Table 3. PSA recurrence-free survival in Cox regression analysis

PSA recurrence-free survival

PSA recurrence-free survival

univariate analysis P-value multivariate analysis P-value
Hazard ratio 95% ClI Hazard ratio 95% Cl
Age (years)
<70 1 0.66 1 0.58
>70 1.19 0.54-2.62 0.79 0.34-1.82
p32 expression
Weak~moderate 1 0.001t 1 0.01t
Strong 5.43 2.04-14.41 4.10 1.39-12.07
Preoperative PSA (ng/mlL)
<10.0 1 <0.01+ 1 0.001%
>10.0 4.58 1.99-10.55 4.56 1.86-11.20
Gleason score
<6 1 1
7 1.50 0.49-4.58 0.46 0.88 0.27-2.83 0.83
28 7.75 2.32-25.84 0.001t 3.22 0.87-11.89 0.08
Pathological stage
pT2 1 0.002t 1 0.60
pT3-4 3.45 1.593-7.473 1.27 0.51-3.17
Surgical margin
Negative 1 0.021 1 0.51
Positive 2.48 1.10-5.59 1.35 0.54-3.40

tStatistically significant. Cl, confidence interval; PSA, prostate-specific antigen.

the localization of p32 in prostate cancer cell lines. In the immu-
nocytochemistry, p32 was granularly stained with antibodies in
the PC3, LNCaP and RWPE-1 cells (Fig. 3B). The p32 staining
was completely co-localized with the mitochondria visualized
with a MitoTracker Red dye, suggesting that the expressed p32
is exclusively localized at mitochondria. Androgen deprivation
did not lead nuclear translocation of p32 in these cells (data not
shown). We then examined the intracellular localization of p32
in the prostate cancer cell line by western blotting. The cells
were separated into nuclear extract and cytosolic fractions. B23
and TFAM were used as markers for the nuclei and cytosolic
fraction, respectively. In all prostate cell lines, p32, as well as
TFAM, was found mostly in the cytosolic fraction (Fig. 3C).
These results suggest that p32 is localized at mitochondria but
not at nuclear in prostate cancer cell lines.

Androgen receptor (AR) signaling plays a critical role in pros-
tate cancer. We investigated p32 expression on prostate cancer
cell lines after androgen deprivation. We observed reduced
expression of p32 in androgen-sensitive LNCaP cells, but not
insensitive PC3 and Dul45 cells (Fig. 3D and Supporting Infor-
mation Fig. S2). These results suggest that p32 expression might
be regulated by AR signaling.

Involvement of p32 in prostate cancer cell proliferation. To
examine the role of p32 in prostate cancer cell proliferation, the
cell growth curve was determined by counting cells after siRNA
treatment. As shown in Figure 4, a significant inhibitory effect
on PC3 cell proliferation was observed in p32 siRNA-treated
cells compared with the control cells that were not transfected
with siRNA or cells treated with control siRNA. In contrast, siR-
NA-p32 had no inhibitory effect on RWPE-1 cell proliferation.
The expression of p32 protein was significantly reduced in
RWPE-1, PC3 and LNCaP cells by the p32 siRNA compared
with the control siRNA treatments (Fig. SA). B-actin was not
affected by the p32 knockdown for 72 h in RWPE-1, PC3 and
LNCaP cells (Fig. 5A). These results suggest that knockdown of
p32 specifically inhibits growth of prostate cancer cells PC3 but
not non-cancerous prostate epithelial cells.

Cell cycle arrest by p32 siRNA mediated knockdown. To gain
insight into the molecular roles of p32, we tested whether p32
siRNA could affect cell cycle progression by using flow cytome-

Amamoto et al.

try. p32 knockdown-induced growth suppression was associated
with cell cycle arrest in PC3 cells. As shown in Figure 5B, com-
pared with the control cells, the percentage of cells in the G1
phase (29.8%) decreased whereas the percentage in the S phase
(63.3%) increased significantly after the p32-siRNA treatment
in PC3 cells. On the other hand, statistically significant change
was not observed in the noncancerous RWPE-1 cells. PC3 cells
with downregulated p32 expression left out the S phase more
slowly than the noncancerous cells. These results show that p32
depletion inhibits PC3 cell proliferation due to the blocking of
progression from the G1 to S phases.

Downregulation of cyclin D1 and induction of p21 in p32
siRNA-mediated knockdown. To confirm the molecular mecha-
nism of the G1/S phase arrest after p32 siRNA treatment, we
examined specific cell cycle regulators for the G1/S phase tran-
sition: CDK4, CDKG6, cyclinD1, p27Kipl and p21Wafl. Cells
treated with or without p32 siRNA for 72 h were subjected to
western blot analysis. Expression of cyclin D1 was significantly
(>60%) reduced or downregulated (compared with controls),
while p21Wafl expression was upregulated in p32 siRNA-trea-
ted PC3 and LNCaP cells (Fig. SA). In noncancerous RWPE-1
cells, expression of p21Wafl and CDK6 was observed in p32-
depleted cells, while cyclin D1 expression was not changed. In
the present study, we report, for the first time, that p32 depletion
resulted in significant accumulation of p21, a decrease in cyclin
D1 levels, a significant inhibition of cyclinD-CDK2 activity and
cell cycle arrest.

Discussion

In this experiment, we have shown that p32 is important for
cancer progression based on the following evidence: (i) p32 is
highly expressed in prostate tumor samples and associated with
the Gleason score, PSA and pathological stage; (ii) high p32
expression is adversely related to survival; (iil) p32 is overex-
pressed in several prostate cancer cell lines and knocking down
p32 inhibits the growth of prostate cancer cells but not noncan-
cerous cells; and (iv) p32-mediated knockdown in PC3 induces
G1/S phase arrest through increased p21Wafl and decreased
cyclin D1 expression. The increased expression of p32 in
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Expression of p32 in prostate cancer cell lines. (A) Western blot analysis of p32 expression in prostate cancer and noncancerous cell lines.

B-actin and TFAM were used as the internal control. (B) Immunocytochemistry of p32 in prostate cancer cells. Mitochondria and p32 were
visualized with a mitochondria-staining dye, MitoTracker Red (middle panels), and anti-p32 antibodies (left panel), respectively. The right panels
are merged. Scale bar, 20 um. (C) Subcellular localization of p32 in prostate cancer cells. The prostate cell lysates (WC) were separated into
nuclear extract (NE) and cytosolic (Cyto) fractions. The indicated proteins were detected by immunoblotting. B23 and TFAM were used as
markers for nuclei and cytosolic, respectively. (D) Downregulation of p32 by androgen deprivation. Cells were treated with charcoal-treated FBS

medium for 6 days. The p32 protein was analyzed by western blot.

human prostate cancer suggests that mitochondrial p32 is a key
molecule of prostate tumorigenesis and p32 expression might
be a potential molecular marker for the diagnosis of prostate
cancer.

The current study is the first to demonstrate the relation
between clinicopathological factors and patient survival with the
expression of p32 in patients with prostate cancer. Chen et al.?®
reported that p32 might be an independent predictive factor for
breast cancer prognosis and upregulation of p32 might play an
important role in the metastasis of breast cancer. A 2gossible
tumor suppressor role had been previously introduced,®=® but
the overexpression of p32 had been reported in several cancer
tissue samples including breast cancer.*®**" Ghosh et al.®®
have reported that p32 accumulates in inflammatory subsqua-
mous tissue during tumor initiation and is overexpressed with
progression in papillomatic and acanthotic tissues. These obser-
vations suggest that high expression of p32 might play an impor-
tant role in the tumorigenesis of several cancers. It was reported
that p32 overexpression was common in breast cancers but rare
in some other malignant tissues, such as prostate cancer.!1:3D
However, in the present study, p32 overexpression was observed
in Japanese prostate cancer patients who were very strictly
defined and sorted. Reasons for the discrepancy are not clear at
present. Our in vitro studies also support that overexpression of
p32 accelerates prostate tumor progression. It might be possible

644

because of different race or different environments, such as life-
style and nutritional factors.

The p32 knockdown cells exhibited reduced synthesis of the
mitochondrial DNA-encoded OXPHOS polypeptides and were
less tumorigenic in vivo.®* We also observed that knockdown
of p32 in MEF cells showed decreased expression of the mito-
chondrial-encoded component of complex IV (COX I and COX
IT). These observations suggest that p32 was involved in mito-
chondrial translation and depletion of p32 impaired the mito-
chondrial respiratory activity (manuscript in preparation).

In mammalian cells there are two main ways to generate
energy in the form of adenosine triphosphate from glucose, oxi-
dative phosphorylation and glycolysis. Oxidative phosphoryla-
tion occurs in mitochondria with carbon dioxide and water as
end products, whereas glycolysis from glucose to lactic acid
takes place in cytoplasm. In carcinogenesis, glucose will be
metabolized into lactic acid instead of carbon dioxide and water,
even in the presence of oxygen, which is known as the Warburg
effect. #2333 Recently, Fogal et al.®? reported that knocking
down p32 expression in human cancer cells strongly shifted

_ their metabolism from OXPHOS to glycolysis. They suggested

that tumor cells used p32 to regulate the balance between
OXPHOS and glycolysis.

p32 is involved in mitochondrial respiration through the
expression of mitochondrial-encoded polypeptide.®? Knockdown

doi: 10.1111/j.1349-7006.2010.01828.x
© 2011 Japanese Cancer Association

- 140 -



(A) PC3
4 -

3.54
3 -
-~ Untreated
— M~ Control siRNA
i —&— 20 uM p32 siRNA
i «sif+» 40 pM p32 siRNA

2.5

2

1.5

Cell number (x10°)

1

0.5

0 50 100 150

(B) RWPE-1
4

35
3

2.5
s ntreated

- 4= - Control siRNA
—te== 20 uM p32 siRNA

seiges 40 pM p32 siRNA

Cell number (x10%)
S}

0 50 100 150
(h)

Fig. 4. RNA interference-mediated depletion of p32 inhibits PC3 cell
proliferation. Cell proliferation monitored in cell lines PC3 (A) and
RWPE-1 (B). The diamond, square, triangle and cross represent cells
treated with nothing, 40 puM control siRNA, 20 uM p32 siRNA and
40 pM p32 siRNA, respectively. The cell number was counted at 24, 48,
72, 96 and 120 h after siRNA transfection.

of p32 inhibits mitochondrial respiration, and this inhibition
causes a collapse of the proton gradient across the mitochondrial
inner membrane, thereby collapsing the mitochondrial mem-
brane potential (A¥m).® This inhibition can produce reactive
oxygen species (ROS).®® Excessive production of ROS gives
rise to the activation of events that lead to death and survival as
signaling molecules.®” Han et al.®® reported that antimycin A,
an electron transport chain inhibitor in mitochondria, can pro-
duce ROS in cells and ROS might have roles in cell cycle pro-
gression via regulating cell cycle-related proteins. Therefore, it
is possible that ROS levels in PC3 cells can affect the cell cycle-
related proteins, resulting in G1/S phase arrest of the cell cycle.
In this experiment, depletion of p32 might induce cell cycle
arrest through the ROS or oxidative stress because p32 is impor-
tant for the maintenance of OXPHOS.

p32 was detected in various cellular compartments other than
mitochondria, such as Golgi, nucleus, cytosol and the cell sur-
face in different cell types."""*'!” This evolutionarily con-
served protein seems not to be expressed equally throughout
the cell because it shows different localization in different cell
types under different physiological conditions. It is possible to
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Fig. 5. Analysis of cell cycle in p32 knockdown. (A) siRNA against p32
(p32 siRNA) in PC3, LNCaP and RWPE-1. Cells were transfected with
p32 or control siRNA. After subsequent culture for 72 h, the p32
protein levels were analysed by western blot. Likewise, the
expressions of specific cell cycle regulators such as CDK4, CDKS,
cyclinD1 and p21waft were analyzed. (B) At 72 h after siRNA
transfection, cells were fixed and stained with propidium iodide. Then
the DNA content was measured by flow cytometry. Three separate
experiments were carried out, all of which exhibited similar trends.
The results of one representative experiment are shown. Cell cycle
phase distributions or the number (%) of cells present at the G1, S or
G2/M phases in each experimental condition were determined.

be involved in many pathological conditions, especially in can-
cers. We observed nuclear localization of p32 in 23 samples.
Strong statistical significance was observed between p32
nuclear expression and strong p32 cytoplasmic staining
(P < 0.01). p32 nuclear expression was significantly increased
in a higher Gleason score, pathological stage and preoperative
PSA (Table 2), suggesting that nuclear function of p32 might
be involved in tumor progression. p32 may shed light on previ-
ous reports that it interacts with nuclear proteins like alternate
mRNA splicing factor SF2,"" lamin B receptor,®” suggesting
that nuclear p32 might be involved in the regulation of alterna-
tive splicing.

Fogal et al.®? also reported that p32 knockdown breast can-
cer cell clones (MDA-MB-435) in nude mice was monitored.

Cancer Sci | March 2011 | vol.102 | no.3 | 645

© 2011 Japanese Cancer Association

- 141 -



The author demonstrated that p32 knockdown cells produced
smaller tumors than the controls, suggesting that p32 is involved
in tumorgenesis in vivo. This result suggests that p32 is an
important factor for cell growth of cancer cells in vivo.

In the present study, we are the first to identify that p32 is
essential for cell proliferation in prostate cancer, suggesting that
p32 may be a novel marker of clinical progression in prostate
cancer. Its unique localization in tumors and its tumor cell-spe-
cific suppression of proliferation may make p32 a useful target
in the diagnosis and therapy for prostate tumors and possibly for
other tumors.
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Common variation in GPC5 is associated with acquired

nephrotic syndrome

Koji Okamoto!-?, Katsushi Tokunaga?, Kent Doi!, Toshiro Fujita!, Hodaka Suzuki?, Tetsuo Katoh?,
Tsuyoshi Watanabe?, Nao Nishida?, Akihiko Mabuchi?, Atsushi Takahashi?, Michiaki Kubo®, Shiro Maeda®,

Yusuke Nakamura’ & Eisei Noiri!-8

Severe proteinuria is a defining factor of nephrotic syndrome
irrespective of the etiology. Investigation of congenital
nephrotic syndrome has shown that dysfunction of glomerular
epithelial cells (podocytes) plays a crucial role in this

disease'. Acquired nephrotic syndrome is also assumed to

be associated with podocyte injury. Here we identify an
association between variants in GPC5, encoding glypican-5,
and acquired nephrotic syndrome through a genome-wide
association study and replication analysis (P value under a
recessive model (P,..) = 6.0 x 10~"1, odds ratio = 2.54). We
show that GPC5 is expressed in podocytes and that the risk
genotype is associated with higher expression. We further
show that podocyte-specific knockdown and systemic short
interfering RNA injection confers resistance to podocyte injury
in mouse models of nephrosis. This study identifies GPC5 as a
new susceptibility gene for nephrotic syndrome and implicates
GPC5 as a promising therapeutic target for reducing podocyte
vulnerability in glomerular disease.

Nephrotic syndrome, which is characterized by heavy proteinuria with
decreased serum protein, can occur in association with various pri-
mary glomerular diseases and glomerulopathy induced by systemic
diseases. Primary causes of this syndrome include minimal change
disease, focal segmental glomerulosclerosis, membranous nephropathy,
membranoproliferative glomerulonephritis and IgA nephropathy.
Systemic diseases such as diabetes mellitus, amyloidosis and systemic
lupus erythematosus also cause nephrotic syndrome. Proteinuria in
nephrotic syndrome is thought to result from abnormalities in glomer-
ular podocytes, including podocyte foot-process retraction and slit
diaphragm re-organization?~>. Genetic abnormalities associated with
congenital nephrotic syndrome have been investigated, and mutations
in several podocyte-related genes, such as NPHSI, NPHS2 and ACTN4,
are known to be responsible for nephrotic syndrome®. However,

acquired nephrotic syndrome is assumed to be a multifactorial disease
caused by numerous genetic and environmental factors. Several studies
have shown the contribution of podocyte injury to the pathogenesis
of acquired nephrotic syndrome. Recently, genome-wide admixture
scans identified a region containing MYH9 and APOLI to be associated
with susceptibility to focal segmental glomerulosclerosis, a subtype of
adult-onset acquired nephrotic syndrome”~?,

To identify additional susceptibility genes contributing to the
common pathway of massive proteinuria in various glomerular and
systemic diseases, we conducted a genome-wide association study
(GWAS) using individuals with biopsy-proven nephrotic syndrome
(cases). The characteristics of the cases with nephrotic syndrome are
presented in Supplementary Table 1. We first genotyped 268,068
SNPs in 195 cases with nephrotic syndrome and 1,546 controls
using a SNP genotyping array identical to that described in a previ-
ous report!? (Fig. 1a). The P value distributions in the first test are
shown in Supplementary Figure 1. No SNPs achieved genome-wide
significance in the initial discovery screen. To overcome the type II
error in the GWAS, we conducted subsequent studies. We selected
10,299 SNPs showing either an allelic or genotypic P < 0.05 and
genotyped them in an independent sample set comprising 231 cases
with nephrotic syndrome and 1,548 controls. We obtained genotype
results for 7,782 SNPs using a custom-made SNP genotype assay; the
Prvalue distributions from the second test are shown in Supplementary
Figure 2. Among the genotyped SNPs (P < 0.05; 94 SNPs), we selected
the ten that showed the lowest P values in the combined analysis of
the first and second panels (Supplementary Table 2). Genotyping a
third independent panel of 431 cases with nephrotic syndrome and
3,371 controls by TaqgMan SNP genotyping identified associations
with rs16946160 in intron 2 of GPC5 (encoding glypican-5) on chro-
mosome 13 and with rs11086243 on chromosome 20. The combined
P value for rs16946160 under a recessive model was P = 6.0 x
10-11 (Table 1). In contrast, the P value for rs11086243 under the

1Department of Nephrology and Endocrinology, Department of Hemodialysis and Apheresis, University Hospital, The University of Tokyo, Tokyo, Japan. 2Department
of Human Genetics, Graduate School of Medicine, The University of Tokyo, Tokyo, Japan. 3Department of Nephrology, Hypertension, Diabetology, Endocrinology

and Metabolism, Fukushima Medical University School of Medicine, Fukushima, Japan. 4Laboratory for Statistical Analysis, Center for Genomic Medicine, RIKEN,
Yokohama, Japan. Laboratory for Genotyping Development, Center for Genomic Medicine, RIKEN, Yokohama, Japan. 8Laboratory for Endocrinology and Metabolism,
Center for Genomic Medicine, RIKEN, Yokohama, Japan. 7Laboratory of Molecular Medicine, Human Genome Center, Institute of Medical Science, The University

of Tokyo, Tokyo, Japan. 8Science and Technology Research Partnership for Sustainable Development (SATREPS), Japan Science Technology (JST), Tokyo, Japan.

Correspondence should be addressed to E.N. {noiri-tky@umin.ac.jp).

Received 1 November 2010; accepted 23 February 2011; published online 27 March 2011; doi:10.1038/ng.792

NATURE GENETICS VOLUME 43 | NUMBER 5 | MAY 2011

459

- 143 -



g
[
2
j
[
(7]
[
-
[ZZ]
-
L
o)
=
<
9]
£
)
2
=
[
£
<
o
=
3
ot
1]
b4
™
™
[=]
N
©

LETTERS

N 2 L
a 1516946160 100

6 1 - 60

~logyo P

4 1 - 40

(anmo)
ojel UoIBUIqUICOaY

! GPC5 -+ ]

91.0 91.‘5 92.0 92.5
Position on chromosome 13 (Mb)

b r$16946160
r59589279 151889881
1$7990870 57140049,

2- ?mW%m@
0+ L.»MWM«IW&

—log,, P

(awo)
8je. LONBLIGUIOoBY

| GPCS. *!
90.90

T T T T T
90.85 91.00 91.08 9110 91.15

allelic model was P = 2.5 x 1076, which did not reach genome-wide
significance. We performed direct sequencing of all exons and the
promoter region of GPC5 (Supplementary Fig. 3) as well as imputa-
tion analysis (Fig. 1b) and haplotype analysis in the promoter and
intron 2 regions (Supplementary Fig. 4) in 201 cases with nephrotic
syndrome and 300 healthy unrelated individuals. There was neither
a single marker nor a haplotype that showed a stronger association
with nephrotic syndrome than rs16946160. GPC5 is located on the
long arm of chromosome 13 (13q32)!!, and glypicans belong to the
cell-surface heparan sulfate proteoglycan family. This study is the first,
to our knowledge, to indicate the contribution of glypicans, a cell-
surface heparan sulfate proteoglycan, to nephrotic syndrome using a
genome-wide approach.

Next, we conducted functional analyses and examined the poten-
tial pathological role of GPC5 in nephrotic syndrome. We measured

Figure 1 Association P value plot of the GPC5 region in nephrotic
syndrome and LD construction. (a) Genotyped SNPs shown with

P values for association with nephrotic syndrome around the GPC5
region. rs16946160 is represented as a black diamond. All other SNPs
are color-coded according to the strength of LD (as measured by r2) with
rs16946160. (b) Evidence for association with nephrotic syndrome
around the intron 2 region following imputation using HapMap |1 JPT
and CHB reference panels. The plot includes pairwise D’ values from
the HapMap release 22 for the JPT and CHB populations.

the mRNA level of GPC5 extracted from peripheral blood leuko-
cytes in 37 unrelated healthy volunteers. The GPC5 mRNA level
among individuals with the risk genotype at rs16946160 was signifi-
cantly higher than those with the non-risk genotypes (P,,. < 0.0001)
(Fig. 2a). Podocytes are located on the urinary lumen side of the
glomerular basement membrane; thus, urine is a logical place to
look for podocytes and for markers of podocyte injury. Podocytes
and their products are detectable in urine and are altered substan-
tially in association with disease progression in model systems and
in humans!2-1, Urinary GPC5 was presumed to be released mainly
from podocytes because podocyte-specific Gpc5 knockdown mice
had minimum detectable urine Gpc5 protein levels compared to wild-
type mice (Supplementary Fig. 5a). Therefore, we examined urinary
podocyte protein levels among individuals carrying the various risk
and non-risk genotypes, which could provide indirect evidence for
a functional effect of the intron 2 variant of GPC5. Urinary GPC5
levels were higher in individuals with the risk genotype than in indi-
viduals with the non-risk genotypes (P, = 0.0095) (Supplementary
Fig. 5b). We found no GPC5 splicing variants in mRNA obtained
from peripheral blood leukocytes of individuals with each genotype
or in those from the renal cortex of individuals with each geno-
type (Fig. 2b). Analysis of the GWAS data, followed by imputation
and linkage disequilibrium (LD) analyses, suggested that the most
strongly associated SNP is rs16946160 or a closely linked SNP located
in intron 2. Further analyses will be needed to determine the causal
SNP influencing GPC5 expression.

The expression of GPC5 in adult humans is high in the kid-
ney, brain and liver'6. We performed immunofluorescence stain-
ing, which showed that expression of GPC5 was prominent in the
glomerulus and that it co-localized with podocyte markers and
capillary endothelial cells in the human kidney (Fig. 2¢). This find-
ing is relevant to the disarrangement of podocytes and endothelial
cells, which are often observed during the development of nephrotic
syndrome. In podocyte-specific knockdown mice (Supplementary
Fig. 6a,b), more than 90% of Gpc5 expression in the glomerulus
disappeared (Supplementary Fig. 6c). These results suggest that

Table 1 Association of rs16946160 and rs11086243 genotypes with nephrotic syndrome

SNP ID Panel Case Control Allele Genotype
Gene locus Freq. GG/GA/AA Freq. GG/GA/AA P OR (95% CI) GG + GA vs. AA OR (95% CI)

1 0.237 115/63/14 0.167 1,063/409/50 7.0x10™*  1.55(1.20-1.99) 5.8 x 10-3 2.33(1.25-4.35)
rs16946160 2 0.195 156/55/17 0.159 1,071/411/35 0.048 1.29 (1.00-1.65) 2.0x 10 3.44 (1.89-6.25)
GPC5 3 0.224 267/121/34 0.174 2,317/930/119 3.2x10% 1.37(1.16-1.63) 8.7 x 106 2.39(1.61-3.55)

Combined 0.219  538/239/65 0.168 4,451/1,750/204 26x107  1.39(1.22-1.57) 6.0x 10711 2.54 (1.91-3.40)
Freg. CC/CTT Freq. CC/CTTT P OR (95% CI) CCvs. CT+TT OR (95% CI)

1 0.170 135/52/7 0.225 941/522/88 0.014 1.42(1.07-1.87) 0.016 1.48 (1.07-2.05)
1511086243 2 0.165 159/66/5 0.228 929/533/86 25x 1073  1.49(1.15-1.93) 8.1x 103 1.49(1.11-2.01)
SULF2-PREX1 3 0.182  285/124/15 0.223 2,025/1,177/163 56 x 1073  1.30(1.08-1.56) 5.1 x 103 1.36(1.10-1.68)

Combined 0.175  579/242/27 0.225 3,895/2,232/337 25x 106  1.37(1.20-1.57) 6.6 x 107 1.42 (1.22-1.65)
Freq., minor allele frequency; OR, odds ratio; 95% CI, 95% confidence interval.
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GPC5 is expressed predominantly in podocytes, is localized to the
cell surface membrane and is partially released according to intra-
glomerular circumstances. In fact, glypicans can capture and hold
various endogenous and exogenous products'?. It is possible that
some unknown molecules trapped by GPC5 induce and amplify
podocyte injury. Although our collection of cases with focal segmen-
tal glomerulosclerosis and IgA nephropathy involved a limited sample
size, it is notable that we observed similar odds ratios for different

LETTERS

Figure 2 Association between rs16946160 genotype and GPC5 mRNA
expression and localization of expression in human kidney. (a) The mRNA
expression level of GPC5 in peripheral blood leukocytes from healthy
individuals with different genotypes (18 G/G, 11 G/A and 8 A/A) relative
to B-actin measured using real-time quantitative PCR (qPCR). Lines show
quartile points. (b) Scheme of gPCR for screening splicing variant. No
splicing variant was detected using intron-spanning RT-PCR either in
blood leukocytes or the renal cortex. (c) Immunofiuorescence staining

of human kidney was visualized using confocal microscopy. GPC5 was
detected as Alexa-488 fluorescence (green), and Nephrin was visualized
using Alexa-633 fluorescence (blue).

etiologies of nephrotic syndrome, with the exception of IgA neph-
ropathy. This latter finding suggests that different pathophysiological
mechanisms of proteinuria might be involved in IgA nephropathy.
Altogether, these results support the view that variation in GPC5 is
associated with a common pathway of podocyte injury and protein-
uria (Supplementary Table 3).

The glypican family members also bind a multitude of growth fac-
tors, including fibroblast growth factor 2 (FGF2)!7. Indeed, glypicans,
which are necessary for FGF2 signal transduction'®!?, are implicated
in several signal transduction cascades that regulate cell proliferation
and shape??, as studied mostly in the field of oncology. Proliferation
of tumor cells is enhanced by GPCS5 through FGF2 signaling?!. In fact,
FGF2-fibroblast growth factor receptor (FGFR) binding and signal-
ing has been clearly shown for GPC1 using K562 cells'8. Researchers
from a recent study?? similarly reported the interaction of GPC3 with
FGF2 using both the human lymphoblastic cell line WI-L2 and the
human colon rectal carcinoma cell line HT-29. GPC3 and GPCS5 are
approximately 40% homologous to each other, although GPCI and
GPC3 belong to different protein subfamilies?. Therefore, the inter-
action of glypicans with FGF2 and the FGFR pathway is universal
beyond subfamilies. We examined the association between Fgf2 sig-
nal transduction and Gpc5 using rat cultured glomerular epithelial

a c o P <0.0001
FGF2 100 ng/mi FGF2 100 ng/m| € 2 150
Control + + 38
negative control siRNA siRNA against Gpc5 % 2 100
' 2§ 50
FRS2a 25
& \y)
Phospho-FRS20 oé'\ © \\x@v @‘e»oé@
(O o°<~\g§ @Q% &
ACHN st s s @
d o Control
O Negative control siRNA
Qe 18 § ° 250 (%) B siRNA against Gpcs
o8 16 9 = 200 50 4 P=0.012
L E R
5 4 oL 150
o= 12 28 100 40
o 10 g 0 30
-4 % g £ 0
O O & - 20
& S &
< .471005}% ‘Z’QC')Q 10
& Q& )
A Go/Gl S GaM A GEC cell line

Figure 3 /n vitro functional analysis of GPC5. (a) Knockdown of Gpc5 inhibits FGF2 binding. Cells were collected and incubated with 10 nM
biotinylated FGF2 ligand for 45 min at 4 °C. After staining with R-phycoerythrin-conjugated streptavidin, we counted 10,000 cells by flow cytometry
(n = 6). Agarose gel electrophoresis of the products generated by RT-PCR using primers specific to rat Gpc5, Fgfr2 and B-actin. Rat cultured glomerular
epithelial cells (GEC) were transfected with PBS (lane 1), negative control siRNA (lane 2) and siRNA against Gpc5 (lane 3). (b) Signal transduction
in cells with or without knockdown in response to FGF2. We stimulated the GEC cells with 1 ng/ml FGF2 for 60 min. Cell lysates were subjected to
protein blot analysis and blotted to examine the presence of Gpc5, Frs2e., phosphorylated Frs2a and actin. We calculated the phospho-Frs2o/Frs2o
ratio (n = 4). (c) GEC cells were seeded in the absence (vehicle) or presence of 10 ng/m! FGF2 with or without knockdown. Morphology was analyzed
using a microscope (Eclipse, Nikon) and photographed using a digital camera. The rates of round cells were determined (7 = 5). (d) In the knockdown
group, prevalence of the GO/G1 phase was increased and that of the G2/M phase was decreased (n = 4). (e) Schematic depiction of the paracellular
permeability influx assay. Treated cells’ monolayer on type 1 collagen-coated BD BioCoat cell culture inserts were incubated for 8 h. Albumin
permeability across the monolayer was then determined using the protein concentration in outer chamber relative to that in the inner chamber (n=3

in quadruplicate). All error bars in this figure are s.e.m.
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cells (GECs), which had previously been established by our group?425
(the general characteristics are presented in Supplementary Fig. 7).
Binding of FGF2 to the cell surface was decreased in GECs in which
Gpc5 was knocked down by short interfering RNA (siRNA), although
we found no difference in Fgfr expression (Fig. 3a). Protein blot
analysis showed that FGF2-induced phosphorylation of Frs2o,
located immediately downstream of Fgfr, was significantly reduced
by Gpc5 knockdown (Fig. 3b). These results suggest that GPC5
enhances FGF2 signaling in podocytes. We next examined the effect
of amplified Fgf2 signaling on podocyte morphology and found that
FGF2-induced dedifferentiation, as measured by reduced arbori-
zation, was improved with Gpc5 knockdown (Fig. 3¢). Our results
show that Gpc5 knockdown increased the prevalence of cells in the
GO0/G1 phase and decreased the fraction of cells in the G2/M phase
in GECs (Fig. 3d). To evaluate the functional relevance of GPC5 in
nephrotic syndrome, we examined the filtration barrier function of
GECs using a paracellular permeability influx assay®®. As shown in
Figure 3e, Gpc5 knockdown caused a smaller albumin influx across
the cell monolayer. These in vitro analyses indicate that GPC5-FGF2
signaling affects podocyte differentiation and function, taking a rep-
resentative role of albumin permeability.

As described in a previous report, FGF2 signaling has been pre-
sumed as a potential harmful signal in several nephrotic syndrome

Figure 5 siRNA against Gpc5 ameliorates PAN-FGF2-induced nephrotic
syndrome and Adriamycin-induced albuminuria. (a) ACR (g/gCr) was
significantly decreased on days 7, 10 and 14 after Gpc5 siRNA treatment
in the PAN-FGF2-induced nephrotic syndrome model (day 5) (n = 6;
*P<0.05, **P < 0.01). (b) In the scrambled-siRNA group, a decrease

of serum albumin (Alb; g/dl) was found on days 7, 10 and 14. Decreased
serum albumin on days 10 and 14 was significantly attenuated in Gpc5-
siRNA-treated mice in the PAN-FGF2-induced nephrotic syndrome model
(day 5) (n=6; *P < 0.05). {c) ACR (mg/gCr) was significantly decreased
on days 7, 10, 14 and 21 after siRNA treatment in Adriamycin-induced
albuminuria model (day 5) (n= 6; *P < 0.05). (d) Electron microscopic
quantification of foot processes at day 21 after Adriamycin injection in the
albuminuria model (n = 6). All error bars in this figure are s.e.m.

Figure 4 PAN-FGF2-induced nephrotic syndrome in wild-type sibling

(sib) mice is attenuated by Gpc5 conditional knockdown. (a) Albumin to
creatine ratio (ACR) was significantly increased in sibling control mice after
PAN-FGF2 injection after day 4 (n = 8; error bars are s.e.m.; *P < 0.05,
**P < 0.01). (b) In the sibling control group, elevated blood urea nitrogen
(BUN) (mg/dl) was found on days 3, 5, 7, 10 and 14, and decreased serum
albumin (g/dl) was found on days 10 and 14. We found only mild changes
in knockdown mice on days 7 (BUN only), 10 and 14 (n = 8; error bars

are s.e.m.; *P < 0.05, **P < 0.01). (c) Periodic acid-Schiff stain of the
renal cortex at day 28. Focal segmental sclerosis and cast formation by
Tamm-Horsfall protein were found in the sibling control group. Almost all
glomeruli were unaffected in knockdown mice that received PAN-FGF2.

(d) The sclerosis score of glomerulus in nephrotic model on day 28. The
score of knockdown mice was significantly lower than those of sib control
mice (n = 8; error bars are s.e.m.). (e) Electron microscopy conducted

on day 10 revealed virtually no foot-process effacement in conditional
knockdown mice. Sibling control mice showed typical findings of foot-
process effacement (arrow) in glomerular epithelial cells.

etiologies?’30. To date, pre-receptor signaling alterations of heparan
sulfate proteoglycan composition, which are of crucial importance
for FGF2 signaling, have not been investigated in podocytes. To
further explore the role of GPC5-FGF2 signaling in nephrotic syn-
drome, we produced podocyte-specific Gpe5 knockdown mice with
a conditional transgenic system using a podocin-promoter-driven
artificial microRNA (miRNA) against mouse Gpc5 mRNA. The mice
were fertile and developed normally up to adulthood with no major
phenotypes. Because single injection of either FGF2 or puromycin
aminonucleoside (PAN) to mice did not induce nephrotic-heavy pro-
teinuria, we injected both PAN and FGF2 to induce nephrotic syn-
drome. Massive albuminuria occurred in BDF1-background sibling
control mice and lasted for more than 10 days (Fig. 4a). In contrast,
mild albuminuria occurred in the podocyte-specific Gpc5 knock-
down mice. In the sibling control group, we observed a decrease
of serum albumin on days 10 and 14, although knockdown mice
showed only mild changes. In the sibling control group, we observed
an increase of blood urea nitrogen on days 7, 10 and 14 (Fig. 4b).
Light microscopy showed that approximately 25% of glomeruli
showed global sclerosis; 50% of glomeruli showed segmental scle-
rosis at day 28 in sibling control mice. Focal tubulointerstitial dam-
age was also found in the sibling control mice at day 28. In contrast,
90% of glomeruli showed virtually no changes, and tubulointerstitial
damage was modest in conditional knockdown mice (Fig. 4c). The
glomerular sclerotic score in Gpc5 knockdown mice was significantly
lower than that in sibling control mice (Fig. 4d). Electron micro-
scopy showed foot-process effacement in the sibling control mice at
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day 10, although the structure of the foot process remained almost
normal in conditional knockdown mice (Fig. 4e). These in vivo data
strongly suggest a role for the GPC5-FGF2 pathway in nephrotic
syndrome pathogenesis.

To clarify the efficacy of suppressing Gpc5 in nephrotic syndrome
as a possible therapeutic target, we conducted a systemic siRNA injec-
tion experiment after the development of proteinuria. PAN and FGF2
injection induced massive albuminuria in BDF1 mice from day 5
to day 14 (Fig. 5a). We injected siRNA against Gpc5 or scrambled
siRNA by the hydrodynamic method on day 5 and confirmed the
efficacy of gene knockdown in the kidney on day 8 (Supplementary
Fig. 8). Albuminuria had decreased remarkably in the Gpc5 siRNA-
treated mice when observed on days 7 and 10 (Fig. 5a). Gpc5 siRNA
treatment also increased serum albumin on days 10 and 14 (Fig. 5b).
Glomerular pathological damage was significantly attenuated by Gpc5
siRNA treatment (Supplementary Fig. 9). Knocking down Gpc5 by
systemic siRNA injection in mice was effective for the recovery of
proteinuria and reducing pathological change, even after the develop-
ment of nephrotic syndrome. One possible explanation is that the
hub protein GPC5 traps FGF2 from circulation and induces FGF2
signaling in podocytes, and that the FGF2 signal results in struc-
tural alterations that cause nephrotic syndrome. In another nephrosis
model induced by Adriamycin, Gpc5 siRNA injection significantly
reduced albuminuria and foot-process effacement (Fig. 5¢,d). These
data suggest that this pathway plays a crucial role in the podocyte
injury observed in different glomerular diseases.

In conclusion, our GWAS, replication and functional follow-up
studies identified GPC5 as a new susceptibility gene for nephrotic
syndrome that contributes to podocyte injury in glomerular diseases
with different etiologies. The functional importance of GPC5 in
podocyte injury has been shown in vitro and in vivo. Application of
our findings could lead to new strategies for improving nephrotic
syndrome management.

URLs. HapMap project, http://hapmap.ncbi.nlm.nih.gov/; NCBI RefSeq
database, http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS

Study participants. All participants gave written informed consent to par-
ticipate in this study, which was approved in advance by the research eth-
ics committees of Graduate School of Medicine, The University of Tokyo;
BioBank Japan; and the Fukushima Medical University School of Medicine.
For the GWAS, we selected case-control samples from the subjects enrolled
in BioBank Japan. Nephrotic syndrome groups comprised 195 (case 1)
and 231 individuals (case 2). Control groups comprised 1,546 (control 1)
and 1,548 individuals (control 2) (Supplementary Note and Supplementary
Table 1). No population stratification was observed in these sample sets
(Supplementary Fig. 10).

For the validation study (third panel; see Supplementary Note), we
obtained 431 case samples from Fukushima Medical University, The University
of Tokyo and BioBank Japan following the previous criteria of discovery case
1 and case 2. We obtained 300 population-based control samples and 3,071
disease control samples from BioBank Japan. No overlap was found in cases
or controls among any subject in any of the stages. All control subjects were
matched with cases for ethnic origin and geographic area.

SNP genotyping and quality control. Genomic DNA from peripheral blood
leukocytes was extracted using standard protocols. In the first stage, we geno-
typed 268,068 SNPs from autosomal chromosomes; these SNPs were selected
as the tagging SNPs for the Japanese population from the JSNP21 or HapMap
database 22 using high-density oligonucleotide arrays (Perlegen Sciences) as
described previously'?. For the association study, we used 205,203 SNPs having
call rate >90% and no extreme departure from Hardy-Weinberg equilibrium
(P2107%). In the second screening, genotyping was performed using GeneChip
SNP arrays (10,299 SNPs; Affymetrix) as reported previously!?. In total, 7,782
SNPs having a call rate >90% (2,235 SNPs were excluded), with no extreme
departure from Hardy-Weinberg equilibrium (P2 0.01 in controls; 363 SNPs
were excluded), a concordance rate in the quality control samples (55 SNPs
were excluded) >90% and a concordance rate in the multiplex-PCR invader
assay>! of the best 96 SNPs quality control samples (7 SNPs were excluded)
>99% were used for the association study. The top ten SNPs from the first
and second panels in the third panel were genotyped using the TagMan SNP
genotyping assay (Applied BioSystems). The typing results of the multiplex-
PCR invader assay and the TagMan assay were >95% and >99%, identical to
that from direct sequencing.

Variation screening. We subjected 201 cases and 300 age-matched healthy
controls in the third panel to direct sequencing using BigDye Terminator v3.1
Cycle Sequencing (ABI 3730 DNA analyzer, Applied Biosystems) as previously
reported3?. The average sequence success rate was 98.6%. Variations were vali-
dated with the DigiTag2 assay>® or TagMan assay (Supplementary Table 4).

Imputation analysis. Genotype imputation was performed using MACH 1.0
(ref. 34). The JPT and CHB individuals obtained from Phase Il HapMap data-
base (release 24) were used as references. We excluded the imputed SNPs with
minor allele frequency < 0.01 or R square values <0.3.

RNA isolation and real-time PCR. We isolated total RNA from the periph-
eral blood leukocytes of healthy volunteers using a PAXgene Blood RNA Kit
(QIAGEN) and from cultured cells using TRIzol (Invitrogen). Following
DNase I treatment, we synthesized complementary DNA using oligo(dT)
primers and ImProm-II reverse transcriptase (Promega). We performed real-
time quantitative PCR (qPCR) using the SYBR green system (SYBR Green I
PCR Master Mix, Applied BioSystems). Normalization of the relative expres-
sion of the genes of interest to the B-actin gene was performed. The qPCR
primer sequences are presented in Supplementary Table 5. All samples were
analyzed in triplicate.

Screening for alternative splicing variants. We performed RT-PCR to detect
splicing variants using primers designed within exon 1 and exon 4 of GPC5
(Supplementary Table 5). Blood leukocytes were obtained from healthy vol-
unteers; renal cortexes were from diagnostic biopsy samples. Amplified prod-
ucts were confirmed by direct sequencing. We measured amplified products
using gel electrophoresis.

Immunofluorescence staining. For human glomerular staining, we obtained
kidney specimens from the Human Tissues and Biofluids Bank (Asterand).
All samples were surgically dissected by tumor-related disease, not by kidney
disease. We used frozen sections to perform GPC5 and Nephrin immuno-
fluorescence double staining. Five-micrometer-thick sections were dried and
fixed with 4% paraformaldehyde for 20 min at room temperature (20 + 5 °C). We
washed the slides with PBS three times and incubated them with GPC5 (R&D
Systems) and Nephrin (Acris Antibodies GmbH) antibodies. For characteri-
zation of rat cultured glomerular epithelial cells (GEC)?, antibodies of WT-1
(Santa Cruz Biotechnology), Synaptopodin (Acris Antibodies GmbH), Thy-1.1
(MyBioSource), 516 (provided by Dr. Kawachi®*®) and GSA3 (as described previ-
ously®®) were used to characterize GEC (Supplementary Fig. 6). After washing
the slides with PBS, we incubated them with fluorescence conjugated secondary
antibody (Invitrogen) for each primary antibody for 40 min. The sections were
then examined visually using confocal microscopy (LSM 510 Meta NLO imaging
system, Carl Zeiss) or fluorescent microscopy (E600, Nikon).

In vitro knockdown. For in vitro knockdown experiments, we used GECs
transfected with either Stealth RNAi Negative Control Med GC (Invitrogen)
or with predesigned Gpc5 siRNA targeted against Gpc5 (NM_001107285.1_
stealth_1056, Invitrogen) using Lipofectamine 2000 (Invitrogen). BLOCK-iT
Alexa Fluor Fluorescent Oligo was co-transfected and used for transfection
control. We incubated the cells for 72 h to allow knockdown of Gpc5. The
sense and antisense sequences are in Supplementary Table 6. We extracted
cellular RNA using TRIzol (Invitrogen) and treated it with DNasel (Roche).
Single-strand complementary DNA was synthesized as described above. To
determine the extent of knockdown, we quantified the mRNA (Fig. 3a) and
protein levels (Fig. 3b) of Gpc5 in transfected cells.

Analysis of biotinylated FGF2 binding by flow cytometry. We biotinylated
recombinant human FGF2 (generously provided by Kaken Pharmaceutical)
using the Pierce EZ-Link MicroSulfo-NHS-LC biotinylation kit (Thermo
Fisher Scientific). To label 25 pg of FGF2, 8 1l of a 9 mM Sulfo-NHS-LC-Biotin
solution was incubated in dimethyl sulfoxide with FGF2 in a total volume of
300 pl for 1h at room temperature. We used a G-25 column (GE Healthcare)
to remove excess unbound biotin. After knockdown with siRNA against Gpc5
by liposome system as described above, we washed the GECs twice in ice-cold
PBS with 3% heat-inactivated FBS/0.02% sodium azide. Cells were incubated
with 10 nM biotinylated FGF2 at 4 °C for 45 min. We then stained the cells with
5 ug/ml R-phycoerythrin-conjugated streptavidin (Jackson ImmunoResearch
Laboratories) at 4 °C for 30 min in the dark. The cells were washed and resus-
pended in 500 pL of PBS. We measured the biotinylated FGF2 using the
FACSCalibur analyzer (BD Biosciences)?’.

Signal transduction. Sub-confluent GECs were serum-starved (0.1% FBS)
for 18 h and then stimulated with FGF2. For morphological analysis, cells
were treated with FGF2 (100 ng/ml) for 15 min and then analyzed using an
inverted microscope (Eclipse, Nikon) and photographed using a digital camera.
For signal transduction analyses, cells were treated with FGF2 (1 ng/ml) for
60 min and were rinsed with ice-cold PBS and lysed in a buffer containing 0.5%
Triton X-100, 50 mM Tris, pH 7.5, 150 mM sodium chloride, 1 mM phenyl-
methylsulfonyl fluoride, 1 mM sodium orthovanadate, 10 mM sodium fluoride,
1 ug/mlleupeptin and 1 pg/ml aprotinin. Heparitinase and chondroitinase ABC-
digested lysates as previously reported® were boiled for 5 min and subjected to
sodium dodecyl sulfate PAGE (SDS-PAGE). For protein blot analysis, proteins
were transferred electrophoretically to a membrane, which were blocked in 5%
skim milk. The membranes were incubated with primary antibody as follows:
GPCS5 antibody (R&D Systems), FRS2a. antibody (Abcam), Phospho-FRS2¢
antibody (Cell Signaling) and Actin antibody (Santa Cruz Biotechnology).
Immunoreactivity was detected using horseradish peroxidase-conjugated
secondary antibody and enhanced chemiluminescence (ECL) (Amersham
Pharmacia Biotech) according to the manufacturer’s protocol. The signal was
detected using a CCD camera system (LAS-4000mini, Fuji Photo Film).

Cell cycle assay. For cell cycle analysis, 0.5 x 10° cells were suspended in 0.5 ml
of 50 pug/ml of propidium iodide solution (w/v) and 10 tg/ml RNase A (w/v)
in PBS. We then analyzed cell cycle distribution using flow cytometry as

NATURE GENETICS

doi:10.1038/ng.792

- 148 -



o
[
>
4
Q
7]
[]
=
[2]
—
L
o
=
<
9]
=
[
o
=
[
£
<
@
B
2
]
=4
-
-
o
N
©

previously described after gating the transfection control positive cells®”. We
repeated the experiment three times under identical conditions.

Albumin influx assay. We used a simple albumin influx assay to evaluate the
filtration barrier function of the podocyte monolayer, following the method
previously reported?®. Briefly, we placed treated GECs into wells of a 24-well
BD BioCoat cell culture insert with 0.4 um pore (1,600,000/m?) coated type 1
collagen (BD Co.). Cells were cultured for 18 h at 37 °C and then washed
twice with PBS supplemented with 1 mM MgCl, and 1 mM CaCl, to preserve
the cadherin-based junctions. We adjusted the concentration of the cultured
cells so that they would be fully confluent at the time of analysis. The cham-
bers over the monolayer of the cells on the filter were filled with RPMI 1640
(Invitrogen) containing 0.6% BSA (w/v), and the lower chambers were filled
with RPMI 1640 only. After 8 h incubation in a CO, incubator, we measured
the ratio of albumin concentration, lower chamber versus upper chamber,
using the Bradford assay (Bio-Rad).

Animal experiment protocol. All experiments were conducted in accord-
ance with the US National Institutes of Health Guide for the Care and Use of
Laboratory Animals. In conditional knockdown experiments, we used podo-
cyte-specific Gpe5 knockdown mice of BDF1 background. We produced these
mice using a conditional transgenic system with podocin-promoter-driven
miRNA against mouse Gpe5. The construct of the vector contains the podocin
promoter and primary miRNA sequences, which include flanking and loop
sequences from an endogenous miRNA that directs the excision of the three
kinds of engineered miRNA against mice Gpc5 (Invitrogen), resulting in knock-
down of Gpc5 selectively in podocytes (12-16 weeks of age). Their wild-type
siblings served as the sibling control in the conditional knockdown experi-
ments (Supplementary Fig. 7a). Their genotype was determined using PCR
and DNA blot; the selective knockdown of Gpc5 in podocytes was confirmed
(Supplementary Fig. 7b and Supplementary Table 5). We assigned the animals
to two groups: sibling control mice and knockdown mice. To induce nephrotic
syndrome in the conditional knockdown model, we injected puromycin ami-
nonucleoside (PAN; Sigma-Aldrich) subcutaneously on day 0 (300 mg/kgBW)
and injected FGF2 intravenously on days 0 and 1 (5 jig per animal).

For the siRNA treatment experiments, we used wild-type BDF1 mice 12-14
weeks of age (Japan SLC) for the PAN-FGF2-induced nephrotic syndrome
model and BALB/C mice 10~12 weeks of age for the Adriamycin-induced albu-
minuria model. The mouse Gpc5 siRNA and scrambled siRNA was obtained
from Invitrogen as an annealed in vivo grade siRNA. The siRNA sequences
are shown in Supplementary Table 6. Then, 400 jig of synthetic siRNA dis-
solved in 0.8 ml PBS was rapidly injected intravenously following the hydro-
dynamic method as reported previously>®*°. The animals were assigned into
two groups: scrambled-siRNA mice and Gpc5-siRNA mice. In the nephrotic
model, PAN was injected subcutaneously on day 0 (500 mg/kg) and then FGF2
was injected intravenously on days 0, 1, 2 and 3 (5 pg per animal); siRNA was
injected on day 5 in the siRNA-treated group (Fig. 5a). In the albuminuria
model, Adriamycin (10 mg/kg) was injected intravenously on day 0, and siRNA
was injected on day 0 in the siRNA-treated group (Fig. 5¢).

During the experiments, urine samples were collected daily during days
1-7 and then on days 10 and 14 (and day 21 in Adriamycin model) using
glass shield metabolic cages (Metabolica, Sugiyama-Gen). We killed mice from
each group at the end of days 10 and 28 (and day 21 in Adriamycin model).
We perfused their kidneys thoroughly with PBS and removed them for light-
microscopic, electron-microscopic and immunofluorescence analysis,

Analyses of urinary albumin, urinary creatinine, serum blood urea nitrogen
(BUN) and serum albumin. We determined the urinary and serum albumin
levels with ELISA using a murine microalbuminuria ELISA kit (AlbuwellM,
Exocell), measured the urine creatinine concentration with Nescoat VLII
CRE (Alfresa Pharma) and measured the blood urea nitrogen concentration
using BUN Wako B (Wako). All measurements were performed in duplicate.
Albuminuria was determined as the ratio of urinary albumin to creatinine
(g/gCr or mg/gCr). All procedures were performed in accordance with the
manufacturer’s protocols.

Renal pathology. After the overnight fixation with 10% neutral buffered
formaldehyde, mice kidneys were dehydrated with alcohol and embed-
ded into paraffin for light microscopic analysis. We counted the glomeruli
showing sclerosis in periodic acid-Schiff-stained sections using the follow-
ing modified scoring system, so called Sclerosis score: each was scored as
0-4 according to the percentage of glomeruli involved (0%, 0; 1-25%, 1;
26-50%, 2; 51~75%, 3; 76-100%, 4)40. To obtain the final score of 0-100 for
the individual samples, we counted 25 glomeruli. For electron-microscopic
examination, small pieces of renal cortex were fixed in 2.5% glutaraldehyde
overnight, washed with 50 mM Tris-(hydroxymethyl) aminomethane-HCI
buffer (pH 7.6), dehydrated in sucrose, fixed again in OsO, and embed-
ded into Epon. Ultrathin sections were examined under Hitachi electron
microscope (H-1000).

Statistical analysis. Subject data are presented as means * s.d. (human)
or s.e.m. (in vitro and animal experiments). x* analysis was used to assess
Hardy-Weinberg equilibrium. We analyzed the overall distribution of
alleles using 2 x 2 contingency tables with statistical significance defined as
P <0.05. We selected the tag SNPs based on estimated haplotype construction
calculated using Haploview 4.1 (Broad Institute) with Japanese genotype data
from the HapMap project. Permutation-based hypothesis testing (10,000
permutations) was performed to examine the associations of estimated
haplotype frequencies.
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Genome-wide association study identifies a susceptibility
locus for HCV-induced hepatocellular carcinoma

Vinod Kumar!%, Naoya Kato?®, Yuji Urabe!, Atsushi Takahashi?, Ryosuke Muroyama?, Naoya Hosono?,
Motoyuki Otsuka?, Ryosuke Tateishi, Masao Omata*, Hidewaki Nakagawaz, Kazuhiko Koike?,
Naoyuki Kamatani?, Michiaki Kubo?, Yusuke Nakamural>? & Koichi Matsuda!

To identify the genetic susceptibility factor(s) for hepatitis C
virus-induced hepatocellular carcinoma (HCV-induced HCC),
we conducted a genome-wide association study using 432,703
autosomal SNPs in 721 individuals with HCV-induced HCC
(cases) and 2,890 HCV-negative controls of Japanese origin.
Eight SNPs that showed possible association (P <1 x 1075)

in the genome-wide association study were further genotyped
in 673 cases and 2,596 controls. We found a previously
unidentified locus in the 5" flanking region of M/CA on
6p21.33 (rs2596542, P ompined = 4-21 x 10713, odds ratio =
1.39) to be strongly associated with HCV-induced HCC.
Subsequent analyses using individuals with chronic hepatitis C
(CHC) indicated that this SNP is not associated with CHC
susceptibility (P = 0.61) but is significantly associated with
progression from CHC to HCC (P = 3.13 x 10~8). We also
found that the risk allele of rs2596542 was associated with
lower soluble MICA protein levels in individuals with
HCV-induced HCC (P = 1.38 x 10~13),

It is estimated that more than 170 million people are infected with
HCV worldwide!. Persistent HCV infection causes CHC and, subse-
quently, fatal liver diseases such as liver cirrhosis and HCC. Therefore,
the treatment of HCV carriers is an issue of global importance. HCC
is the third most common cause of cancer-related deaths?, and HCV
infection accounts for 30-70% of the individuals with HCC>*.
HCV-induced HCC is a multistep and progressive liver disease in
which disease progression may be influenced by both environmental
and genetic risk factors. The impact of host genetic variation on pro-
gression to CHC after HCV exposure is well documented by recent
genome-wide association studies (GWAS)3~7. However, no compre-
hensive analyses have been performed to explore the genetic basis
of HCV-induced HCC. Therefore, we conducted a GWAS for HCV-
induced HCC. \

We genotyped the DNA of 721 individuals with HCV-induced
HCC and 2,890 HCV-negative controls (Supplementary Table 1)
from BioBank Japan®. After the initial standard SNP quality filters,

we obtained genotyping results for 432,703 SNPs for association
analysis. Because progression from CHC to liver cancer is strongly
affected by age and gender?, we performed a logistic regression ana-
lysis by including age and gender as covariates at all tested loci in our
analyses. The genetic inflation factor (A) was 1.03, indicating that
there is no or little population stratification (Supplementary Fig. 1).
Although no SNPs cleared the GWAS significance threshold (P < 5 x
1078) at this stage, we identified eight independent loci showing pos-
sible association (P < 1 x 107%; Supplementary Fig. 2).

In the replication stage, 673 cases from an independent HCC cohort
from the University of Tokyo and 2,596 HCV-negative controls from
BioBank Japan were genotyped at these eight SNPs. We observed a
significant replication of association at rs2596542 on chromosome
6p21.33 (P = 8.62 x 107°, odds ratio (OR) = 1.44, 95% confidence
interval (CI) 1.27-1.63; Table 1), whereas the remaining seven
SNPs failed to replicate the association (Supplementary Table 2).
Furthermore, the combination analysis of the GWAS and replication
study data at rs2596542 revealed a highly significant association in
which the frequency of the risk allele A is higher in cases (P = 4.21 x
10713, OR = 1.39; Fig. 1 and Table 1) after the age and gender adjust-
ment, without any heterogeneity (P = 0.24) between the two stages. To
further investigate the impact of 152596542 on the complex nature of
the HCV-induced HCC phenotype, we genotyped 1,730 individuals
with CHC who had not developed liver cirrhosis or HCC during their
recruitment. As a result, rs2596542 was found to have no association
with chronic hepatitis C susceptibility (P = 0.61) but was significantly
associated with progression from CHC to HCC (P = 3.13 x 1078,
OR = 1.36; Table 2).

Because heavy alcohol consumption (>50 g per day) as well as poor
response to interferon (IFN) treatment were shown to be the major
risk factors for HCC among individuals with CHC?, we evaluated
the effect of alcohol consumption as a confounding factor and found
that rs2596542 remained highly significant even after adjustment for
this factor (non-HCV versus HCC, OR = 1.39, P=1.22 x 10}, CHC
versus HCC, OR = 1.25, P = 2.31 x 107% Supplementary Table 3).
The major genotypes of HCV can be determined by a serotyping
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Table 1 Association results of rs2596542 in the GWAS, replication stage and combined

was not in high LD with rs9275572 (D’ = 0.41,

analysis 2 =0.16), and both SNPs remained associated
SNP Chr. (locus) Stage Case RAF Control RAF P OR (95% C1) with HCC even after conditional analysis on
rs2596542 (A/G) 6 (MICA)  GWAS? 0.388 0.331 450 x 106 1.34(1.16-1.53) each other and had small reductions in their
Replication?  0.413 0.331 8.62 x 109 1.44(1.27-1.63) ORs upon conditioned analysis (OR = 1.23,
Combined? 0.400 0.331 4.21 x10°13 1,39(1.27-1.52) P=443%10"%and OR = 1.17, P = 0.00059,

MH test

7.76 x 10712 1.35(1.24-1.47)

respectively; Supplementary Table 6).

We analyzed 1,394 cases with HCC (721 in the GWAS and 673 in the replication) and 5,486 controls (2,890 in
GWAS and 2,596 in replication). Chr., chromosome; RAF, risk allele frequency (allele A); OR, odds ratio for the minor

allele calculated by considering the major allele as a reference; MH, Mantel-Haenszel.

2P values and ORs are adjusted for age and gender by logistic regression analysis under an additive model.

assay that is based on the type-specific antibodies produced by the
infected host!?, A subgroup analysis for HCV serotypes or history
of IFN therapy indicated that this variation is associated with HCC
susceptibility independently of HCV genotypes or treatment response
(Supplementary Fig. 3). Consistent with this result, rs1051796, which
had r? = 0.7 and D’ = 0.95 with rs2596542, was not associated with
IFN response (P = 0.89) according to previously published data in the
Japanese population!.

rs$2596542 is located within the class I major histocompatibility
complex (MHC) region. The human MHC region encompasses the
complex and extended linkage disequilibrium (LD) structure!®!3,
Several HLA alleles and genes within MHC region have been impli-
cated in HCV infection or clearance or in response to treatment!'4-16,
Therefore, we searched the whole 7.5-Mb extended MHC region using
GWAS data to test the possibility of other associated loci. We found
a moderate association peak at rs9275572 (P = 4.99 x 10-5), which
is located between HLA-DQA and HLA-DQB loci (Supplementary
Fig. 4). Subsequent replication and combination analyses at rs9275572
indicated a significant association with HCV-induced HCC (P=9.38 x
107%, OR = 1.30; Supplementary Table 4). The multiple logistic
regression analysis to control for alcohol consumption along with age
and gender also indicated a significant association at rs9275572 (P =
3.21 x 1078, OR = 1.29; Supplementary Table 5). However, rs2596542
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Figure 1 Regional association plot at rs2596542. Above, the P values

of genotyped SNPs are plotted (as —log; o values) against their physical
position on chromosome 6 (NCBI Build 36). The P value for rs2596542
at the GWAS stage, replication stage and combination analysis is
represented by a purple diamond, circle and diamond, respectively.
Estimated recombination rates from the HapMap JPT population show the
local LD structure. Inset, the SNP’s colors indicate LD with rs2596542
according to a scale from 2 = 0 to /2 = 1 based on pairwise 2 values from
HapMap JPT. Below, gene annotations from the UCSC genome browser.

A haplotype analysis between these two
markers showed four possible haplotypes,
with haplotype AA showing higher risk (with
OR = 1.44) compared to the major haplo-
type GG (Supplementary Table 7). However, the OR for the risk
haplotype was 1.32 with P = 2.31 x 10710 after comparing against
all observed haplotypes in the population (Supplementary Table 7),
which is weaker than that of rs2596542 alone (OR = 1.39, P =4.21 x
10713). Hence, the impact of rs2596542 is much stronger than the
haplotype of two SNPs, suggesting that rs2596542 is a principal
genetic factor in this region. We also found that rs9275572 has a
moderate association with CHC susceptibility as well as progression
from CHC to HCC (P=0.03 and P=2.58 x 107>, OR=1.09 and OR =
1.29, respectively; Supplementary Table 8). Because HLA-DQ and
HLA-DR alleles were shown to be associated with viral persistence and
early liver disease among Japanese individuals'é, further study will be
needed to confirm whether the association at rs9275572 is because of
its LD with HLA-DQ or DR alleles.

In this regard, it is interesting to note that rs9275572 had a very
strong expression quantitative trait locus effect on HLA-DQBI (logy,
o0dds (LOD) > 19.48) and HLA-DRB4 alleles (LOD = 26.88)'7. Thus,
it will be important to test the functional effect of the common haplo-
type (AA; Supplementary Table 7), which tags the risk alleles at these
two SNPs.

Two SNPs, rs12979860 and rs8099917, at the IL28B locus were
reported to be associated with spontaneous clearance of HCV virus'®
and response to pegylated IFN-o and ribavirin therapy'!, respectively.
However, we found no association at rs12979860 and rs8099917 in
our dataset (Supplementary Table 9). Because we used non-HCV
control subjects rather than subjects who had cleared HCV infection
spontaneously, and because only about 20% of the cases with HCC
had been treated with IFN, our study may not be suitable to detect
associations at the IL28B locus. In addition, the protective C allele
at rs12979860 is nearly fixed throughout east Asia, with a frequency
of more than 91% in the Japanese population as compared to 67% in
European Americans®, indicating a role for other factors in spontane-
ous clearance.

The top associated SNP, rs2596542, is located 4.7 kb upstream of
MICA, the MHC class I polypeptide-related sequence A gene, and
41.7 kb downstream of the HLA-B gene (Supplementary Fig. 5). The
regional association plot at the 152596542 locus, made using genotype
data from the GWAS (Fig. 1) and imputation analysis (Supplementary
Fig. 6), revealed that all of the modestly associated SNPs are tightly

Table 2 rs2596542 (A/G) is associated with progression from CHC
to HCC

Subjects RAF (Comparison) P2 ORa 95% ClI
Healthy 0.331

CHC 0.333  (Healthy vs. CHC) 0.61 1.02 0.94-1.10
HCC 0.398  (CHCvs. HCC) 3.13 x 1078 1.36 1.22-1.51

We analyzed 5,486 controls, 1,730 CHC cases and 1,394 HCC cases. RAF, risk allele
frequency (allele A); OR, odds ratio for the minor allele by considering the major allele
as a reference.
aCalculated by logistic regression analysis, by PLINK upon age and gender adjustment under
additive model.
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Figure 2 Correlation between soluble MICA levels and rs2596542
genotype. The x axis shows the genotypes at rs2596542, and the y axis
shows the concentration of soluble MICA in pg/ml. The number of
independent samples tested in each group is shown in parentheses.

Each group is shown as a box plot, and the median values are shown as
thick dark horizontal lines (median values of AA =0, AG = 43.6 and GG =
77.74). The box covers the twenty-fifth to seventy-fifth percentiles, and
the whiskers outside the box extend to the highest and iowest value within
1.5 times the interquartile range. Points outside the whiskers are outliers.
We tested the difference in the median values among genotypes using
the Kruskal-Wallis test (P= 1.6 x 10-13). We plotted the box plots using
default settings in R (see URLs).

linked to 152596542 (2 > 0.4) and are confined to the MICA gene
locus. On the other hand, the imputation analysis of HLA-tagging
SNPs did not show any evidence of linkage with rs2596542 (Online
Methods and Supplementary Table 10), suggesting that MICA is a
disease-associated candidate gene at this locus.

MICA is a membrane protein that acts as a ligand for NKG2D
to activate anti-tumor effects through natural killer cells and CD8*
T cells'®. On the other hand, MICA is secreted into the serum by
cleavage at the transmembrane domain with matrix metalloprotein-
ases?2! and inhibits the anti-tumor effect of natural killer cells and
CD8* T cells by blocking their action??-?4, Elevated expression of both
the membrane-bound and soluble forms of MICA (sMICA) have been
reported in several cancers, including HCC?3-?7, Exon 5 of MICA
encodes the transmembrane domain and contains a variable number
of tandem repeats (VNTR) consisting of 4, 5, 6 or 9 repeats of GCT
or one additional G nucleotide insertion into the 5-GCT-repeat allele
(referred as A4, A5, A6, A9 and A5.1, respectively). The insertion of
G (A5.1) causes a premature stop codon and subsequent loss of the
transmembrane domain, leading to altered subcellular localization?®,
Therefore, we tested whether rs2596542 is in linkage with functional
MICA VNTR alleles.

We further genotyped 673 cases with HCV-induced HCC and 890
non-HCV controls for the MICA VNTR locus with capillary-based
electrophoresis (Supplementary Fig. 7). A case-control analysis
revealed that the MICA VNTR is associated with HCV-induced HCC
(global P=4.55 x 1077; Supplementary Table 11). Particularly, alleles
A9 and A6 were associated with conferring a higher risk of HCC (OR =
1.73 and OR = 1.34, respectively), whereas the A5 and A5.1 alleles
had a protective effect. Comparison of the genotypes at 152596542
and the VNTR locus revealed that the A risk allele at rs2596542 is in
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LD with the A9 and A4 alleles, and the non-risk G allele is in LD with
the A5 and A5.1 alleles, whereas we observed no linkage between an
A6 allele and rs2596542 (Supplementary Table 12). We also geno-
typed 124 individuals with CHC; however, we observed no significant
association between individuals with CHC and controls or individuals
with CHC and HCC (Supplementary Tables 13,14).

We then tested whether the VNTR alleles, rs2596542 alleles,
or VNTR-rs2596542 haplotypes had any association with MICA
expression in individuals with HCV-induced HCC. We determined
SMICA levels by ELISA using a total of 665 HCC serum samples
(Supplementary Table 15). Notably, rs2596542 was significantly
correlated with sMICA levels, and specifically, the risk genotype AA
was associated with low levels of sSMICA (P = 1.38 x 10~13; Fig. 2),
whereas VNTR alleles (Supplementary Fig. 8) and VNTR- 52596542
haplotypes (Supplementary Table 16) showed no strong associa-
tion. The absence of any correlation between MICA VNTR alleles
and sSMICA suggests that sMICA levels are not regulated by post-
translational processing or a premature stop codon caused by A5.1
alleles in individuals with HCC. We also examined the sMICA level in
different stages of HCV-induced liver disease (in non-HCV subjects
and those with CHC and HCV-induced liver cirrhosis) and found
that sSMICA level was elevated at the early stage of disease and was
not correlated with disease progression (Fig. 3). Additionally, the risk
allele A was also correlated with low sMICA levels in subjects with
CHC (Supplementary Fig. 9). These findings suggest that MICA
expression was induced by factors caused by chronic HCV infection,

Figure 3 Correlation between soluble MICA and HCV-related diseases.
The x axis shows the disease stages after HCV infection, and the y axis
shows the concentration of soluble MICA in pg/ml. The number of
independent samples tested in each group is shown in parentheses. Each
group is shown as a box plot, and the median values are shown as thick
dark horizontal lines (median values of non-HCV = 0, CHC = 64.55,
LC=72.11 and HCC = 77.98). The box covers the twenty-fifth to seventy-
fifth percentiles, and the whiskers outside the box extend to the highest
and lowest value within 1.5 times the interquartile range. Points outside
the whiskers are outliers. We tested the difference in the median values
among the disease groups using the Wilcoxon rank test. The box plots were
plotted using default settings in R. Non-HCV, individuals not exposed to
HCV infection; CHC, individuals with chronic hepatitis C; LC, individuals
with liver cirrhosis; HCC, individuals with hepatocellular carcinoma.
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similar to various types of stresses such as viral infection, inflam-
mation and heat shock?®:30. The levels of sSMICA were shown to be
directly proportional to the level of membrane-bound MICA?, and
membrane bound MICA is essential for activating natural killer cells
and CD8* T cells to eliminate virus-infected cells'®. Considering the
association of the risk allele A with low levels of sMICA, our find-
ings suggest that the individuals who carry the 152596542 A allele
would express low levels of membrane-bound MICA in response to
HCV infection, which thus leads to poor or no activation of natural
killer cells and CD8" T cells against virus-infected cells. Eventually,
these individuals are likely to progress from CHC to HCC. Notably,
several SNPs that are in absolute linkage with rs2596542 are located
within the promoter or enhancer region of MICA and may alter the
binding of stress-inducible transcriptions factors such as heat shock
proteins (Supplementary Table 17). In this regard, it is important
to analyze the factors that regulate MICA expression, particularly in
the context of CHC. Although, the molecular mechanism whereby
MICA polymorphisms confer the risk of disease progression should
be characterized in the future, our findings reveal a crucial role of
genetic variations in the host innate immune system in the develop-
ment of HCV-induced HCC.

URLs. R, http://cran.r-project.org/; PLINK, http://pngu.mgh harvard.
edu/~purcell/plink/; Primer3 v0.3.0, http://frodo.wi.mit.edu/primer3/;
LocusZoom, http://csg.sph.umich.edu/locuszoom/; FastSNP, http://
fastsnp.ibms.sinica.edu.tw/pages/input_CandidateGeneSearch.jsp.

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS

Sample collections. We obtained DNA from 721 HCV-related HCC cases, 1,730
CHC cases and 5,486 HCV-negative controls from the BioBank Japan project!.
For replication analysis, DNA from 673 HCV-induced HCC cases was obtained
from a prospective HCC study cohort of the University of Tokyo. A diagnosis of
CHG, liver cirrhosis or HCC were based on histological, clinical and laboratory
findings obtained by trained physicians. Case samples with HBV co-infection
were excluded from the analysis. Interferon was administrated to 20.4% of HCC
cases and 70.1% of cases were not treated. The remaining 9.5% of the cases
lacked information about interferon treatment. The non-HCV controls obtained
from BioBank Japan contained case-mixed individuals after excluding all indi-
viduals with cancer, chronic hepatitis B, diabetes or tuberculosis. All subjects
were of Japanese origin and provided written informed consent. The clinical and
demographic details of the samples are summarized in Supplementary Table 1.
We also obtained serum samples from BioBank Japan and the University of
Tokyo (Supplementary Table 12). This research project was approved by the
ethical committees of the University of Tokyo and RIKEN.

SNP genotyping and quality control. In the GWAS, 721 individuals with
HCV-related liver cancer and 2,890 controls were genotyped using Illumina
HumanHap610-Quad and Illumina HumanHap550v3 Genotyping BeadChip,
respectively. In the replication stage, 673 cases with HCV-related disease, 1,730
cases with CHC and 2,596 controls were genotyped by the multiplex PCR-based
Invader assay (Third Wave Technologies) and the Illumina HumanHap610-
Quad, respectively. The common SNPs between the Illumina HumanHap550v3
and the Illumina HumanHap610-Quad arrays from all autosomal chromo-
somes were included for the analysis. We applied standard SNP quality control
filters to exclude SNPs with low call rate (<99%), a Hardy-Weinberg equilib-
rium P < 1.0 x 1078 for controls and minor allele frequency of <0.01. In the
end, we obtained 432,703 SNPs for the analysis. In the replication analysis,
the allele discrimination plots were validated by two well-trained researchers
(the plots are available on request). We excluded samples with low genotyping
rate (<99%) and employed principal component analysis to avoid the popula-
tion stratification issue, in which individuals belonging only to Hondo cluster
were included in the analysis (Supplementary Fig. 10)32.

Statistical analysis. The association of SNPs with the disease phenotype
in the GWAS, replication stage and combination analyses was tested using
multivariate logistic regression analysis after adjusting for age at recruitment
(continuous) and gender by assuming an additive model and using PLINK?3,
In the GWAS, the genetic inflation factor (1) was derived by applying logistic
regressed P values for all the tested SNPs. The quantile-quantile plot was drawn
using R. The ORs were calculated by considering the major allele as a reference,
unless it was stated otherwise elsewhere. The combined analysis of the GWAS
and replication stage was verified by conducting the Mantel-Haenszel method.
We considered P < 5 x 1078 as the genome-wide significance threshold, which
is the Bonferroni-corrected threshold for the number of independent SNPs
genotyped in HapMap Phase 2 (ref. 34). Heterogeneity across the two stages
was examined by using the Breslow-Day test3,

For multiple logistic regression analysis at rs2596542 using the R program,
we considered age at recruitment (<60 or >60 years)?, gender (male or female)
and alcohol consumption (non-drinkers, <50 g alcohol per day or >50 g alco-
hol per day) as covariates from both the GWAS and replication stage cases
with HCC and non-HCV controls. Association at the MICA VNTR locus was
analyzed by Fisher’s exact test, and the global P value was calculated using a
X2 test. Statistical comparisons between genotypes and sMICA levels were
performed by Kruskal-Wallis test or Wilcoxon rank test using R. We employed
the R package haplo.stats to infer haplotypes and to perform haplotype associa-
tion analysis. P values for association between sMICA levels and haplotype
distribution were obtained by score test under an additive model by using the
haplo.score function. ORs and 95% confidence intervals were calculated from
the coefficients of the GLM model by considering the major haplotype as a
reference. We used the haplo.cc function to calculate these statistical values.

HCYV serotype. HCV serotype data was available for 531 cases with HCC
from the replication stage. HCV serotype was examined by serotyping assay
(SRL Laboratory) according to previously reported methods®®. According to

the Simmonds classification®’, serotype 1 corresponded to disease types la
and 1b, whereas serotype 2 corresponded to disease types 2a and 2b.

MICA VNTR locus genotyping. We followed the method suggested by Applied
Biosystems. Briefly, the 5" end of the forward primer was labeled with 6-FAM,
and the 5" end of reverse primer was labeled with the GTGTCTT non-random
sequence to promote addition of As. The primer sequences were previously
reported?®. The PCR products were mixed with Hi-Di Formamide and GeneScan-
600 LIZ size standard and separated using a GeneScan system on a 3730xl DNA
analyzer (Applied Biosystems). GeneMapper software (Applied Biosystems) was
used to assign the repeat fragment size (Supplementary Fig. 7).

Quantification of soluble MICA. sMICA levels were measured by sandwich
enzyme-linked immunosorbent assay, as described in the manufacturer’s
instructions (R&D Systems).

Imputation and association analysis at HLA allele tagging SNPs. We obtained
a SNP or a combination of SNPs which can tag HLA alleles in the Japanese
population from a previous study*>. The untyped genotypes of these SNPs were
imputed in the GWAS samples by using a hidden Markov model programmed
in MACH? and haplotype information from HapMap JPT samples. We applied
the same SNP quality criteria as in the GWAS for selecting SNPs for the analysis.
The association was tested on all SNPs that passed the quality control criteria
using logistic regression analysis conditioned on age and gender.

Initially, we obtained the pair-wise LD between HLA alleles tagging SNPs
and rs2596542. We performed case-control association analysis in our GWAS
dataset. As shown in Supplementary Table 9, none of the HLA-tagging SNPs
showed evidence of linkage or association except rs2844521, and rs2844521
was in absolute linkage with 152596542 (> = 1, D’ = 1) and thus showed
similar association. We obtained actual genotype data at rs2596501, as this
SNP is included on the 550K SNP platform, and inferred the haplotype
between rs2844521 and rs2596501. However, the haplotype GT (the G allele
0f rs2844521 and the T allele of rs2596501), which is reported to tag the HLA-
B*3501 allele (12 = 1, D’ = 1), was not associated with HCC in our GWAS data-
set (P =0.39). We also performed a conditional logistic regression analysis on
rs2596501 (data not shown) and found no effect on the association between
1s2596542 and HCV-induced HCC. This data suggested that rs2596542 asso-
ciation is independent of HLA-B*3501. Although we observed mild associa-
tion between other HLA-B alleles (HLA-B*5401, P = 0.004; HLA-B*6701,
P =0.012) and HCV-induced HCC, the association at rs2596542 alone was
the most significant. Taken together, we found no strong evidence for linkage
of HLA alleles with rs2596542.

Software. For general statistical analysis, we used R statistical environment
version 2.6.1 or plink version 1.06. The Haploview software version 4.2 (ref. 39)
was used to calculate LD and to draw Manhattan plots. Primer3 v0.3.0 web tool
was used to design primers. We used LocusZoom for plotting regional asso-
ciation plots. We used FastSNP# web tool for functional annotation of SNPs
(see URLSs for all software packages).

31. Nakamura, Y. The BioBank Japan Project. Clin. Adv. Hematol. Oncol. 5, 696-697
(2007).

32. Yamaguchi-Kabata, Y. et al. Japanese population structure, based on SNP genotypes
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Genome-wide association study identifies three new
susceptibility loci for adult asthma in the Japanese population

Tomomitsu Hirota!, Atsushi Takahashi?, Michiaki Kubo3, Tatsuhiko Tsunoda?, Kaori Tomita!, Satoru Doi’,

Kimie Fujita%, Akihiko Miyatake®, Tadao Enomoto’, Takehiko Miyagawa®, Mitsuru Adachi’, Hiroshi Tanaka!?,
Akio Niimi!!, Hisako Matsumoto!l, Isao Ito!!, Hironori Masuko!?, Tohru Sakamoto!2, Nobuyuki Hizawa!2,
Masami Taniguchi'3, John J Lima'4, Charles G Irvin'5, Stephen P Peters!®, Blanca E Himes!”, Augusto A Litonjua'’,
Kelan G Tantisiral7, Scott T Weiss!”, Naoyuki Kamatani'®, Yusuke Nakamura!® & Mayumi Tamari!

Bronchial asthma is a common inflammatory disease caused
by the interaction of genetic and environmental factors'-2.
Through a genome-wide association study and a replication
study consisting of a total of 7,171 individuals with adult
asthma (cases) and 27,912 controls in the Japanese population,
we identified five loci associated with susceptibility to adult
asthma. In addition to the major histocompatibility complex
and TSLP-WDR36 loci previously reported, we identified three
additional loci: a USP38-GABT locus on chromosome 4q31
(combined P = 1.87 x 10~12), a locus on chromosome 10p14
(P =1.79 x 10~15) and a gene-rich region on chromosome
12q13 (P = 2.33 x 107"3). We observed the most significant
association with adult asthma at rs404860 in the major
histocompatiblity complex region (P = 4.07 x 10~23), which is
close to rs2070600, a SNP previously reported for association
with FEV,/FVC in genome-wide association studies for lung
function. Our findings offer a better understanding of the
genetic contribution to asthma susceptibility.

The precise mechanisms underlying the development and progres-
sion of bronchial asthma have not been fully elucidated. Genome-
wide association studies (GWAS) have contributed to identification
of common genetic variants related to common diseases, including
asthma’. GWAS of asthma in European and African-ancestry popula-
tions*~8 have been conducted, and a recent large-scale, consortium-
based GWAS among European populations reported ten loci strongly
associated with asthma®. To provide further information for a better

understanding of the genetic basis of asthma, GWAS using different
ethnic populations are also needed.

Because there have been few large-scale analyses of asthma in Asian
populations, we conducted a GWAS with 1,532 cases and 3,304 controls
in the Japanese population, using Illumina HumanHap 550v3 and 610-
Quad BeadChips (Supplementary Table 1). After principal component
analysis and quality-control filtering, we excluded one outlier before the
association analysis and subjected a total of 458,847 SNP loci to statistical
analysis; we then generated a quantile-quantile plot using the results
of a Cochran-Armitage test (Supplementary Fig. 1a,b). The genomic
inflation factor (Agc) was 1.07, and we calculated the A, oo, adjusted
by sample size to be 1.03, indicating a low possibility of false-positive
associations resulting from population stratification. We observed the
strongest association (at rs8192565) in the major histocompatibility
complex (MHC) class III region on chromosome 6p21 (Fig. 1), and
two variants in the NOTCH4 and C6orf10loci reached the genome-wide
significant threshold (P < 5 x 1078; Supplementary Fig. 1c).

We validated the association of previously reported loci for bron-
chial asthma in GWAS. A recent large-scale, consortium-based
GWAS identified ten loci for asthma with genome-wide significance’.
Our GWAS replicated three SNPs reported in the previous study:
r$1063355 on chromosome 6p21 (P = 0.0010), rs11071559 on chro-
mosome 15q22 (P = 0.0036) and rs744910 on chromosome 15q22
(P = 0.0095) (Supplementary Table 2a,b). We also checked the
associations of genes reported by previous GWAS for asthma®7?.
The SNPs for which we observed replication of the association with
P <0.05 in our GWAS are shown in Supplementary Table 2c.

1| aboratory for Respiratory Diseases, Center for Genomic Medicine, RIKEN, Yokohama, Kanagawa, Japan. 2Laboratory for Statistical Analysis, Center for Genomic
Medicine, RIKEN, Tokyo, Japan. 3Laboratory for Genotyping Development, Center for Genomic Medicine, RIKEN, Yokohama, Kanagawa, Japan. 4Laboratory for
Medical Informatics, Center for Genomic Medicine, RIKEN, Yokohama, Kanagawa, Japan. ®Osaka Prefectural Medical Center for Respiratory and Allergic Diseases,
Habikino, Osaka, Japan. ®Miyatake Asthma Clinic, Osaka, Japan. 7Nonprofit Organization (NPO) Japan Health Promotion Supporting Network, Wakayama, Japan.
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Figure 1 Case-control association results and 6p21
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To investigate additional susceptibility
loci for adult asthma, we conducted a rep-
lication study using an independent set of
5,639 cases and 24,608 controls. We geno-
typed the 102 SNPs that showed Cochran-
Armitage trend P < 1 x 107 in our GWAS
after excluding 31 SNPs having 7% > 0.9 with
some of these 102 SNPs. In the replication
study, 24 of the 102 SNPs replicated their significant associations
with Bonferroni-corrected P < 4.9 x 107% (calculated as 0.05/102)
(Supplementary Table 3). When we combined the data from the
GWAS and replication study using the Mantel-Haenszel method,
all of the 24 SNPs in five genomic loci were significantly associated
with adult asthma at genome-wide significant levels (P < 5 x 1078):
chromosome 4q31 (rs7686660, combined P = 1.87 x 107!2, odds
ratio (OR) = 1.16), 5q22 (rs1837253, P = 1.24 x 1076, OR = 1.17),
6p21 (rs404860, P = 4.07 x 10723, OR = 1.21), 10p14 (rs10508372,
P=1.79% 1071, OR=1.16) and 12q13 (rs1701704, P = 2.33 x 10~13,
OR =1.19) (Table 1). A recent study using a candidate gene approach
reported that the marker SNP rs1837253, which is located 5.7 kb
upstream of the transcription initiation site of TSLP, was associated with
asthma and airway hyper-responsiveness!®. It was also reported that
the HLA locus is associated with asthma and allergen sensitization®11,

Considering these previously reported results, our data identified
three loci newly associated with adult asthma.

After we combined the data of the GWAS and the replication study
(Supplementary Table 3), 18 of the 26 SNPs in the MHC region showed
association beyond the genome-wide significance threshold of P<5x 1078,
We observed the strongest association in the MHC class I1I region (Table 1
and Fig. 1). A recent large-scale European GWAS reported an associa-
tion of the HLA-DQlocus (rs9273349) with asthma, and cases with later-
onset asthma seemed to be influenced more markedly by this locus than
cases with childhood-onset asthma®. To examine the relationship between
159273349 and rs8192565, we conducted a logistic regression analysis using
the GWAS data. Because rs9273349 was not included in our GWAS data, we
used rs1063355 as a proxy SNP (2 = | between rs1063355 and rs9273349
in the HapMap JPT and CEU populations) (Supplementary Table 2b).
The strong association of SNPs in the MHC class I1I locus remained after

Table 1 Summary of the association results of the GWAS and the replication study

Cases Controls
Allele

dbSNP locus (risk allele) Stage Total RAF Total RAF pab OR (95% Cl)© Pret®
17686660 T/G GWAS 1,532 0.31 3,301 0.27 1.33x 1074 1.21(1.10-1.33)
4931 (M Replication 5,623 0.30 24,606 0.27 3.33x10°° 1.15(1.10-1.20)

Combined? 7,155 0.30 27,907 0.27 1.87 x 10712 1.16 (1.11-1.21) 0.29
11837253 T/C GWAS 1,532 0.40 3,304 0.36 3.50 x 105 1.21(1.11-1.32)
5q22 (€) Replication 5,629 0.39 24,601 0.35 1.02 x 10712 1.17 (1.12-1.22)

Combinedd 7,161 0.39 27,905 0.35 1.24 x 10716 1.17 (1.13-1.22) 0.43
15404860 AG GWAS 1,632 0.53 3,304 0.48 2.33x 107 1.24 (1.13-1.35)
6p21 (A) Replication 5,583 0.55 24,600 0.50 6.42 x 10718 1.20 (1.15-1.25)

Combined? 7,115 0.55 27,904 0.50 4.07 x 10723 1.21 (1.16-1.25) 0.54
rs10508372 T/C GWAS 1,532 0.47 3,304 0.43 3.47 x 1075 1.21(1.11-1.31)
10p14 (C) Replication 5,612 0.47 24,608 0.43 1.31 x 10-11 1.15(1.11-1.20)

Combined? 7,144 0.47 27,912 0.43 1.79x 10715 1.16 (1.12-1.21) 0.36
11701704 T/G GWAS 1,532 0.23 3,304 0.19 216 x 1076 1.30(1.17-1.45)
12q13 @ Replication 5,590 0.21 24,608 0.18 7.22x107° 1.16 (1.11-1.22)

Combined 7,122 0.21 27,912 0.18 2.33x 10713 1.19(1.14-1.25) 0.06

RAF, risk allele frequency; OR, odds ratio; Cl, confidence interval.

2P value of the Cochran-Armitage trend test for each stage. ®P values in the GWAS indicate A-corrected probability, Pyc.*We calculated odds ratios (ORs) and confidence intervals (Cls) using the
non-susceptible allele as a reference. 9We calculated the results of combined analyses using the Mantel-Haenszel method. ®The results of Breslow-Day test.
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Figure 2 Case-control association results and LD maps of the four candidate regions. (a-d) P value plot, genomic structures and LD maps of chromosomes
5q22 (a), 10p14 (b), 12g13 (c) and 4q31 (d). The blue plots show the —log;, of Cochrane-Armitage trend P values for the association results of the
GWAS. We drew the LD maps based on the D’ values using the genotype data of all cases and controls in the GWAS. Black and red dotted lines indicate
the ranges of the susceptible regions and positions of marker SNPs, respectively. Blue arrows indicate the locations of genes.

adjustment for rs1063355 (Supplementary Fig, 2). This result indicated
that the association observed in our study was independent of rs1063355
(and hence, rs9273349) in the HLA-DQ locus.

Recent GWAS of natural variations in lung function have shown
that a non-synonymous coding SNP in AGER (rs2070600) on chromo-
some 6p21 is associated with forced expiratory volume in one second
(FEV )/forced vital capacity (FVC)!?!3. Reduction of FEV /FVC is a
characteristic of obstructive lung diseases such as asthma'“. rs2070600
showed relatively weak linkage disequilibrium (LD) with rs404860 in
the Japanese population (r* = 0.115 and D’ = 0.805; Supplementary
Table 2b) and did not show association with adult asthma in our study.
However, rs404860 is located close to rs2070600, 32.9 kb downstream of
the SNP (Fig. 1). Asthma is a heterogenous disease with differences in
severity and natural history, and lower pulmonary function is a feature of
severe asthma. Thus, further genetic studies of asthma with detailed pheno-
typic characterization might help to clarify the relationship between
genetic determinants of lung function and susceptibility to asthma.

To further investigate the gene(s) conferring susceptibility to adult
asthma mapped to fourloci (excluding the MHC region), we performed
detailed mapping analyses using 1,532 cases and 3,304 controls from the
GWAS (Fig. 2a-d). We selected and genotyped tag SNPs (with minor
allele frequency 20.05 and 7* < 0.8) using the data from the HapMap

phase 2 and 3 (release 27) Japanese individuals. The fine mapping
analysis of the region on chromosome 5q22 using 13 tag SNPs showed
that rs1837253 represented an associated LD block spanning 88 kb that
included two genes, TSLP and WDR36 (Fig. 2a and Supplementary
Table 4a). Respiratory viruses, multiple protease allergens and inflam-
matory cytokines can induce TSLP expression in airway epithelial cells,
and TSLP plays a critical role in sensing environmental agents and
mediating T helper type 2 (Ty52) cell responses following exposure!®.
Although further investigation is required to determine the function of
the related variants in asthma, current annotation suggests that TSLP
is the most plausible susceptibility gene in this locus.

Fine mapping analysis of the locus on chromosome 10p14 with
22 tag SNPs showed that rs10508372 is located within a 112-kb LD
block that contains no reported genes (Fig. 2b and Supplementary
Table 4b). This region is a gene desert and is located 1 Mb down-
stream of GATA3, a master regulator of Tp;2 cell differentiation. As
enhancers might influence the expression of the gene with Mb-long
genomic distance!?, it should be verified whether the variants within
the associated region affect the activity of long range cis-regulatory
elements controlling GATA3 expression.

The fourth locus is located in a gene-rich region on chromosome
12q13. Fine mapping analysis using 12 additional tag SNPs indicated

NATURE GENETICS VOLUME 43 | NUMBER 9 | SEPTEMBER 2011

895

- 167 -



% © 2011 Nature America, Inc. All rights reserved.

LETTERS

that rs1701704 is present within a 201-kb LD block including 13 genes
(Fig. 2cand Supplementary Table 4c). Recent association studies have
shown that rs1701704 at this locus is associated with type I diabetes!®
and alopecia areata!®. rs1701704 is located 2 kb upstream from IKZF4
(also known as EOS), which was shown to be involved in differentiation
of regulatory T cells as a coregulator of FOXP3-directed gene silenc-
ing?. Regulatory T cells maintain pulmonary homeostasis and prevent
harmful immune responses to innocuous inhaled antigens?!.

We finely mapped the fifth locus on chromosome 4q31 using 11 tag
SNPs. The 497-kb susceptibility LD block region including rs1397527
contained USP38-GABI (Fig. 2d and Supplementary Table 4d).
USP38 encodes ubiquitin-specific peptidase 38, whose function is
unclear. GABI is a scaffolding adopter protein that plays an important
role in the signaling pathway activated by cytokine receptors for IL-3,
IL-6, interferon o and v, and B-cell and T-cell receptors??,

To examine the association of these variants with adult asthma
in populations of different ancestries, we conducted an association
study in 499 non-Hispanic individuals of European ancestry with
mild to severe asthma from three adult asthma populations and 639
controls obtained from Illumina’s iControl database. We found that
rs1837253 on 5q22 showed a significant association with adult asthma
(P =0.023) (Supplementary Table 5). Hence, we conclude that the
locus containing TSLP may be a common susceptible region for
asthma across various ethnic groups.

In conclusion, we identified five loci that confer susceptibility to
adult asthma in the Japanese population at genome-wide significant
levels. The three new loci identified in our GWAS were not observed
in a previous study with a large meta-analysis in which 65.4% of
the cases were subjects with childhood-onset asthma. In contrast,
we recruited subjects with adult asthma, though 19.6% of the cases
in the GWAS were subjects with childhood-onset asthma. Asthma
has various clinical phenotypes that show age-related variation. The
heterogeneity of phenotypes between these studies might have influ-
enced these results. The peak of association at 6p21 in this study
was located close to rs2070600, which was associated with FEV |/FVC
in GWAS of lung function in healthy individuals'®!3, We found for
the first time, to our knowledge, an association of asthma with the
TSLP-WDR361ocus at a genome-wide significant level. A SNP in the
TSLP-WDR36 locus was associated with adult asthma in populations
of both Japanese and non-Hispanic individuals of European ancestry.
Further studies are necessary for better understanding of the clear role
of genetic etiology and the pathophysiology of bronchial asthma.

URLs. The Leading Project for Personalized Medicine, http://
biobankjp.org/; Haploview v4.2, http://www.broadinstitute.org/
scientific-community/science/programs/medical-and-population-
genetics/haploview/haploview; PLINK statistical software v1.06,
http://pngu.mgh.harvard.edu/~purcell/plink/; lluminas IconDB
resource, http://www.illumina.com/science/icontroldb.ilmn.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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