15. Ciarlet, M., Conner, M. E., Finegold, M. J. & Estes, M. K. Group A rotavirus infection and age-dependent diarrheal disease in rats: a
new animal model to study the pathophysiology of rotavirus infection. J. Virol. 76, 41-57 (2002).
16. Ramig, R. F. Pathogenesis of intestinal and systemic rotavirus infection. J. Virol. 78, 10213-10220 (2004).
17. Greenberg, H. B. & Estes, M. K. Rotaviruses: from pathogenesis to vaccination. Gastroenterol. 136, 1939-1951 (2009).
18. Karst, S. M., Zhu, S. & Goodfellow, I. G. The molecular pathology of noroviruses. J. Pathol. 235, 206-216 (2015).
19. Hosomi, A., Nakanishi, T., Fujita, T. & Tamai, I. Extra-renal elimination of uric acid via intestinal efflux transporter BCRP/ABCG2.
PLo0S One 7, €30456 (2012).
20. King, C. K, Glass, R., Bresee, J. S. & Duggan, C. Managing acute gastroenteritis among children: oral rehydration, maintenance, and
nutritional therapy. MM WR Recomm. Rep. 52, 1-16 (2003).
21. Hamajima, N. & J-MICC Study Group. The Japan Multi-Institutional Collaborative Cohort Study (J-MICC Study) to detect gene-
environment interactions for cancer. Asian Pac. J. Cancer Prev. 8,317-323 (2007).
22. Asai, Y. et al. Baseline data of Shizuoka area in the Japan Multi-Institutional Collaborative Cohort Study (J-MICC Study). Nagoya J.
Med. Sci. 71, 137-144 (2009).
23. Sakiyama, M. et al. Common variant of leucine-rich repeat-containing 16A (LRRC16A) gene is associated with gout susceptibility.
Hum. Cell 27, 1-4 (2014).
24. Sakiyama, M. et al. Ethnic differences in ATP-binding cassette transporter, sub-family G, member 2 (ABCG2/BCRP): Genotype
combinations and estimated functions. Drug Metab. Pharmacokinet. 29, 490-492 (2014).
25. Matsuo, H. et al. ABCG2 dysfunction causes hyperuricemia due to both renal urate underexcretion and renal urate overload. Sci.
Rep. 4, 3755 (2014).
26. R: A language and environment for statistical computing. (R. Foundation for Statistical Computing, Vienna, 2014).
27. Kitamura, Y. et al. Determination of probability distribution of diplotype configuration (diplotype distribution) for each subject
from genotypic data using the EM algorithm. Ann. Hum. Genet. 66, 183-193 (2002).

o

Acknowledgements

The authors are deeply grateful to all of the individuals who participated in this study. We are also indebted to
K. Gotanda, Y. Morimoto, M. Miyazawa, S. Shimizu, T. Chiba, Y. Kawamura, T. Nakamura, H. Nakashima and
Y. Sakurai of the National Defense Medical College for their genetic analysis and valuable discussions, and to A.
Tokumasu of the Ryougoku East Gate Clinic, and M. Naito and N. Hamajima of the Nagoya University Graduate

SCIENTIFICREPORTS | 6:31003 | DOI: 10.1038/srep31003 5


http://www.r-project.org/
http://www.r-project.org/

www.nature.com/scientificreports/

School of Medicine, for sample collection. This work was supported by grants from the Ministry of Education,
Culture, Sports, Science and Technology (MEXT) of Japan including the MEXT KAKENHI (Grant numbers
22150001, 22150002, 25293145, 26461244, and 15K15227), the Ministry of Health, Labour and Welfare of Japan,
the Ministry of Defense of Japan, the Gout Research Foundation of Japan and the Kawano Masanori Memorial
Foundation for Promotion of Pediatrics.

Author Contributions

H.M., T. Tsunoda, K.O. and M.S. conceived and designed this study. H.M., T. Tsunoda, K.O., M.S., T.S., K.W,,
H.O., AL and S.F. collected samples and analyzed clinical data. H.M., M.S., A. Nakayama, M.K. and T.H.
performed genetic analysis. H.M. and M.S. performed statistical analyses. A. Nakashima, T. Takada, R.H., H.S.,
K.I, AL, S.F and N.S. provided intellectual input and assisted with the preparation of the manuscript. H.M., T.
Tsunoda, K.O. and M.S. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: Yes, there is potential competing interest: H.M., T. Takada, K.I. and N.S. have
a patent pending based on the work reported in this paper. Other authors have declared that no competing
interests exist.

How to cite this article: Matsuo, H. et al. Hyperuricemia in acute gastroenteritis is caused by decreased urate
excretion via ABCG2. Sci. Rep. 6, 31003; doi: 10.1038/srep31003 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:31003 | DOI: 10.1038/srep31003 6


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

Drug Metabolism and Pharmacokinetics 31 (2016) 464—466

Drug Metabolism and Pharmacokinetics

journal homepage: http://www.journals.elsevier.com/drug-metabolism-and-

Contents lists available at ScienceDirect e 01 1o
AND

PHARMACOKINETICS

pharmacokinetics

Note

Common variant of PDZ domain containing 1 (PDZK1) gene is
associated with gout susceptibility: A replication study and

@ CrossMark

meta-analysis in Japanese population

Toshihide Higashino * ', Hirotaka Matsuo * !, Masayuki Sakiyama ?,

Akiyoshi Nakayama ¢, Takahiro Nakamura °, Tappei Takada €, Hiraku Ogata ¢,

Yusuke Kawamura °, Makoto Kawaguchi ¢, Mariko Naito d Sayo Kawai 4 Yuzo Takada ¢,
Hiroshi Ooyama , Hiroshi Suzuki ¢, Nariyoshi Shinomiya °

2 Department of Integrative Physiology and Bio-Nano Medicine, National Defense Medical College, Tokorozawa, Japan

b Laboratory of Mathematics, National Defense Medical College, Tokorozawa, Japan

¢ Department of Pharmacy, The University of Tokyo Hospital, Faculty of Medicine, The University of Tokyo, Tokyo, Japan
d Department of Preventive Medicine, Nagoya University Graduate School of Medicine, Nagoya, Japan

€ Faculty of Medical Science, Teikyo University of Science, Tokyo, Japan

f Ryougoku East Gate Clinic, Tokyo, Japan

ARTICLE INFO

Article history:

Received 24 May 2016
Received in revised form

4 July 2016

Accepted 25 July 2016
Available online 30 July 2016

Keywords:

Drug transportsome

Urate transportsome

Uric acid

PDZK1

Single nucleotide polymorphism

ABSTRACT

PDZ domain containing 1 (PDZK1) is a scaffold protein that organizes a transportsome and regulates
several transporters' functions including urate and drug transporters. Therefore, PDZK1 in renal proximal
tubules may affect serum uric acid levels through PDZK1-binding renal urate transporters. Two previous
studies in Japanese male population reported that a PDZK1 single nucleotide polymorphism (SNP),
rs12129861, was not associated with gout. In the present study, we performed a further association
analysis between gout and rs12129861 in a different large-scale Japanese male population and a meta-
analysis with previous Japanese population studies. We genotyped rs12129861 in 1210 gout cases and
1224 controls of a Japanese male population by TagMan assay. As a result, we showed that rs12129861
was significantly associated with gout susceptibility (P = 0.016, odds ratio [OR] = 0.80, 95% confidence
interval [CI] 0.67—0.96). The result of the meta-analysis among Japanese populations also showed a
significant association (P = 0.013, OR = 0.85, 95%CI 0.75—0.97). Our findings show the significant as-
sociation between gout susceptibility and common variant of PDZK1 which reportedly regulates the
functions of urate transporters in the urate transportsome.
© 2016 The Japanese Society for the Study of Xenobiotics. Published by Elsevier Ltd. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

From a different perspective, rs12129861, a single nucleotide
polymorphism (SNP), was reported to be associated with serum

PDZ domain containing 1 (PDZK1) is a scaffold protein that
binds to various transporters including drug transporters [1—3]. An
example of such transporters is the organic anion transporting
polypeptide 1A2 (OATP1A2), which is expressed in kidney and
functions as a drug transporter [4]. In this scenario, PDZK1 regu-
lates the transport function of OATP1A2 by modulating protein
internalization via a clathrin-dependent pathway and by enhancing
protein stability [1].

* Corresponding author.
E-mail address: hmatsuo@ndmc.ac.jp (H. Matsuo).
! Toshihide Higashino and Hirotaka Matsuo contributed equally to this work.

http://dx.doi.org/10.1016/j.dmpk.2016.07.004

uric acid (SUA) levels in a genome-wide association study [5].
Rs12129861 is located near PDZK1 (approximately 2 kb upstream)
and may affect the gene expression levels of PDZK1. However, in
previous Japanese population reports [6,7] of clinically-defined
male gout cases, rs12129861 has not shown a significant associa-
tion with gout susceptibility.

In this study, we performed a further association study between
gout and rs12129861 in a different large-scale Japanese population
and a meta-analysis with previous Japanese population reports
[6,7].
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2. Materials and methods
2.1. Patients and controls

This study was approved by the institutional ethical committees
(National Defense Medical College and Nagoya University). All
procedures were performed in accordance with the Declaration of
Helsinki, and written informed consent was obtained from each
subject participating in the study. From the outpatients of Ryou-
goku East Gate Clinic (Tokyo, Japan), 1210 male Japanese patients
with primary gout were recruited. All the patients were diagnosed
with gout according to the criteria established by the American
College of Rheumatology [8]. As the control group, 1224 Japanese
men without gout history or hyperuricemia (SUA levels > 7.0 mg/
dL) were selected from participants in the Shizuoka area in the
Japan Multi-Institutional Collaborative Cohort Study (J-MICC Study)
[9,10]. The mean age of cases and controls was 45.3 + 10.4 and
53.1 + 8.8 years old, respectively, and their mean body-mass index
was 25.4 + 3.7 and 23.3 + 2.7 kg/m?, respectively.

2.2. Genetic and statistical analyses

Genomic DNA was extracted from whole peripheral blood as
previously described [11]. Genotyping of the PDZK1 polymorphism
(rs12129861) was performed using a TagMan assay (Thermo Fisher
Scientific Inc., Waltham, MA) as previously described [7]. All of
statistical analyses were performed with SPSS v.22.0] (IBM Japan
Inc., Tokyo, Japan) and the software R (version 3.1.1) [ 12] with meta
package [13]. Chi-square test was used for association and Har-
dy—Weinberg equilibrium analyses. A meta-analysis among pre-
sent and previous studies [6,7] was performed by the DerSimonian
and Laird [14] random-effects model. Cochran's Q test and I> were
used as measurements of heterogeneity among the present and
two previous [6,7] studies. A P value < 0.05 was considered sta-
tistically significant.

3. Results

The rs12129861 of PDZK1 genotyping results for 1210 gout cases
and 1224 controls are shown in Table 1. The genotyping call rate for
rs12129861 was 99.3%. In the control group, this variant was in
Hardy—Weinberg equilibrium (P > 0.05).

In contrast to previous Japanese studies' results [6,7], the pre-
sent study shows a statistically significant association between
gout and rs12129861 (P = 0.016, odds ratio (OR) with 95% confi-
dence interval (CI) 0.80 [0.67—0.96]). In the meta-analysis among
the present and previous [6,7] Japanese studies, no apparent het-
erogeneity was observed (P value for Cochran's Q test = 0.65,
I? = 0%), and rs12129861 also showed a significant association with
gout (Ppetq = 0.013, OR with 95% CI: 0.85 [0.75—0.97]; Fig. 1).

4. Discussion

As a component of a transportsome, PDZK1 regulates the
function of several transporters including drug [1—3] and urate

Table 1
Association between gout and the PDZK1 rs12129861 polymorphism.

Genotype Allele frequency mode

G/G G/A A/A MAF P value OR (95% CI)
Case 972 212 14 0.10 0.016 0.80 (0.67—0.96)
Control 939 261 18 0.12

(I, confidence interval; MAF, minor allele frequency; OR, odds ratio.

OR (95% Cl)

Urano et al. 2013 [6] o 0.91(0.63 - 1.30)
Takadaetal. 2014[7] ———— 0.90 (0.74 — 1.10)
Present study — 0.80 (0.67 — 0.96)

>

Meta-analysis 0.85(0.75-0.97)

0.7 1.0 1.3

Fig. 1. Meta-analysis of PDZK1 rs12129861 polymorphism for gout in Japanese male
populations. The meta-analysis was performed among results of the present and two
previous Japanese male population studies (Urano et al., 2013 [6] and Takada et al.,
2014 [7]) by the random-effects (DerSimonian and Laird) model. The sizes of the black
boxes are proportional to the inverse of the squared standard error. The horizontal
lines indicate the 95% Cls of ORs. The diamond shows the summary OR, and the width
indicates the 95% CI. The summary OR was 0.85 (95% CI, 0.75—0.97), which was sta-
tistically significant (Ppeq = 0.013). CI, confidence interval; OR, odds ratio.

transporters [15—17]. A transportsome is a transporting multimo-
lecular complex composed of transporters and scaffold proteins
[15—17]. In human kidney, the urate transportsome is located at the
apical membrane of proximal tubular cells and contains several
urate transporters [15—17], such as ATP-binding cassette trans-
porter, subfamily G, member 2 (ABCG2/BCRP), organic anion
transporter 4 (OAT4/SLC22A11), urate transporter 1 (URAT1/
SLC22A12), type 1 sodium-dependent phosphate transporter
(NPT1/SLC17A1), and multidrug resistance protein 4 (MRP4/
ABCC4). Common variants of ABCG2 [18] significantly increase gout
[19—21] and hyperuricemia risks [22,23]. Additionally, OAT4 [24],
URAT1 [25—28], and NPT1 [27—30] genes are associated with gout
susceptibility. PDZK1 and sodium protein exchanger regulatory
factor 1 (NHERF 1) assemble the scaffolding network connecting
these transporters in the transportsome [16,17].

To date, two previous reports showed lack of association be-
tween the PDZK1 rs12129861 polymorphism and gout suscepti-
bility in the Japanese population; however, as shown in Fig. 1, the
direction of the effect was similar in both studies [6,7]. Therefore,
we performed an additional association analysis in a different
larger Japanese population. A significant association between
rs12129861 and gout susceptibility was evidenced by the present
replication study and the meta-analysis with previous reports [6,7].
These findings imply that lack of association between rs12129861
and gout susceptibility was due to the limited number of samples in
the previous studies [6,7]. Moreover, other studies report the as-
sociation between gout and PDZK1 polymorphisms in Han Chinese
[27,31] and New Zealand population [28]. Two of these reports
[28,31] showed positive association consistently with the present
study results. Since previous genome-wide association studies
showed that common variant of PDZK1 are associated with SUA
[5,32], PDZK1 variants could be associated with gout susceptibility
because of individual differences in SUA levels.

In conclusion, the PDZK1 rs12129861 showed the association
with gout susceptibility which might lead to individual differences
in urate transport through the urate transportsome. Our findings
also suggest that this PDZK1 variant might be associated with in-
dividual differences in drug transport through the drug
transportsome.
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Abstract

We herein report a novel mutation in a Japanese family with an X-linked Alport syndrome (AS) mutation
in COL4A5. Patient 1 was a 2-ycar-old Japanese girl. She and her mother (patient 2) had a history of protein-
uria and hematuria without renal dysfunction, deafness, or ocular abnormalities. Pathological findings were
consistent with AS, and a genetic analysis revealed that both patients had a heterozygous mutation (¢.2767G>
C) in exon 32. In summary, the identification of mutations and characteristic pathological findings was useful
in making a diagnosis of AS. For a close long-term follow-up. the carly detection and treatment of women

with X-linked AS are important.
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Introduction

Case Report

Alport syndrome (AS) is a hereditary nephropathy charac-
terized by a family history of hematuria, progressive renal
failure, sensorineural hearing loss, and ocular abnormali-
ties (1). Progression to renal failure is predictable in men,
whereas the course of renal involvement is much more vari-
able in women, remaining mild in the majority of patients.
Approximately 80% of AS is inherited in an X-linked man-
ner and is caused by mutations in the COL4A5 gene. Nearly
all male patents will develop end-stage renal  discase
(ESRD), whereas heterozygous females exhibit a wide vari-
ability in diseasc severity (2, 3). To date, more than 700 dif-
ferent COL4A5 mutations have been identified (4, 5). We
herein report a novel mutation in a Japanese family with an
X-linked AS mutation in COL4AS.

The patient (patient 1) was a 2-year-old Japanese girl who
was the first child of healthy non-consanguineous parents.
Her younger brother had no proteinuria or hematuria. Her
maternal aunt had an episode of nephritis, and a renal bi-
opsy was performed during childhood, but the findings were
uncertain. At 14 months of age, patient 1 was referred to
our hospital because ol microscopic hematuria that had per-
sisted from the neonatal period. She had no clinically detect-
able hearing loss or ocular abnormalities. A urine culture re-
vealed no infection. At 15 months of age, enalapril malate
was initiated for proteinuria, with a urinary protein/cre-
atinine ratio (P/Cr) of 1.3-3.6 g/gCr. At 21 months of age,
she was admitted to our hospital for a renal biopsy. On ad-
mission, a urinalysis showed 2+ proteinuria (P/Cr, 1.3 g/
gCr) and 3+ hematuria, with the urine sediment containing
>100 red cells per high-power field. Her blood urea nitrogen
(BUN) level was 17.7 mg/dL, serum creatinine level was
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Figure 1. (a) Pedigree and findings of COL4AS mutation in

two patients. The arrow indicates the proband. Unaffected in-
dividuals with kidney diseases are denoted by empty squares
(men) and circles (women). Affected individuals with X-linked
Alport syndrome are denoted by blackened circles (patients 1
and 2). Affected individuals with biopsy-unproven kidney dis-
ease are denoted by striped circles. Genetic analyses revealed
that both patients had a heterozygous mutation (c. 2,767G>C)
in exon 32. (b) X chromosome inactivation assays for our pa-
tients. In methylation-sensitive enzymes, a methylated allele is
inactivated and cannot be digested by Hpall. Patient 1 and 2
both showed a random pattern with ratios of 77: 23 and 31: 69,
respectively. It was impossible to distinguish whether the mu-
tated allele was possessed by an activated or inactivated X
chromosome because both had the same number of CAG re-
peats.

0.22 mg/dL, serum total protein level was 5.9 g/dL, and al-
bumin level was 3.7 g/dL. Serum C3 and C4 levels were
118.2 mg/dL and 24.8 mg/dL, respectively. Antinuclear anti-
bodies were negative. Renal ultrasonography was unremark-
able.

Her mother (patient 2) also had a history of proteinuria
and hematuria without renal dysfunction, deafness, or ocular
abnormalities. The pedigree of her family is shown in
Fig. 1a. At 34 years of age, she was admitted to our hospital
along with her daughter (patient 1) for a renal biopsy. A uri-
nalysis showed 3+ proteinuria (P/Cr, 1.7 g/gCr) and 2+ he-

maturia, with the sediment containing 10-19 red cells per
high-power field. Her BUN level was 20.0 mg/dL, serum
creatinine level was 0.59 mg/dL, serum total protein level
was 6.8 g/dL, and albumin level was 4.0 g/dL. Serum C3
and C4 levels were 134.4 mg/dL and 34.2 mg/dL, respec-
tively. Antinuclear antibodies were negative. Renal ultra-
sonography showed a cystic lesion in the right kidney.

The renal biopsy findings of the two patients are shown
in Fig. 2. In patient 1, 29 glomeruli were observed on light
microscopy; thc glomerulus, tubules, and interstitium
showed no significant alterations. Immunofluorescence (IF)
staining for alpha 5 chains of type IV collagen showed seg-
mental and mosaic patterns in the glomerular basement
membrane (GBM). Electron microscopy (EM) demonstrated
diffusely thinned-out GBMs (139-143 nm) with focal lamel-
lation and splitting. In patient 2, 40 glomeruli were observed
on light microscopy, two of which were globally sclerotic.
IF staining for alpha 5 chains of type IV collagen showed
segmental and mosaic patterns in the GBM, Bowman'’s cap-
sule, and distal tubular basement membrane (TBM). EM
demonstrated diffusely thinned-out GBMs (149-166 nm)
with dense granules and splitting. In both patients, the
merged IF staining images for alpha 2 and 5 chains of type
IV collagen clarified the findings of segmental and mosaic
patterns in the GBM.

A sequence analysis of COL4AS in the index patient and
her mother was performed. The study was approved by the
Institutional Review Board of Kobe University School of
Medicine, and written informed consent was obtained.
Genomic DNA was isolated from each patient’s peripheral
blood leukocytes using the Quick Gene Mini 80 System
(Kurabo Industries, Tokyo, Japan), according to the manu-
facturer’s instructions. Mutational analyses of COL4AS were
performed using polymerase chain reaction (PCR) and direct
sequencing of genomic DNA of all exons and exon-intron
boundaries. All 51 specific exons of COL4AS were ampli-
fied by PCR. The PCR-amplified products were then puri-
fied and subjected to direct sequencing using a Dye Termi-
nator Cycle Sequencing Kit (Amersham Biosciences, Pis-
cataway, USA) with an automatic DNA sequencer (ABI
Prism 3130; Perkin Elmer Applied Biosystems, Foster City,
USA). The analysis revealed that both patients had a het-
erozygous mutation (c.2767G>C) in exon 32 (Fig. l1a). To
investigate X chromosome inactivation, the human androgen
receptor (HUMARA) assay was performed in both patients.
Genomic DNA was digested by a methylation-sensitive en-
zyme, Hpall, at 37°C for 18 hours followed by PCR using
DNA with HUMARA primers, as described previously (6).
A DNA fragment analysis was performed on a 310 Genetic
Analyzer (Thermo Fisher Scientific, Waltham, USA). Frag-
ment data analyses were performed using the Gene Mapper
Software program (Thermo Fisher Scientific). The
HUMARA assay for patients 1 and 2 revealed that the X
chromosome inactivation pattern was 77:23 and 31:69, re-
spectively (Fig. 1b).
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Patient 1 Patient 2

Figure 2. Renal biopsy findings in X-linked Alport syndrome with a novel mutation. Patient 1
shows (a) a normal pattern of the alpha 2 chain of type IV collagen in the GBM and (b) segmental and
mosaic patterns of the alpha 5 chain of type IV collagen in the GBM and the absence of staining in
Bowman’s capsule and the TBM. (¢) The merged findings of the alpha 2 and 5 chains of type IV col-
lagen are shown. (d) Electron microscopy reveals a split lamina densa (arrows) and thin GBM. Pa-
tient 2 shows (e) a normal pattern of the alpha 2 chain of type I'V collagen in the GBM and (f) a mo-
saic pattern of the alpha 5 chain of type I'V collagen in the GBM and TBM. (g) The merged findings
of the alpha 2 and 5 chains of type IV collagen are shown. (h) Electron microscopy reveals a split
lamina densa (arrow). GBM: glomerular basement membrane, TBM: tubular basement membrane

who had inherited a COL4AS5 novel mutation (¢.2767G>C)

Discussion in exon 32 from her mother. Both patients had histories of

hematuria and proteinuria without sensorineural hearing loss
The index case was a 2-year-old girl with X-linked AS  or ocular abnormalities. Renal biopsy findings indicated he-
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reditary glomerulonephritis, and genetic analyses were use-
ful in making a final diagnosis.

More than 700 disease-causing mutations have already
been reported in COL4AS (2,5). In men with X-linked
AS, clinical features can be predicted from the location of
COLA4A5 mutations (3). Hematuria was noted earlier in pa-
tient 1. Pathologically, patient 1 had less signals in Bow-
man’s capsulc and the TBM compared with patient 2. These
findings imply that patient 1 had more severe disease than
paticnt 2. It rcported that the genotype-phenotype correla-
tions are not observed in women, even among family mem-
bers (2, 7). Although heterozygous female patients with X-
linked AS have a normal COL4AS allele, differences in X
chromosome inactivation may influence the disease sever-
ity (2, 8). However, the HUMARA assay in our cases did
not confirm non-random X chromosome inactivation, so-
called skewed X, since it is usually considered that the non-
random inactivation pattern is >80:20 or <20:80 (9). Guo et
al. reported that 90% of X chromosomes with a normal
COLA4AS allele were inactivated in the kidney of a woman
with a severe AS phenotype (10). The different pattemns of
X chromosome inactivation in the GBM may cause the vari-
able phenotypes in women with X-linked AS. Therefore, the
inactivation of a high proportion of normal X chromosomes
in critical tissues could be clinically severe (11). In this
study, skewed X was not detected in the peripheral blood
cclls of both patients 1 and 2. However, it remains possible
that skewed X operates in specific tissue, namely the GBM,
more strongly in patient 1 than in patient 2.

The mutation identified in our patient’s family was
€.2767G>C, resulting in a glycine to arginine substitution at
position 923 in exon 32. Glycine substitutions are likely to
alter the folding of the triple helix of collagen; however,
solid evidence is absent regarding type IV collagen (12, 13).
Gross et al. proposed the following classification to link the
phenotype and genotype (14):

i. Severe AS. Genotype alterations in COL4AS5 include
large rearrangement, premature stop codons, frameshift and
donor splice site mutations, and mutations involving the NC
1 domain. The phenotype is associated with the early onset
of end-stage renal failure (ESRF) at -20 years of age, with
80% presenting with hcaring loss and 40% presenting with
ocular lesions.

ii. Moderate-scvere AS. The genotype is characterized by
non-glycine-X-Y missense, glycine-X-Y substitutions involv-
ing exons 21-47, and in-frame and acceptor splice site muta-
tions. The phenotype is associated with ESRF at -26 years
of age, with 65% presenting with hearing loss and 30% pre-
senting with ocular lesions.

iii. Moderate AS. The genotype is characterized by
glycine-XY substitutions involving exons 1-20. The pheno-
type is associated with ESRF at -30 years of age, with 70%
presenting with hearing loss, and 30% presenting with ocu-
lar lesions.

According to this classification, our patients were classi-
fied as having moderate-severe AS. Taken together with no

detection of skewed X, this may explain why our patients
had no extrarenal symptoms. However, it would be clinically
difficult to predict the prognosis of kidney function in
women with AS due to the lack of genotype-phenotype cor-
relations and the intra-familial heterogeneity of the pheno-
type (2). Therefore, our patients should be longitudinally
followed while paying careful attention to a progressive in-
crease in proteinuria, as previously suggested (2).

There is no specific treatment available for AS; however,
early intervention with angiotensin-converting cnzyme in-
hibitors (ACEI) significantly delayed ESRD progression and
improved life expectancy in X-linked AS (15, 16). In
women with X-linked AS, treatment with either ACEI or an-
giotensin IT receptor blockers (ARBs) inhibits progression to
ESRD (15). Therefore, it is recommended that patients with
X-linked AS are annually followed by a nephrologist, and
treatment with ACEIs/ARBs should be initiated for patients
with microalbuminuria, proteinuria, or hypertension (15, 17).
In our patients, ACEI (enalapril malate) was administered to
patient 1 but not to patient 2, in whom a renal biopsy was
performed 3 months after the delivery ol her second child.
We had to consider the potential high risk of fetal and new-
bormn morbidity and mortality, which may be associated with
ACEI/ARB fetopathy in pregnant women (18, 19).

In conclusion, the identification of mutations and charac-
teristic pathological findings were useful in making the diag-
nosis of AS. For a close long-term follow-up, thc carly de-
tection and treatment of women with X-linked AS are im-
portant.
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Abstract

Many types of inherited renal diseases have ocular features that occasionally support a diag-
nosis. The following study describes an unusual example of a 40-year-old woman with
granular corneal dystrophy type II complicated by renal involvement. These two conditions
may coincidentally coexist; however, there are some reports that demonstrate an association
between renal involvement and granular corneal dystrophy type II. Granular corneal dystro-
phy type I is caused by a mutation in the transforming growth factor-B-induced (TGFBI) gene.
The patient was referred to us because of the presence of mild proteinuria without hematuria
that was subsequently suggested to be granular corneal dystrophy type II. A kidney biopsy
revealed various glomerular and tubular basement membrane changes and widening of the
subendothelial space of the glomerular basement membrane by electron microscopy. How-
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ever, next-generation sequencing revealed that she had no mutation in a gene that is known
to be associated with monogenic kidney diseases. Conversely, real-time polymerase chain
reaction, using a simple buccal swab, revealed TGFBI heteromutation (R124H). The TGFBI
protein plays an important role in cell-collagen signaling interactions, including extracellular
matrix proteins which compose the renal basement membrane. This mutation can present
not only as corneal dystrophy but also as renal disease. TGFBI-related oculorenal syndrome
may have been unrecognized. It is difficult to diagnose this condition without renal electron
microscopic studies. To the best of our knowledge, this is the first detailed report of

nephropathy associated with a TGFB/ mutation. © 2016 The Author(s)
Published by S. Karger AG, Basel

Introduction

Many types of inherited renal diseases have ocular features that are helpful in diagnosis
[1]. We have observed a case of renal involvement complicated by granular corneal dystro-
phy type Il (GCD2). GCD2, also known as Avellino corneal dystrophy (CD), is an autosomal
dominant disorder caused by a mutation in the transforming growth factor-f-induced
(TGFBI) gene [2]. This mutation can be found in several distinct autosomal dominant genet-
ically determined cases of CD; however, it is not known whether this mutation produces
other clinical manifestations other than CD. TGFBI proteins (TGFBIp) interact with several
extracellular matrix (ECM) components [3, 4]. A mutation in this gene may actually influence
basement membrane organization.

We believe that our study was a type of oculorenal syndrome associated with a TGFBI
mutation, which remains to be acknowledged.

Case Report

A 40-year-old woman was evaluated for a 20-year history of proteinuria. She was not
taking any medication, and her physical examination was unremarkable. She did not have
any deafness or visual disturbances. She presented with a urinary protein level of 1.5 g/day.
Her urinary sediment demonstrated <1 erythrocytes and leukocytes per high-power field.
Complete blood cell results were normal. The following clinical laboratory values were not-
ed: serum urea nitrogen (BUN), 14.9 mg/dl; creatinine (Cre), 0.79 mg/dl; total cholesterol,
189 mg/d; total protein, 6.4 g/dl; and albumin, 3.9 g/dl. The levels of C-reactive protein,
immunoglobulins (Ig), and total complement, C3, C4, and C1q were all normal. Tests for an-
tinuclear antibody, hepatitis B virus surface antigen, hepatitis C virus antibody, and cryo-
globulins were all negative. All other laboratory tests were within normal limits. Results of a
chest X-ray and an electrocardiogram were normal. Renal ultrasound and computed tomog-
raphy revealed normal kidneys.

A kidney biopsy, performed using light microscopy, revealed 11 glomeruli, 1 of which
was obsolete or sclerosed (fig. 1a). Light microscopy did not demonstrate any remarkable
changes in the glomeruli (fig. 1b). Focal tubular atrophy with dilation of peritubular capillar-
ies and focal infiltration of small round cells were observed. Immunostaining revealed no
significant deposits of IgG, IgA, or C3. Clinical and histopathological findings confirmed the
diagnosis of minor glomerular lesions. We observed the patient without the administration
of drugs. After 7 years, the patient developed mild hypertension and began taking 4 mg/day
of losartan potassium. The patient’s mild proteinuria (1-1.5 g/g Cre) continued, and her
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renal function was mildly decreased. After 10 years, the patient was re-admitted for addi-
tional evaluation of proteinuria. Laboratory testing revealed the following: urinary protein
level of 1.5 g/day, BUN level of 15.0 mg/dl, and Cre level of 0.94 mg/dl. Approximately 2
years before her second admission, the patient complained of mild blurred vision and was
diagnosed with CD. Slit-lamp examination revealed a large number of gray-white central
granular and linear opacities in both eyes (fig. 2); therefore, we diagnosed her condition as
GCD2. A second kidney biopsy was performed under light microscopy, revealing 18 glomeru-
li, 6 of which were obsolete or sclerosed (fig. 3a). The glomeruli were slightly enlarged with
segmental mesangial proliferation (fig. 3b). Segmental double contours of the glomerular
capillary walls were also observed (fig. 3c). Focal tubular atrophy with mild interstitial in-
flammation, dilation of peritubular capillaries, and segmental thickening of tubular base-
ment membranes (TBM) were observed. Several foam cells were noted in the interstitium
(fig. 3d). Immunofluorescent examination revealed no significant deposits of immunoglobu-
lins or complement components. Congo red staining was negative for amyloid. Electron mi-
croscopic examination of the second biopsy revealed no electron dense deposits. The suben-
dothelial space was widened, and irregularity of the glomerular basement membrane (GBM)
was segmentally observed. Segmental irregular thinning, basket-waving, duplication, lamel-
lation, and reticulation of GBM and TBM were observed partially and slightly (fig. 3e-i). Im-
munostaining of the a-5 chains of type IV collagen was normal.

Upon her renal pathological findings, we assumed the existence of a genetic cause. After
obtaining informed consent, we collected DNA from the patient. The genome DNA was ex-
tracted from the whole blood, and targeted next-generation sequencing of candidate genes
for inherited renal diseases was negative (online suppl. table S1; for all online suppl. materi-
al, see www.karger.com/doi/10.1159/000449129). Real-time polymerase chain reaction
using a simple buccal swab (Avellino Labs Universal Test®; ALUT) revealed TGFBI heteromu-
tation (R124H). We speculated that this condition was a novel case of oculorenal syndrome
associated with TGFBI mutation. Because of the patient’s condition, we analyzed her parents
and daughter. Her 74-year-old father had the same mutation of TGFBI (R124H) and was
diagnosed with relatively mild GCD2. Her 77-year-old mother and 26-year-old daughter,
however, did not have mutated TGFBI (R124H) or GCD2. Her father had no proteinuria but
had a slightly elevated level of urinary N-acetyl-3-D-glucosaminidase (3.0 U/g Cre); however,
his renal function was normal (serum Cre, 0.79 mg/dl).

Subsequently, the patient was again treated in our outpatient clinic with 4 mg/day of
losartan potassium but with no immunosuppressive agents.

Discussion

We have reported an unusual case of renal involvement and GCD2 with TGFBI
heteromutation. These two conditions may coincidentally coexist; however, findings demon-
strating an association between renal involvement and GCD2 have been presented.

The TGFBIp (also known as Big-h3, keratoepithelin) is a 68-kDa ECM protein with four
evolutionary conserved fasciclin-1 domains and a carboxy-terminal Arg-Gly-Asp sequence
[5]- This protein participates in many physiological processes, including morphogenesis,
adhesion/migration, tumorigenesis, angiogenesis, wound healing, and inflammation [6].
TGFBIp is found in ECM of several human tissues and is abundant in the cornea. Mutations of
the human TGFBI gene have been linked to several autosomal dominant multiple types of
CD, including GCD2. Almost all cases of GCD2 are caused by TGFBI gene mutations (5q31),
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particularly p.Argl124His (R124H) [2]. In a previous study, TGFBI gene mutation was esti-
mated to have a prevalence of at least 11.5 affected people per 10,000 individuals in Korea
[7].

According to embryonic expression studies using a mouse knock-out model of TGFBI,
Schorderet et al. [8] speculated that functional loss of TGFBI affects several mesoderm-
derived structures. TGFBIp is associated with adhesion/migration and ECM interactions.
Mutations in adhesion and ECM molecules, such as integrins and laminin-$2, play an im-
portant role in the pathogenesis of focal segmental glomerulosclerosis [9]; however, thus far,
the relationship between TGFBI mutation and kidney disease has not been established.

In an autopsy patient with TGFBI-related CD, pathologic deposits caused by TGFBIp ac-
cumulation were only observed in the cornea and in no other tissue or organ, including the
kidney; however, an electromicroscopic examination was not performed in that report [10].
TGFBIp was present in the capsule and TBM of the developing kidney [11] and was predom-
inantly localized in the epithelial cells of the collecting ducts as well as the distal proximal
tubules [12]. TGFBIp is secreted into the extracellular space and may bind to fibronectin,
laminin, and type |, II, and IV collagens [13] as well as integrins [12, 13]. Proteomic analysis
revealed that TGFBIp is a component of glomerular ECM [3, 4], and it exhibits protein-
protein interactions between the following ECM proteins: a-2 macroglobulin; a-1, a-2 chain
type I collagen; a-1 chain type II collagen; a-1, a-2, a-3, and a-4 chain type IV collagen; fi-
bronectin; and fibrillin-1 [3]. Proteoglycans directly bind to TGFBIp and affect collagen VI
aggregation and possibly the interaction between integrin and collagen VI [14]. Binding al-
lows TGFBIp, including ECM proteins, to play an important role in cell-collagen signaling
interactions that comprise BM, bone formation, and development as well as cell migration
and growth.

In our patient, various pathological findings of GBM and TBM and widening of the sub-
endothelial space of GBM were observed by electron microscopy. A negative genetic analysis
of well-known monogenic kidney diseases prompted us to consider that TGFBI mutation
could affect the BM of the developing kidneys and produce such BM findings. The findings of
TBM were more obvious than those of GBM. The pathophysiological mechanisms and the
incidence of this condition or genotype-phenotype correlation for TGFBI mutations are not
obvious.

Visual disturbances preceded by proteinuria occurred in our patient during her clinical
evaluation. If detailed examination of the corneas is not performed, GCD2 may not be ob-
served until middle-age and older. It should be noted that detailed ocular examinations, in-
cluding cornea assessments, are valuable when diagnosing nephropathy associated with
TGFBI mutations. Presently, ALUT testing is beneficial for laser-assisted in situ keratomileu-
sis to protect patients from accelerated vision loss. As demonstrated with our patient, this
test is easy and safe to perform when diagnosing patients with nephropathy associated with
TGFBI mutations.

In conclusion, we have reported the first case of a unique nephropathy complicated by
TGFBI-related CD. We consider that our case was probably a novel type of oculorenal syn-
drome. TGFBI-related nephropathy remains unknown and is difficult to diagnose without
electron microscopic examination. Further reports should be accumulated to determine
whether the incidence of renal diseases associated with this mutation may presently be
more frequent. Patients with TGFBI-related CDs, including GCD2, should be examined for
renal abnormalities.
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Fig. 1. a Normal appearance of the glomeruli. Focal tubular atrophy with dilation of the peritubular capil-
laries and focal infiltration of small round cells (periodic acid-silver methenamine stain, original magnifica-
tion x48). b Glomeruli revealing unremarkable changes by light microscopic examination (periodic acid-
silver methenamine stain, original magnification x400).

Fig. 2. Bilateral slit-lamp examination demonstrating areas of fused crumb-like white stromal opacities
resulting in elongated and stellate shapes. 1 = Left; r = right.
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Fig. 3. a Light microscopic examination revealing 18 glomeruli. Six (arrow) were obsolete or sclerosed. The
glomeruli were slightly enlarged with segmental mesangial proliferation. Focal tubular atrophy with mild
interstitial inflammation was noted (periodic acid-silver methenamine stain, original magnification x48).
b The glomerulus displaying a mild segmental increase in the mesangial matrix (arrow) (periodic acid-
Schiff stain, original magnification x400). c Slightly enlarged glomerulus with segmental mesangial prolif-
eration. Segmental double contours of the glomerular capillary walls (arrows) were observed (periodic
acid-silver methenamine stain, original magnification x400). d Several foam cells (asterisks) were noted in
the interstitium. Focal tubular atrophy with dilation of peritubular capillaries was also noted (periodic
acid-silver methenamine stain, original magnification x400). e Separation of the endothelial cell from the
underlying GBM (asterisks). Slightly irregular appearance, such as partial thinning and duplication of the
GBM with partial effacement of foot processes (arrow) (electron microscopy, original magnification
x2,000). f Higher magnification displaying partial duplication of the GBM (electron microscopy, original
magnification x12,000). g Higher magnification displaying partial irregularity of the GBM (electron micros-
copy, original magnification x10,000). h Diffuse irregular distribution with reticulation (arrows) and lamel-
lation (arrowheads) of the TBM (electron microscopy, original magnification x2,000). i Higher magnifica-
tion displaying reticulation of the TBM (electron microscopy, original magnification x10,000).
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Cryptic exon activation in SLCI12A3 in Gitelman

syndrome

Kandai Nozu!, Yoshimi Nozu!, Keita Nakanishi!, Takao Konomoto?, Tomoko Horinouchi!, Akemi Shono!,
Naoya Morisada!, Shogo Minamikawa!, Tomohiko Yamamura!, Junya Fujimural, Koichi Nakanishi?,
Takeshi Ninchoji', Hiroshi Kaito!, Ichiro Morioka!, Mariko Taniguchi-Ikeda!, Igor Vorechovsky*

and Kazumoto lijima!

Gitelman syndrome (GS) is an autosomal recessive renal tubulopathy characterized by hypokalemic metabolic alkalosis with
hypocalciuria and hypomagnesemia. GS clinical symptoms range from mild weakness to muscular cramps, paralysis or even
sudden death as a result of cardiac arrhythmia. GS is caused by loss-of-function mutations in the solute carrier family 12
member 3 (SLC12A3) gene, but molecular mechanisms underlying such a wide range of symptoms are poorly understood.

Here we report cryptic exon activation in SLCI12A3 intron 12 in a clinically asymptomatic GS, resulting from an intronic
mutation ¢.1669+297 T> G that created a new acceptor splice site. The cryptic exon was sandwiched between the L3
transposon upstream and a mammalian interspersed repeat downstream, possibly contributing to inclusion of the cryptic exon in
mature transcripts. The mutation was identified by targeted next-generation sequencing of candidate genes in GS patients with
missing pathogenic SLC12A3 alleles. Taken together, this work illustrates the power of next-generation sequencing to identify
causal mutations in intronic regions in asymptomatic individuals at risk of developing potentially fatal disease complications,

improving clinical management of these cases.

Journal of Human Genetics advance online publication, 27 October 2016; doi:10.1038/jhg.2016.129

INTRODUCTION

Gitelman syndrome (GS, OMIM 263800) is one of the most
common autosomal recessive kidney tubulopathies, with an estimated
prevalence of 1:40000 in Caucasians."? GS is characterized by
hypokalemia, hypomagnesemia, metabolic alkalosis and hypocalciuria,
and usually manifests as mild weakness, cramps and general fatigue.
However, some GS cases are clinically asymptomatic or are not
diagnosed until late childhood or adulthood,> but molecular
mechanisms for the variable penetrance and age of onset are poorly
understood.

GS is caused by mutations in the solute carrier family 12 member 3
(SLCI2A3) gene* that encodes the thiazide-sensitive sodium-chloride
cotransporter.* The loss of sodium-chloride cotransporter function
leads to a decrease in sodium and chloride reabsorption in the
distal convoluted tubule, causing salt-wasting tubulopathy. To date,
more than 400 different SLC12A3 mutations have been identified in
GS; however, as many as 20-41% patients were found only with a
single pathogenic allele, suggesting that the mutation screening is
unsatisfactory.>™® Although using reverse transcription-PCR (RT-PCR)
may help identify deep intronic mutations resulting in RNA
processing abnormalities,”!? this method may not identify all aberrant
mRNAs. The reason for the large fraction of missing GS alleles is
poorly understood.

Here we report a case of latent GS caused by a partial cryptic exon
activation in SLCI2A3 intron 12. Identification of the new exon was
facilitated by next-generation sequencing (NGS) followed by in silico
analysis and RT-PCR validation of aberrant transcripts. The case
highlights the importance of detecting intronic variants in
low-penetrance genetic conditions at risk of potentially fatal
complications, permitting a more focused management of affected
families.

MATERIALS AND METHODS

The proband was a 5-year-old girl diagnosed by chance with mild
proteinuria (urinary protein/creatinine: 0.4 g gCr~!), hypokalemia
(2.7mEql~1), hypomagnesemia (1.5 mgdl~!), metabolic alkalosis
(HCO3: 26.7 mEq1™!) and hypocalciuria (urinary calcium/creatinine:
0.005 mg mg~1). The laboratory findings were indicative of GS, but
she had not suffered any overt clinical symptoms.

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

NGS samples were prepared using a HaloPlex Target Enrichment
System Kit (Agilent Technologies, Santa Clara, CA, USA) according to
the manufacturer’s instructions to capture 12 genes (Supplementary
Table 1), including SLC12A3, CLCNKB, SLCI2A1, KCNJI and other
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genes associated with hypokalemia. Amplified target libraries were
sequenced using MiSeq (Illumina, San Diego, CA, USA), which was
followed by variant analysis with SureCall (v.3.0; Agilent Technolo-
gies). The SLCI2A3 reads were mapped to the human reference
sequence NC_000015.9 and NM_000338.2. Exons were numbered
according to a previous report.!! Rare variants with a frequency <1%
were analyzed using the Human Splicing Finder v.3.0 software
(http://www.umd.be/HSF3/).

RESULTS

Conventional mutation screening of SLCI2A3 in the proband revealed
only a single pathogenic allele on the maternal chromosome
(¢.2927C>T, p.Ser976Phe), which was previously reported in two
patients.!>!3> We next used the HaloPlex target enrichment
system analysis of candidate genes for tubulopathies/pseudo-GS,
including SLCI2A3. NGS detected a total of 88 heterozygous intronic
SLCI2A3 variants (Figure la). Analysis of variants with a minor allele
frequency of < 1% using the Human Splicing Finder (v.3.0) software!*
revealed a single heterozygous variant predicted to create a new
3’ splice site, ¢.1567+297 T>G, located in intron 12. This change
had a potential of activating a cryptic exon with a high-score cryptic

111 intronic variants
23 homozygotes | ¢

88 heterozygotes

—

72 variants with a
MAF>0.01

’ 16 variants with a MAF<0.01 |

15 deletions/insertions in
repetitive sequences

1 heterozygous variant
as a candidate
pathogenic variant

EXON 12

5 splice site further downstream (Supplementary Figures 1A and B).
Validation of the putative cryptic exons using RT-PCR with
primers in exons 12 and 13 revealed a 108-bp insertion of
the new coding sequence in the patient’s SLCI2A3 mRNA
(Figures 1c and d), confirming the in silico prediction. The new exon
was sandwiched between the L3 transposon and a mammalian
interspersed repeat located upstream and downstream, respectively
(Figures 1c¢ and d and Supplementary Figures 2 and 3). The presence
of each mutation was confirmed in parental samples (Figure le).
These results indicated that the GS proband was a compound
heterozygote for SLCI2A3 mutations, one resulting in amino-acid
substitution S976F in the C-terminal domain of sodium-chloride
cotransporter and the other in protein truncation through cryptic
exon activation.

We then used NGS in two more GS cases with previously
reported deep intronic splicing mutations. In Case 1, NGS
detected a total of 30 heterozygous intronic SLCI2A3 variants,
including mutation ¢.1670 — 191C> T, which created a new 5’ splice
site (Supplementary Figures 4A—C) and activated the cryptic exon, as
reported.'? In Case 2, NGS detected a total of 27 heterozygous intronic

[one] v

CATCATCGGTCCTGGCAGCTAGCATCCCCCTCCCCA

D AN A A
(owen ] [n]

TCTCCTTGGGATGGGATACCAATGGCTGCTGAGCTCAA

(o] (o]

CATCATCGCTGAGCTCAA

| CRYPTIC

//

EXON 13

Control tcacatigtcctggcag --------- ccaatggctdgtcagta

b Patient | tcacag|GTCCTGGCAG* = - CCAATGGCTG|gtcagta

Intron 12
c.1567+297T>G

e

TGCGTTCACATGTCCTGGCAG

c.1567+297T>G ¢.2927C>T

c.1567+297T>G/
€.2927C>T

Figure 1 Cryptic exon activation in solute carrier family 12 member 3 (SLCIZA3) in Gitelman syndrome (GS). (a) Flow chart illustrates the step-wise
identification of the intronic mutation in our proband. MAF, minor allele frequency. (b) Genomic sequence of SLCIZ2A3 intron 12 in the proband. Mutation
c.1567+297 T>G was detected by next-generation sequencing and confirmed by Sanger sequencing. (c) Transcript analysis by reverse transcription-PCR
(RT-PCR). Left panel: S, size marker with fragment sizes shown to the left; C, control; P, patient. The fraction of aberrant transcripts was ~ 12% of the total
signal from polyadenylated RNAs. Right panel: Direct sequencing of the larger transcript showed a 108-bp insertion between exons 12 and 13.
(d) Schematics of the cryptic exon activation. Exons are shown as boxes, introns as lines and aberrant transcripts as dotted lines. Transposed elements are
schematically shown by green rectangles and correspond to alignments in Supplementary Figure 3. (e) Pedigree of the GS family. The proband is denoted by
an arrow. Each GS allele was inherited from the parents. A full color version of this figure is available at the Journal of Human Genetics journal online.
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SLCI12A3 variants, including variant ¢.2548+253C> T, which creates a
new 3’ splice site (Supplementary Figures 5A-C).?

DISCUSSION

Previously, we reported two deep intronic SLCI2A3 mutations, both
of which were hotspots for Japanese and Taiwanese GS patients,
suggesting that these cases might be observed more frequently.”!°
In this report, we used NGS to detect missing alleles in a suspected
GS. Our results clearly demonstrate that NGS can facilitate their
identification in asymptomatic cases that may develop potentially
life-threatening complications later in life. As an example, arrhythmia
as a result of hypokalemia can develop in GS children as young as 6
years of age.!> To confirm the utility of this method, NGS successfully
identified known variants in two other GS cases possessing deep
intronic variants that affected splicing.

Interestingly, the novel cryptic exon was activated in a region closely
flanked by a long interspersed repeat upstream and a mammalian
interspersed repeat downstream  (Supplementary Figure 3).
Mammalian interspersed repeats have a propensity to exonize by a
single mutation, and have very high exonization levels compared with
other transposable elements,'® although it remains to be seen if this
element facilitated usage of the new 3’ splice site.

Although NGS is still more expensive compared with conventional
direct sequencing, NGS of DNA samples may complement RT-PCR
approaches and facilitate identification of aberrant transcripts missed
by conventional techniques. Definite genetic diagnosis of GS will
permit better management of patients and improve their quality of life.

In conclusion, we identified a novel SLCI2A3 allele in GS that
activates a cryptic exon flanked by interspersed repeats deep in intron
12. Our study illustrates the power of NGS to fully define the mutation
pattern in GS and also improve our understanding of the phenotypic
variability of this condition. This approach can be used more widely to
identify individuals at risk of fatal complications in many other genetic
disorders, providing a better support for their clinical management.
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