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Abstract We examined the genetic background of nonal-
coholic fatty liver disease (NAFLD) in the Japanese popu-
lation, by performing a genome-wide association study
(GWAS). For GWAS, 392 Japanese NAFLD subjects and
934 control individuals were analyzed. For replication
studies, 172 NAFLD and 1,012 control subjects were mon-
itored. After quality control, 261,540 single-nucleotide
polymorphisms (SNPs) in autosomal chromosomes were
analyzed using a trend test. Association analysis was also
performed using multiple logistic regression analysis using
genotypes, age, gender and body mass index (BMI) as
independent variables. Multiple linear regression analyses
were performed to evaluate allelic effect of significant SNPs
on biochemical traits and histological parameters adjusted
by age, gender, and BMI. Rs738409 in the PNPLA3 gene was
most strongly associated with NAFLD after adjustment
(P = 6.8 x 107", OR = 2.05). Rs2896019, and rs381062
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inthe PNPLA3 gene, 15s738491,1s3761472, andrs2143571 in
the SAMM 50 gene, 1s6006473, 155764455, and rs6006611 in
the PARVB gene had also significant P values (<2.0 x
10719 and high odds ratios (1.84-2.02). These SNPs were
found to be in the same linkage disequilibrium block and
were associated with decreased serum triglycerides and
increased aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) in NAFLD patients. These SNPs
were associated with steatosis grade and NAFLD activity
score (NAS). Rs738409, rs2896019, rs738491, rs6006473,
1s5764455, and rs6006611 were associated with fibrosis.
Polymorphisms in the SAMMS50 and PARVB genes in addi-
tion to those in the PNPLA3 gene were observed to be
associated with the development and progression of
NAFLD.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is now recog-
nized as an important health concern (Angulo 2002; Farrell
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2003). NAFLD has a broad spectrum of effects, including
simple steatosis, nonalcoholic steatohepatitis (NASH),
fibrosis/cirrhosis, and hepatocellular carcinoma. Excess fat
accumulation in the liver is observed in 20-30 % of the
population in American and European countries, where
NASH is associated with approximately 1-3 % of the
population (Ludwig et al. 1980). NAFLD is now consid-
ered to be a part of metabolic syndrome (Marchesini et al.
2001; Stefan et al. 2008). Genetic as well as environmental
factors are important in the development of NAFLD
(Wilfred de Alwis and Day 2008).

Single-nucleotide polymorphisms (SNPs) are useful
tools for identifying genetic factors and have been inten-
sively investigated for various common diseases. We pre-
viously reported that variations in peroxisome proliferator-
activated receptor y coactivator lo. (PPARGCIA), angio-
tensin II type 1 receptor (ATGRI), and nitric oxide synthase
2 (inducible) (NOS2) genes are associated with NAFLD in
Japanese individuals (Yoneda et al. 2008, 2009a, b).

Genome-wide association studies (GWASs) have
revealed that SNPs in the patatin-like phospholipase
domain containing 3 (PNPLA3) and other genes influence
NAFLD and liver enzyme levels in the plasma (Romeo
et al. 2008; Chalasani et al. 2010; Speliotes et al. 2011;
Kawaguchi et al. 2012). We previously reported that the
risk allele (G-allele) of PNPLA3 1s738409 is strongly
associated with NAFLD as well as with increases in
aspartate transaminase (AST), alanine transaminase (ALT),
ferritin levels, and fibrosis stage in the patients with
NAFLD in the Japanese population (Hotta et al. 2010).

To elucidate the detailed genetic background of NAFLD
in the Japanese population, we performed genome-wide
analysis for NAFLD.

Materials and methods
Subjects

For GWAS, 392 Japanese patients with NAFLD (NAFLD-
1, 345 with NASH and 47 with simple steatosis) were
enrolled. Genome-wide scan data for 934 general Japanese
control subjects (control-1) described in the JSNP database
(IMS-JST: Institute of Medical Science-Japan Science and
Technology Agency Japanese SNP database, http://snp.
ims.u-tokyo.ac.jp/) were used for GWAS. For the replica-
tion study, 172 patients with NAFLD (NAFLD-2; 97 with
NASH, 4 with simple steatosis, and 71 with NAFLD) and
1012 control subjects (control-2) were analyzed. Control-2
subjects included Japanese volunteers who had undergone
medical examination for common disease screening. All
the NAFLD-1 and 101 NAFLD-2 patients underwent liver
biopsy. Computed tomography (CT) or magnetic resonance
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imaging (MRI) was performed on 71 NAFLD-2 patients.
Patients with the following diseases were excluded from
the study: viral hepatitis (hepatitis B and C, Epstein—Barr
virus infection), autoimmune hepatitis, primary biliary
cirrhosis,  sclerosing  cholangitis, hemochromatosis,
o-antitrypsin deficiency, Wilson’s disease, drug-induced
hepatitis, and alcoholic hepatitis (present or past daily
consumption of more than 20 g alcohol per day). None of
the patients showed clinical evidence of hepatic decom-
pensation such as hepatic encephalopathy, ascites, variceal
bleeding, or a serum bilirubin level greater than twofold the
normal upper limit.

Liver biopsy tissues were stained with hematoxylin and
eosin, reticulin, and Masson’s trichrome stain. Histological
criterion for NAFLD diagnosis is macrovesicular fatty
change in hepatocytes with displacement of the nucleus
toward the cell edge (Sanyal 2002). When more than 5 %
of hepatocytes are affected by macrovesicular steatosis,
patients are diagnosed as having either steatosis or NASH.
The minimal criteria for the diagnosis of NASH includes
the presence of >5 % macrovesicular steatosis, inflamma-
tion, and liver cell ballooning, typically with predomi-
nantly centrilobular (acinar zone 3) distribution (Matteoni
et al. 1999; Teli et al. 1995). Steatosis degree was graded as
follows based on the percentage of hepatocytes containing
macrovesicular fat droplets: grade 0, no steatosis; grade 1,
<33 % hepatocytes containing macrovesicular fat droplets;
grade 2, 33-66 % of hepatocytes containing macrovesic-
ular fat droplets; and grade 3, >66 % of hepatocytes con-
taining macrovesicular fat droplets (Brunt 2001). The
activity of hepatitis (necroinflammatory grade) was also
determined on the basis of the composite NAFLD activity
score (NAS) as described by Kleiner et al. (2005). NAS is
the unweighted sum of the scores for steatosis, lobular
inflammation, and hepatocellular ballooning, and ranges
from 0O to 8. Fibrosis severity was scored according to the
method of Brunt (2001) and was expressed on a 4-point
scale, as follows: 0, none; 1, perivenular and/or perisinu-
soidal fibrosis in zone 3; 2, combined pericellular portal
fibrosis; 3, septal/bridging fibrosis; 4, cirrhosis.

Entire study was conducted in accordance with the
guidelines of the Declaration of Helsinki. Written informed
consent was obtained from each subject, and the protocol
was approved by the ethics committee of Kyoto University,
Yokohama City University, Hiroshima University, and
Kurume University.

Clinical and laboratory evaluation

The weight and height of patients were measured using a
calibrated scale after removing shoes and heavy clothing, if
present. Venous blood samples were obtained from sub-
jects after overnight fasting (12 h) to measure plasma
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glucose, hemoglobin Alc (HbAlc), total cholesterol, high-
density lipoprotein (HDL) cholesterol, triglycerides, serum
AST, ALT, iron, ferritin, hyaluronic acid, and type IV
collagen 7S. All the laboratory biochemical parameters
were measured using conventional methods.

DNA preparation, genome-wide genotyping and quality
control

Genomic DNA was extracted using Genomix (Talent Sil,
Trieste, Italy) for blood samples collected from each sub-
ject. Genome scans were conducted for NAFLD-1 patients
using the Human660 W-Quad BeadChip (n = 104) or the
HumanOmniExpress BeadChip (n = 288; Illumina, Inc.,
San Diego, CA, USA). Genome scan data from control-1
(n = 934) were genotyped using the Illumina Human-
Hap550 BeadChip and 515,286 SNPs in the autosomal
chromosome were available in the JSNP database. A total of
295,887 common SNPs in the autosomal chromosomes
were determined among 3 BeadChips. Individual call rates
were all >0.99 in the patients and the control group. A total
of 31,177 SNPs with minor allele frequency (<0.01), 901

Table 1 Clinical characteristic of the subjects

SNPs with a lower success rate (<0.95), and 2,269 SNPs
with distorted Hardy—Weinberg equilibrium (P < 0.001)
were excluded; thus, 261,540 SNPs were subjected to case—
control association analysis. Using phase II and III HapMap
JPT, HCB and CEU data (http://hapmap.ncbi.nlm.nih.gov/),
we confirmed that NAFLD-1 subjects in this study were
derived from the Japanese population using multi-dimen-
sional scaling (MDS) analysis (Supplementary Fig. 1). The
number of alleles that shared identity-by-descent (PI_HAT)
was calculated, and it was found that the PI_HAT value was
less than 0.05 for the NAFLD-1 patients.

For the replication study, Invader probes (Third Wave
Technologies, Madison, WI, USA) were constructed for 56
SNPs with P values less than 5.0 x 107>, SNPs were
genotyped for NAFLD-2 and control-2 using Invader
assays as previously described (Ohnishi et al. 2001). The
success rates of the Invader assays were >99.0 %. To
validate GWAS, NAFLD-1 patients were also genotyped
using the Invader assay and SNPs with concordance rate of
both genotyping more than 99 % were used for further
analysis. Thirteen SNPs showed a lower concordance rate
(<0.99) and were excluded from further analysis.

GWAS

Replication

NAFLD-1 (n = 392)

Control-1 (n = 934)

NAFLD-2 (n = 172) Control-2 (n = 1012)

No. of NASH 345 -
Men/women 199/193 -
Age (year) 499 + 14.8 -
BMI (kg/m?) 28.0 + 5.0 -
FPG (mg/dL) 118.8 £37.3 -
Hb.Alc (%) 64413 -
T. Chol. (mg/dL) - 2137 £ 414 -
Triglycerides (ing/dL) 172.2 + 120.6 -
HDL-C (mg/dL) 529+ 15.7 -
SBP (mmHg) 1275 £ 150 -
DBP (mmHg) 78.0 £ 11.7 -
AST (IU/L) 51.3 £ 315 -
ALT (IU/L) 84.3 &+ 60.2 -
Ferritin (ng/mL) 237.1 £ 225.0 -
Hyaluronic acid (ng/dL) 44.5 £ 70.2 -
Type IV collagen 7s (ng/dL) 4413 -
Steatosis grade (1-3) 1.6 £ 0.7 -
Lobular inflammation (0-3) 124+ 0.8 -
Hepatocyte ballooning (0-2) 1.1 £ 07 -
NAS (0-8) 40 £ 1.7 -
Fibrosis stage (0—4) 1.6 £1.0 -

97 -

95/77 500/512
53.5 + 13.8 53.1 4+ 153
274 + 4.6 2277 £32
114.8 £ 36.8 98.2 & 19.0
6.3 4 1.1 55 %07
205.0 £ 39.6 208.5 + 36.2
1533 + 744 110.0 £ 88.5
53.8 £ 12.7 62.7 £ 15.5
129.6 £+ 14.0 124.5 £ 19.1
81.1 =94 76.3 £ 11.6
479 +£ 254 23.0 4+ 102
754 £ 53.6 203 £ 11.8
229.1 £227.3 -

74.8 £ 208.2 -

6.2 +12.8 -

1.5+ 0.8° -

1.5 4+ 0.6° -

12 £05° -

42 + 1.3° -

2.0 £ 1.0° -

AST aspartate transaminase, ALT alanine transaminase, DBP diastolic blood pressure, FPG fasting plasma glucose, HDL-C high-density
lipoprotein cholesterol, SBP systolic blood pressure, SNP single-nucleotide polymorphism, 7. Chol. total cholesterol

2 pn=101
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Statistical analysis

A case—control association analysis was performed using
the Cochran-Armitage trend test. Combined P values were
obtained using Fisher’s combined probability test. Hardy—
Weinberg equilibrium was assessed using the 1 -test
(Nielsen et al. 1998). PI_HAT and MDS analysis were
performed using PLINK 1.07 (http:/pngu.mgh.harvard.
edu/purcell/plink) (Purcell et al. 2007). A Manhattan plot
of GWAS and linkage disequilibrium (LLD) was drawn
using HaploView (Barrett et al. 2005). We categorized the
genotypes as 0, 1, or 2 depending on the number of copies
of risk alleles present. Multiple linear regression analyses
were performed to test the independent effect per allele of
each SNP on biochemical traits and histological parame-
ters, accounting for effects of the other variables [i.e., age,
gender, and body mass index (BMI)]. BMI, fasting plasma
glucose, triglycerides, ferritin, hyaluronic acid, and type IV
collagen 7s values were logarithmically transformed
before performing multiple linear regression analysis.
Statistical analyses were performed using R software
(http://www.r-project.org/).

Results
Genome-wide case—control association studies

We performed GWAS using NAFLD-1 (n = 392) and
control-1 (n = 934). The characteristics of the study sam-
ples are presented in Table 1. After quality controls of
genotyping results, 261,540 SNPs in autosomal chromo-
somes were used for case—control association analysis. To
assess population stratification, we examined the quantile—
quantile P value plot (Fig. 1a). A slight inflation in P val-
ues was observed according to the genomic control method
(Agc = 1.09). Because we used the JSNP database as a
control, we were unable to evaluate population stratifica-
tion between NAFLD-1 and control-1 subjects. Instead, we
confirmed that all the NAFLD-1 subjects were collected
from the Japanese population using MDS analysis (Sup-
plementary Fig. 1).

To identify SNPs susceptible to causing NAFLD, we
compared NAFLD-1 and control-1 subjects using the trend
test. A-Manhattan plot showed that one peak located on
chromosome 22ql13 was significantly associated with
NAFLD and that some SNPs were marginally associated
with NAFLD (Fig. 1b; Supplementary Fig. 3). To evaluate
significant and marginally NAFLD-associated SNPs, we
selected 56 SNPs with P values less than 5.0 x 107>, We
performed a replication study of NAFLD-2 (n = 172) and
control-2 (n = 1012) subjects. After the replication study,
12 SNPs remained with P values less than 1.0 x 107> , and
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Fig. 1 Quantile-quantile plot for genome-wide association (a) and
regional plots of genome-wide significant loci (b). a The —logjo
(P value) of observed association statistics is shown in y-axis,
compared with —log10 (P value) of the association statistics expected
under the null hypothesis of no association in x-axis. b. SNPs are
plotted by their position on the chromosome against their association
with NAFLD using GWAS data. The SNPs surrounding the top SNP
(rs2896019) are colored to reflect their LD with the top SNP (using
pairwise 7* values from GWAS data of NAFLD-1 and control-1). The
positions of genes as well as the direction of transcription are shown
above the plots

8 SNPs were significantly associated with NAFLD even
when conservative Bonferroni’s correction was applied
(P < 1.0 x 107°, Table 2). All the eight SNPs were in the
same LD block (Fig. 1b; Supplementary Fig. 2) and loca-
ted at chromosome 22q13, which was previously reported
to be NAFLD-susceptible (Romeo et al. 2008; Speliotes
et al. 2011; Kawaguchi et al. 2012; Hotta et al. 2010).
NAFLD patients have higher BMI compared with the
Japanese general population (Table 1); thus, we performed
multiple logistic regression analysis using genotypes, age,
gender, and BMI as independent variables, involving



€¢e

138urxdg @

Table 2 List of the SNPs showing combined P < 1.0 x 107>

dbSNP ID Chr BP Nearby Allele GWAS Replication Combined
(Build 36.3) genes 23 - - P value
Genotype (risk allele P value OR Genotype (risk allele P value OR
frequency) 95 % CI) frequency) 95 % CI)
NAFLD-1 Control-1 NAFLD-2  Control-2
1s6691847 1 30,038,239 PTPRU  T/C* 11/106/275  48/355/531 7.2 x 107°  1.63 8/46/116  47/366/599  0.063 1.32 73 x 107°
0.84) 0.76) (131-2.03)  (0.82) 077 0.98-1.77)
1s7552722 1 115,722,878 NGF AYG  70/180/142  100/390/444 7.9 x 107°  1.49 22/84/66  124/394/490  0.059 1.27 7.2 x 107°
041 0.32) (126-178)  (0.37) 0.32) (1.00-1.61)
152051090 13 35,352,193 DCLKI  A/G* 4/108/280  51/328/555 1.6 x 107 1.72 2/52/118  40/299/669 0.27 1.19 7.1 x 107¢
(0.85) ©.77) (1.38-2.16)  (0.84) 0.81) (0.88-1.62)
152896019 22 42,665,027 PNPLA3 T/G* 75/155/162  290/453/191 1.3 x 1072 1.94 23/83/66  300/509/202 2.5 % 107° 2.02 1.6 x 1072
0.61) (0.45) (1.64-2.30)  (0.63) 0.45) (1.60-2.56)
1s3810622 22 42,669,467 PNPLA3 AYG  208/141/43  291/470/172 3.9 x 10712 1.90 92/63/17  314/517/180 1.0 x 1077 1.95 17 x 1077
0.71) 0.56) (1.59-227)  (0.72) 0.57) (1.52-2.51)
15738491 22 42,685444 SAMMS50 AYG  162/170/60  266/448/220 12 x 107¢ 154 66/87/19  247/506/258 1.0 x 107¢ 179 3.9 x 107!
0.63) 0.52) (1.30-1.83)  (0.64) 0.49) (1.41-2.27)
152073082 22 42,691,340 SAMMS0 A/G*  28/142/221  102/419/413 5.0 x 1077 1.48 11/66/95  140/457/412 1.0 x 107 1.67 1.0 x 1077
(0.75) 0.67) (1.22-1.78)  (0.74) (0.63) (1.29-2.17)
53761472 22 42,699.455 SAMMS50 T/C*  80/186/126  326/430/178 3.0 x 1071 1.74 33/86/53  328/515/168 15 x 107° 1.74 1.5 x 1074
(0.56) 0.42) (1.47-2.06)  (0.56) 0.42) (1.38-2.19)
2143571 22 42,723,019 SAMMS0 AYG  124/185/81  184/427/323 3.9 x 107°  1.68 53/86/33  171/518/323 2.9 x 107¢ 1.71 3.5 x 1078
(0.56) 0.43) (1.42-1.99)  (0.56) (0.42) (1.36-2.15)
56006473 22 42,724,408 SAMMS50, AYG  163/170/59  274/446/214 3.6 x 107° 1.96 67/86/19  257/506/248 34 x 107° 1.74 3.2 x 10710
PARVB 0.63) (0.53) (1.65-2.32)  (0.64) 0.50) (1.38-2.21)
1$5764455 22 42,729,857 PARVB  TYC  115/180/97  164/422/348 3.0 x 107%  1.63 47/90/35  155/495/362 1.5 x 107% 174 1.6 x 10712
0.52) (0.40) (1.38-1.93)  (0.53) (0.40) (1.38-2.19)
6006611 22 42,732,031 PARVB  A/G* 51/167/174  187/471/276 2.4 x 1077 1.58 17/72/83  213/502/296 23 x 1077 1.90 1.8 x 10712
(0.66) (0.55) (1.33-1.88)  (0.69) 0.54) (1.49-2.43)

P values were calculated by Cochran—Armitage trend test. Odds ratios (ORs) were calculated for risk allele with 95 % confidence interval (CI). Combined P values were obtained using Fisher’s

combined probability test
# Risk allele

T6L—E8L:TET (£107) 10UD wny

L8L
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NAFLD-1, NAFLD-2 and control-2 subjects. We also
genotyped rs738409 since this SNP was most extensively
examined. After adjusting for age, gender, and BMI, nine
SNPs were strongly associated with NAFLD (P < 1.0 x
107°, Supplementary Table 1). SNP 15738409 was most
strongly associated with NAFLD before adjustment
(P = 2.1 x 107'®); however, after adjustment, eight SNPs
(rs2896019, rs3810622, 1738491, rs3761472, 152143571,
rs6006473, rs5764455, and rs6006611) had also smaller
P values (1.8 x 107" to 1.8 x 107"*) compared to
rs738409 (P = 6.8 x 10~'). Moreover, nine SNPs had
high odds ratios (OR 1.84-2.05).

When eight SNPs were adjusted with rs738409 using
NAFLD-1, NAFLD-2 and control-2 subjects, no SNPs
showed significant association (Supplementary Table 2).
P value of rs738409 was smaller than other SNPs, sug-
gesting that rs738409 is most important for the develop-
ment of NAFLD. We also examined association between
3-SNP (rs738409, rs2896019, and rs3810622) haplotype in
the PNPLA3, 4-SNP (15738491, rs3761472, rs2143571, and
rs6006473) haplotype in the SAMMS50, and 2 SNPs
(rs5764455, and rs6006611) haplotype in the PARVB
genes, and NAFLD, using NAFLD-1, NAFLD-2 and
control-2 subjects. Haplotype GGA in the PNPLA3 (P =
13 x 107", OR =2.19), ACAA in the SAMMS50
(P=13x 107", OR = 1.99), and TG in the PARVB
(P =5.0 x 107'2, OR = 2.06) genes were strongly asso-
ciated with NAFLD (Supplementary Table 3). Haplotype
analysis suggested that PNPLA3 gene is most important for
the pathogenesis for NAFLD.

Analysis of various quantitative and histological
phenotypes

Next, we investigated metabolic traits and NAFLD-sus-
ceptible SNPs since NAFLD is considered to be a part of
metabolic syndrome (Marchesini et al. 2001; Stefan et al.
2008). Nine SNPs were associated with decreased serum
triglycerides in NAFLD patients, but not in the control
group (Table 3). Allelic effects on decreased triglycerides
levels in NAFLD patients were similar among the nine
SNPs. These SNPs were associated with increased AST
and ALT both in NAFLD and control subjects. Allelic
effects of SNPs in the PNPLA3 gene on increased AST
levels in NAFLD patients were higher than those of other
SNPs. Other metabolic traits were not associated with the
nine SNPs.

The nine SNPs were associated with lobular inflamma-
tion, ballooning, and NAS (Table 4). Rs3810622 was not
associated with lobular inflammation. Six SNPs (rs738409,
1s2896019, rs738491, rs6006473, 1s5764455, and
rs6006611) were associated with fibrosis. Allelic effects on
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NAS and fibrosis of SNPs in the PNPLA3 and PARVB gene
were stronger than those in the SAMMS50 genes, although
the associations were not significant according to multiple
testing. Nine SNPs in the chromosome 22q13 region were
associated with increased serum ferritin  (except
1s5764455). Five SNPs in the SAMMM50 and PARVB
genes (rs738491, rs3761472, 1s2143571, rs6006473, and
5764455) were associated with hyaluronic acid, which
were high in NASH. No SNPs were associated with type
IV collagen 7s. Nine SNPs showed different association
levels with serum metabolic traits and histological severity
suggesting that three genes (PNPLA3, SAMMS50, and
PARVB) may be involved in both the development and
progression of NAFLD (Supplementary Fig. 4).

We have also performed the association tests of nine
SNPs in patients with NASH and simple steatosis diag-
nosed by liver biopsy. Although the number of simple
steatosis was small, nine SNPs were associated with NASH
(OR = 1.76-2.79, Supplementary Table 4). Rs5764455 in
the PARVB gene was most strongly associated with NASH
(P=34x10"°% OR=279). Haplotype analysis
revealed that most strongly association with steatosis was
haplotype GGA in the PNPLA3 (P = 5.0 x 10™*) and that
haplotype TG in the PARVB gene was most strongly
associated with NAS (P =9.6 x 107") and fibrosis
(P = 4.4 x 107*, Supplementary Table 5).

Discussion

To elucidate the genetic background of NAFLD, we
identified the candidate genes (Yoneda et al. 2008, 2009a,
b; Hotta et al. 2010). We performed GWAS and found that
the PNPLA3-SAMM50-PARVB genetic region was signifi-
cantly associated with NAFLD in the Japanese population.
According to our previous study (Hotta et al. 2010),
1s738409 in the PNPLA3 gene was most strongly associ-
ated with NAFLD. NAFLD patients are overweight to
obese, and many have metabolic syndrome (Marchesini
et al. 2001; Stefan et al. 2008). Even after adjusting for age,
gender, and BMI, three SNPs (rs738409, rs2896019, and
rs3810622) in the PNPLA3, four SNPs (1s738491,
1s3761472, rs2143571, and rs6006473) in the SAMMS50,
and two SNPs (rs5764455 and rs6006611) in the PARVB
genes showed significant P values. Our previous study
indicated that the P value for the association between
18738409 and NAFLD increased after adjusting for age,
gender, and BMI (Hotta et al. 2010). A recently reported
GWAS showed the strongest association of rs738409 in the
PNPIA3 gene with NAFLD in the Japanese population;
however, the study did not adjust for age, gender, or BMI
(Kawaguchi et al. 2012). Although numerous reports and a
meta-analysis have indicated that rs738409 is associated
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Table 3 Association between significant SNPs and metabolic traits

SNP ID Subjects FPG (mg/dL) T. Chol. (mg/dL) Triglycerides (mg/dL) HDL-C (mg/dL)
B (SE) P value B (SE) P value f (SE) P value B (SE) P value
1s738409  Control-2 0.002 (0.003) 0.38 —0.269 (1.579) 0.86 0.007 (0.010) 0.47 0.518 (0.630) 0.41
NAFLD-1,2  0.001 (0.006) 0.84 —2.732 (2.458) 0.27 —0.049 (0.013) 1.3 x 107*  0.463 (0.863) 0.59
152896019  Control-2 0.003 (0.003) 0.36 —0.862 (1.575) 0.58 - 0.011(0.010) 0.26 . 0.390 (0.629) 0.54
NAFLD-1,2  0.002 (0.006) 0.78 —2.750 (2.438) 0.26 —0.044 (0.013) 5.0 x 107*  0.448 (0.855) 0.60
rs3810622 Control-2 0.000 (0.003) 0.91 —0.260 (1.597) 0.87 0.011 (0.010) 0.25 0.396 (0.638) 0.53
NAFLD-1,2 —0.003 (0.007) 0.69 —0.723 (2.621) 0.78 —0.047 (0.014) 5.1 x 107* 0.667 (0.915) 0.47
1s738491  Control-2 0.004 (0.003) 0.19 0.084 (1.555) 0.96 0.010 (0.009) 0.28 0.779 (0.620) 0.21
NAFLD-1,2  0.005 (0.006) 0.40 —4.251 (2.558) 0.097 —0.041 (0.013) 0.0024 —0.023 (0.895) 0.98
1s3761472  Control-2 0.002 (0.003) 0.44 —0.277 (1.607) 0.86 0.008 (0.010) 0.39 0.618 (0.642) 0.34
NAFLD-1,2  0.003 (0.006) 0.66 —3.636 (2.491) 0.15 —0.051 (0.013) 9.1 x 1073 0.394 (0.874) 0.65
rs2143571  Control-2 0.004 (0.003) 0.19 —0.017 (1.608) 0.99 0.010 (0.010) 0.30 0.548 (0.642) 0.39
NAFLD-1,2  0.002 (0.006) 0.71 —3.789 (2.494) 0.13 —0.052 (0.013) 6.3 x 107° 0.325 (0.876) 0.71
rs6006473  Control-2 0.005 (0.003) 0.055 0.191 (1.554) 0.90 0.012 (0.009) 0.21. 0.515 (0.620) 0.41
NAFLD-1,2  0.005 (0.006) 0.42 —4.341 (2.559) 0.090 —0.042 (0.013) 0.0016 —0.123 (0.896) 0.89
rs5764455 Control-2 0.005 (0.003) 0.077 0.017 (1.610) 0.99 0.013 (0.010) 0.18 1.004 (0.642) 0.12
NAFLD-1,2  0.002 (0.006) 0.74 —1.593 (2.453) 0.52 —0.042 (0.013) 0.0011 —0.097 (0.859) 0.91
1s6006611  Control-2 0.002 (0.003) 0.41 0.060 (1.561) 0.97 0.012 (0.009) 0.21 0.934 (0.623) 0.13
NAFLD-1,2  0.000 (0.007) 0.97 —1.181 (2.608) 0.65 —0.039 (0.014) 0.0045 —0.627 (0.906) 0.49
SNP ID Subjects SBP (mmHg) DBP (mmHg) AST (IU/L) ALT (IU/L)
B (SE) P value B (SE) P value B (SE) P value B (SE) P value
rs738409  Control-2 0.271 (0.726) 0.71 —0.571 (0.462) 0.22 0.026 (0.007) 2.4 x 10™* 0.032 (0.009) 4.4 x 10~*
NAFLD-1,2  0.383 (1.135) 0.74 —0.101 (0.904) 0.91 0.063 (0.013) 1.2 x 107° 0.073 (0.015) 1.1 x 10°
rs2896019  Control-2 0422 (0.724) 0.56 —0.337 (0.462) 047 0.025 (0.007) 3.5 x 107* 0.032 (0.009) 4.3 x 10~*
NAFLD-1,2  0.275 (1.121) 0.81 0.016 (0.893) 0.99 0.063 (0.013) 1.2 x 107 0.071 (0.015) 1.9 x 107°
rs3810622 Control-2 —0.134 (0.734) 0.85 —0.534 (0.468) 0.25 0.016 (0.007) 0.022 0.020 (0.009) 0.033
NAFLD-1,2  0.719 (1.240) 0.56 0.991 (0.987) 0.32 0.053 (0.014) 1.3 x 10™* 0.050 (0.016) 0.0018
rs738491  Control-2 0.441 (0.714) 0.54 —0.333 (0.455) 047 0.021 (0.007) 0.0024 0.027 (0.009) 0.0027
NAFLD-1,2 —0.006 (1.172) 1.00 —0.111 (0.933) 0.91 0.049 (0.014) 29 x 107 0.052 (0.016) 9.5 x 107*
1s3761472  Control-2 0.278 (0.739) 0.71 —0.430 (0.471) 0.36 0.022 (0.007) 0.0018 0.030 (0.009) 0.0011
NAFLD-1,2 —0.223 (1.144) 0.85 —0.079 (0.911) 0.93 0.047 (0.013) 4.2 x 10™* 0.054 (0.015) 4.2 x 107
rs2143571  Control-2 0.258 (0.739) 0.73 —0.499 (0.471) 0.29 0.022 (0.007) 0.0022 0.030 (0.009) 0.0013
NAFLD-1,2 —0.095 (1.137) 0.93 —0.133 (0.905) 0.88 0.047 (0.013) 3.6 x 107* 0.054 (0.015) 44 x 107™*
rs6006473  Control-2 0.292 (0.714) 0.68 —0.391 (0.455) 0.39 0.020 (0.007) 0.0041 0.028 (0.009) 0.0024
NAFLD-1,2  0.156 (1.167) 0.89 —0.195 (0.930) 0.83 0.049 (0.014) 3.5 x 107* 0.053 (0.016) 69 x 107*
185764455 Control-2 0.213 (0.740) 0.77 —0.500 (0.471) 0.29 0.015 (0.007) 0.034 0.025 (0.009) 0.0070
NAFLD-1,2 —0.414 (1.122) 0.71 0.059 (0.894) 0.95 0.046 (0.013) 4.0 x 10™* 0.050 (0.015) 9.7 x 107™*
rs6006611  Control-2 0.151 (0.718) 0.83 —0.492 (0.457) 0.28 0.018 (0.007) 0.012 0.026 (0.009) 0.0046
NAFLD-1,2  0.102 (1.217) 0.93 0.701 (0.969) 0.47 0.043 (0.014) 0.0018 0.050 (0.016) 0.0019

Data were derived from linear regression analysis. NAFLD-1, NAFLD-2 and control-2 were used for analysis. Values of FPG, triglycerides,
AST, and ALT were logarithmically transformed. Each metabolic phenotype was adjusted for age, gender, and logarithmically transformed BMI

AST aspartate transaminase, ALT alanine transaminase, DBP diastolic blood pressure, FPG fasting plasma glucose, HDL-C high-density
lipoprotein cholesterol, SBP systolic blood pressure, SNP single-nucleotide polymorphism, T. Chol. total cholesterol

with NAFLD (Sookoian and Pirola 2011) and that the NAFLD-susceptible SNPs were also associated with
PNPLA3 gene is thought to be responsible for the NAFLD,  histological severity; however, the effects differed among
we demonstrated that SAMMS50, and PARVB, and PNPLA3  the nine SNPs. Steatosis grade was equally affected by the
are probably involved in NAFLD development. nine SNPs. Association with histological activity (NAS)
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Table 4 Association between SNPs and histological traits and serum biomarker in NAFLD-1 and NAFLD-2 subjects

SNP ID Steatosis grade” Lobular inflammation® Hepatocyte ballooning® NAS?

B (SE) P value B (SE) P value B (SE) P value B (SE) P value
rs738409 0.136 (0.043)  0.0016 0.155 (0.044) 5.4 x 107*  0.137 (0.043)  0.0014 0.440 (0.097) 7.3 x 107°
152896019 0.141 (0.042) 9.7 x 107*  0.148 (0.044) 8.1 x 10™*  0.137 (0.042)  0.0013 0.438 (0.096) 6.5 x 107¢
rs3810622  0.147 (0.046)  0.0014 0.086 (0.048)  0.072 0.141 (0.046)  0.0023 0.395 (0.105) 1.9 x 107
rs738491 0.116 (0.045)  0.0095 0.126 (0.046)  0.0069 0.131 (0.045)  0.0035 0.393 (0.102) 1.3 x 107*
rs3761472  0.131 (0.044)  0.0028 0.109 (0.045)  0.017 0.123 (0.044)  0.0052 0.387 (0.100) 1.2 x 107*
rs2143571  0.127 (0.044)  0.0039 0.106 (0.046)  0.021 0.120 (0.044)  0.0068 0.377 (0.100) 1.9 x 107*
rs6006473  0.103 (0.045)  0.022 0.118 (0.046)  0.011 0.134 (0.045)  0.0028 0375 (0.102) 2.7 x 107
rs5764455  0.113 (0.043)  0.0091 0.155 (0.044) 52 x 107*  0.136 (0.043)  0.0016 0.426 (0.098) 1.6 x 107°
rs6006611  0.122 (0.045)  0.0074 0.152 (0.047)  0.0012 0.189 (0.045) 2.7 x 1075 0.475 (0.102) 4.1 x 107
SNP ID Fibrosis® Ferritin (ng/ml) Hyaluronic acid (ng/dL) Type IV collagen 7s (ng/dL)

B (SE) P value B (SE) P value B (SE) P value B (SE) P value
rs738409 0.180 (0.062)  0.0036 0.076 (0.025)  0.0028 0.042 (0.023)  0.061 0.003 (0.010) 0.77
rs2896019  0.183 (0.061)  0.0029 0.072 (0.025)  0.0044 0.042 (0.022)  0.062 0.004 (0.010) 0.66
rs3810622  0.110 (0.066)  0.097 0.083 (0.027)  0.0023 0.045 (0.024)  0.064 0.010 (0.011) 0.36
15738491 0.149 (0.064)  0.021 0.066 (0.026) 0.013 0.079 (0.023) 7.8 x 10™*  0.006 (0.011) 0.60
1s3761472  0.091 (0.063)  0.15 0.087 (0.026) 8.7 x 10™*  0.069 (0.023)  0.0028 0.009 (0.010) 0.37
rs2143571  0.101 (0.063)  0.11 0.089 (0.026) 6.5 x 10™*  0.066 (0.023)  0.0039 0.009 (0.011) 0.37
rs6006473  0.157 (0.064)  0.015 0.071 (0.026)  0.0076 0.072 (0.023)  0.0022 0.005 (0.011) 0.65
1s5764455 0222 (0.061) 3.3 x 107*  0.046 (0.025)  0.068 0.059 (0.022)  0.0083 0.001 (0.010) 0.95
rs6006611  0.195 (0.065)  0.0027 0.057 (0.027)  0.033 0.041 (0.024)  0.089 0.004 (0.011) 0.73

Data were derived from linear regression analysis. NAFLD-1, NAFLD-2 and control-2 were used for analysis. Values of ferritin, hyaluronic acid,
and type IV collagen 7s were logarithmically transformed. Each phenotype was adjusted for age, gender, and logarithmically transformed BMI

# Histological diagnosed patients from NAFLD-1 (n = 392) and NAFLD-2 (n = 101) subjects were used for analysis

and severity (fibrosis stage) of NAFLD were stronger with
SNPs in the PNPLA3 and PARVB genes. Among bio-
markers, AST and ALT, which are commonly used to
evaluate liver function, were highly associated with the two
SNPs in the PNPLA3 gene, in NAFLD and in the control
subjects. Ferritin and hyaluronic acid, the level of which
increase in NASH, were associated with SNPs in the
SAMMS50 gene. SNP in the PARVB gene also showed
strong association with NASH compared with simple ste-
atosis. Haplotype analysis indicated that PNPLA3 gene
would be most important for the development for NAFLD
and that PARVB gene would be most important for the
progression of NAFLD. Our data suggested that SNPs in
PNPLA3, SAMMS50 and PARVB contribute to the increased
NAFLD activity, resulting in the progression from simple
steatosis to NASH. It has been suggested that NASH is
induced in two consecutive steps (the so-called 2-hit
hypothesis): (i) excess fat accumulation in the liver and (ii)
subsequent necroinflammation in the liver (Day and James
1998). Our results indicate that SNPs in PNPLA3 may be
involved in the first hit and that SNPs in PNPLAS3,
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SAMMS50 and PARVB may be involved in the second hit.
The associations were not significant for multiple tests;
therefore, further analysis is necessary.

We previously reported that rs738409 is associated with
decreased serum triglycerides in NAFLD patients (Hotta
et al. 2010). In this study, we observed that SNPs, partic-
ularly in the SAMMS50 gene, were associated with deceased
levels of serum triglycerides. The association between
SNPs in the PNPLA3 gene and decreased triglycerides
levels in NAFLD is controversial (Kollerits et al. 2009;
Speliotes et al. 2010, 2011). Recent reports indicate that
15738409 are associated with decreased serum triglycerides
in type 2 diabetes (Palmer et al. 2012; Krarup et al. 2012).
The controversy may be due in part to the observation that
SNPs in the SAMMS50 gene showed a stronger effect on
triglyceride levels than the SNP in the PNPLA3 gene.
Further investigation is necessary to elucidate the associ-
ation between SNPs in PNPLA3 and SAMMS50 genes and
serum triglycerides levels.

PNPLA3 15738409 has been extensively investigated,
and a strong association with NAFLD has been confirmed
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(Day and James 1998). The PNPLA3 gene is thought to be
involved in abnormal lipid metabolism in the liver of
NAFLD patients. PNPLA3-deficient mice and transgenic
mice did not show a fatty liver (Chen et al. 2010; Basantani
et al. 2011; Li et al. 2012). Overexpression of
PNPLA3"*™ in mouse liver developed to fatty liver, but
not into NASH (Li et al. 2012). Thus, PNPLA3 plays an
important in the development, but not in the progression of
NAFLD. Our study suggests that the SAMMS50 and PARVB
genes may also be involved in the progression (necroin-
flammation and fibrosis) of NAFLD. Sam50, encoded by
the SAMMS50 gene, is a member of the sorting and
assembly machinery for B-barrel proteins in the mito-
chondrial outer membrane. Sam50 was reported to be
involved in the structural integrity of mitochondrial cristae,
assembly of respiratory complexes, and maintenance of
mitochondrial DNA. Long-term depletion of Sam50 influ-
ences the amounts of proteins in all the large respiratory
complexes in the mitochondria (Ott et al. 2012). Mito-
chondrial abnormalities (loss of mitochondrial cristae and
paracrystalline inclusions) have been described for liver
biopsy specimens of patients with NASH (Sanyal et al.
2001; Caldwell et al. 1999). These reports and our results
suggest that the SAMMS50 gene may be involved in mito-
chondrial dysfunction and subsequent decreased removal
of reactive oxygen species (ROS), leading to progression of
NAFLD. The PARVB gene encodes parvin-B, which forms
integrin-linked kinase-pinch-parvin complex, transmits
signals from integrin to Akt/protein kinase B (PKB)
(Kimura et al. 2010). Integrins are a large family of hete-
rodimeric cell surface receptors that act as mechanore-
ceptors by relaying information between cells and from the
extracellular matrix (ECM) to the cell interior. Since
integrin receptors directly bind to ECM components to
control remodeling, they are thought to play a crucial role
in the evolution and progression of liver fibrosis (Desgro-
sellier and Cheresh 2010; Patsenker and Stickel 2011).
Loss of parvin-B contributes to increased integrin-linked
kinase activity and cell-matrix adhesion. Overexpression
of parvin-B increases mRNA expression, serine 82 phos-
phorylation, and activity of peroxisome proliferator-acti-
vated receptor y (PPARY), leading to a concomitant
increase in lipogenic gene expression (Johnstone et al.
2008). Our data and previous reports suggest that the
PARVB gene is involved in lipid accumulation and/or
fibrosis in the liver, resulting in NAFLD.

In summary, we demonstrated that polymorphisms in
the SAMMS50 and PARVB genes, as well as those in
thePNPLA3 gene, were associated with NAFLD develop-
ment and progression. SNPs in the PNPLA3 gene may be
involved in the first hit and the SAMMS50 and PARVB genes
(and PNPLA3 gene) in the second hit, although further
studies are necessary to confirm our results.
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Vascular research using human pluripotent stem cells and

humoral factors

Masakatsu Sone and Kazuwa Nakao
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Abstract. Embryonic stem (ES) cells are pluripotent cells collected from the inner cell mass of blastocysts. Induced
pluripotent stem cells exhibit characteristics and pluripotency similar to ES cells, even though they were generated from
adult somatic cells. We have been investigating the vascular differentiation kinetics of human pluripotent stem cells (PSCs)
and their application to human vascular research and clinical medicine. In this review, we present an overview of recent
vascular research using human PSCs, focusing on the role of humoral factors and their receptors. We also discuss possible
future application of human PSCs to translational research on human vascular disorders.

Key words: Human induced pluripotent stem cell, Human embryonic stem cell, Vascular endothelial cell, Vascular smooth

muscle cell, Vascular hormone

EMBRYONIC STEM (ES) cells are pluripotent cells
collected from the inner cell mass of blastocysts. Mouse
ES cells were first established by Evans et al. in 1981
[1]. Subsequent establishment of human ES cells was
difficult owing to the many differences between mouse
and primate ES cells [2]. After 17 years have passed
since the establishment of mouse ES cells, human ES
cells were first established by Thomon JA, ef a/. in 1998
[3]- Recently, induced pluripotent stem (iPS) cells were
generated from both mouse and human somatic cells
through the introduction of defined factors [4, 5, 6].
Although iPS cells are derived from adult somatic cells,
their characteristics and pluripotency are nearly identical
to those of ES cells. In this review, we present an over-
view of ongoing vascular research making use of pluri-
potent stem cells (PSCs), especially human PSCs, focus-
ing on the roles of humoral factors and their receptors.

Induction of vascular cells from
human PSCs

The differentiation of hemangioblast-like cells from
mouse ES cells was firstreported in 1998 [7]. Flk1-positive
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cells derived from mouse ES cells differentiated into
sheet-like clusters of VE-cadherin- (CD144), PECAM-1-
(CD31) and CD34-positive vascular endothelial cells
when co-cultured with OP9 feeder cells [8]. Mural cells
(i-e., vascular smooth muscle cells and pericytes) were
also differentiated from the same Flkl1-positive cells
induced from mouse ES cells [9]. In primates, however,
Flk1 is expressed even in undifferentiated ES cells, and
the vascular differentiation kinetics differ from those
of mouse ES cells [10]. In 2003, human ES cells were
established in Japan, where we succeeded in inducing
and isolating vascular endothelial cells and mural cells
from human ES cells [11]. In the meanwhile, Yamanaka
et al. established iPS cells from mouse and human fibro-
blasts [4, 5]. These iPS cells were capable of differen-
tiating into vascular cells in the same manner as mouse
and human ES cells [12, 13, 14]. Moreover, a modi-
fied serum and feeder-free method for the induction
of vascular endothelial cells from human ES/iPS cells
was recently reported [15, 16], and we are continuing to
modify and refine the method for stable differentiation
of various human iPS lines.

Vascular differentiation and
humoral factors

Humoral factors and their receptors play key roles
in the pathway along which human PSCs differenti-
ate into vascular cells (Fig. 1). FIkl (also known as
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human ES/iPS cells

TRA1-60(+)
Flk1(x)
PDGFR-B(-)
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PDGF-BB
hemangioblasts
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vascular endothelial cells
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GSK3p
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/

Fig. 1 Schematic representation of the role of humoral factors in
the pathway of vascular differentiation from human PSCs
TRAI, tumor rejection antigen 1; PDGE, platelet-derived
growth factor; VEGF, vascular endothelial growth factor;
Flk1, fetal liver kinase 1 (VEGF receptor 2); VE-cadherin,
vascular endothelial cadherin; vWF, von Willebrand
factor; eNOS, endothelial NO synthase; SMA, smooth
muscle actin, SMMHC, smooth muscle myosin heavy
chain

TGF-p1 / PDGF-BB

deprivation

VEGFR-2) is one of the VEGF receptors and is known
to be a marker of proximal lateral mesoderm in mouse
[6]. Induction of vascular endothelial cells, mural cells
and cardiomyocytes from Flk1-positive cells has been
confirmed in both mouse and human ES cells [9, 11,
17, 18]. VEGF dose-dependently induces differenti-
ation of Flk1-positive cells into vascular endothelial

cells. In mouse ES cells, another VEGF receptor, Fltl
(also known as VEGFR-1), is expressed at a later phase
of vascular differentiation, and the delayed expression
of VEGFR-1 correlates with an increase in dose sen-
sitivity to VEGF [19]. This VEGF dose sensitivity is
also observed in human ES cells. These vascular dif-
ferentiation processes of ES cells are almost identical
in iPS cells [12, 14]. In mouse ES cells, adrenomedul-
lin acts via its second messenger, cAMP, to induce arte-
rial differentiation of vascular endothelial cells [20].
Notch and GSK3p-mediated p-catenin signaling is acti-
vated downstream of cAMP via phosphatidylinositol-3
kinase and induces differentiation to arterial endothe-
lial cells [21]. Inhibition of GSK3p also induces arte-
rial differentiation in human ES/iPS cells [16].

Vascular smooth muscle cells are believed to derive
from mesoderm, neural crest or epicardial cells and to
then migrate to form the vessel wall; however, diffi-
culty in preparing pure populations of these lineages
has hampered dissection of the mechanisms underlying
vessel formation. It is reported that Flk1-positive cells
derived from mouse ES cells can differentiate into both
endothelial and vascular smooth muscle cells, and so
they referred to these cells “vascular progenitor cells”
[9]. In humans, some TRA1-60-negative cells derived
from human ES cells express Flk1 and PDGF receptor
B. Stimulation of these cells with VEGF induces vascu-
lar endothelial cells, while stimulation with PDGF-BB
induces vascular smooth muscle-like cells [11]. In
another recent study, human PSCs were induced to dif-
ferentiate into the synthetic vascular smooth muscle
cell phenotype in medium containing high serum with
PDGF-BB and TGF-B1, after which serum starvation
and PDGF-BB deprivation caused maturation towards
the contractile vascular smooth muscle cell phenotype
[22]. On the other hand, heterogeneity of embryolog-
ical origins is a hallmark of vascular smooth muscle
cells in vivo. In one study, for example, human PSCs
were initially induced to form neuroectoderm, lateral
plate mesoderm or paraxial mesoderm, and each of
these intermediate populations was then further dif-
ferentiated towards vascular smooth muscle cells.
Notably, the derived vascular smooth muscle cell sub-
types recapitulated the unique proliferative and secre-
tory responses to cytokines previously documented in
studies using aortic SMCs of distinct origins [23]. This
result suggests heterogeneous origins in the develop-
ment of vascular smooth muscle cells.
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* Drug screening

Vascular differentiation system for PSCs

+ Investigation of cellular and molecular mechanisms in vascular development
» Identification of key molecules in embryonic vasculogenesis

Patient-specific iPS cells
+ Elucidation of pathological mechanisms underlying
vascular disorders in inherited disease

+ Identification of key molecules in vascular disorders in
inherited disease

» Screening drugs for their vascular disorder

Clinical application
» Therapy for vascular regeneration
+ Drug discovery for vascular disorders

Fig. 2 Future applications of human iPS cells for vascular research

Future application of human iPS cells for
vascular research

Vascular differentiation from PSCs is a productive
area of basic research; however, clinical application of
PSCs has not yet been achieved. Applications of a PSC-
based vascular differentiation system can be separated
to three categories (Fig. 2). The first is application for
vascular regeneration therapy. As for somatic progeni-
tor cells, after reports that bone marrow-derived CD34-
positive mononuclear blood cells have the potential to
differentiate into vascular endothelial cells and were
referred to as “endothelial progenitor cells” (EPCs)
[24], several clinical studies entailing transplantation
of bone marrow stem cells as vascular regeneration
therapy for ischemic diseases were performed [25-28].
In those studies, transplantation of bone marrow stem
cells induced angiogenesis and relief of ischemic symp-
toms. Notably, however, the transplanted cells rarely
survived as vascular endothelial cells, and the same
effect was observed after transplantation of peripheral
mononuclear blood cells [29]. Consequently, the clini-
cal effect is not thought to be due to vessel formation
by the transplanted cells, but to production of angio-
genic factors. A report also showed that the implanted
cells do not secrete angiogenic factors at levels suffi-
cient to induce neovascularization; they instead stimu-
late muscle cells to produce angiogenic factors, thereby
promoting neovascularization of ischemic tissues [30].
Vascular cells derived from human PSCs have been
transplanted into animal models of ischemia in several
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studies [31-35], but no studies have yet been carried
out in humans due to both ethical considerations and
technical problems. So far, for example, transplanted
vascular cells form only capillaries. Perhaps combin-
ing these cells with tissue engineering might lead to a
breakthrough in their application [36-38].

The second application category is research into cell
biology and drug discovery. Human PSC-based vascu-
lar differentiation systems enable one to observe and
investigate the cellular and molecular mechanisms
underlying vascular development ir vitro. In addition,
with these cells one can investigate the characteristics
of vascular cells at early stages during differentiation.
For example, we reported that Sirt] expression is higher
early during differentiation of vascular endothelial cells
from human PSCs than it is in human adult endothelial
cells, and that Sirt1 plays a key role in endothelial cell
functions [16]. These systems might also enable iden-
tification of novel molecules responsible for embryonic
vasculogenesis and support the discovery of new drugs
for vascular regeneration therapy.

The third application category is research into the
use of patient-specific iPS cells. iPS cells can be estab-
lished from any human being, irrespective of their
genetic background. The establishment of iPS cell
lines from patients with inherited diseases presenting
vascular abnormality should enable clarification of
their pathogenesis. Patient-specific iPS cells are also
useful for constructing in vitro models that can facili-
tate understanding of disease mechanisms and screen-
ing for more effective and safer drugs. For research
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using patient-specific iPS cells, refined methods of dif-
ferentiating and isolating cells for target tissue is indis-
pensable. Although recently there has been a great
deal of research into patient-specific iPS cells [39-52],
research into their use in the vasculature and endocrine
organs is still rare [53]. We are now investigating the
pathogenesis of several inherited vascular disorders
with collaborators.
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Intracerebroventricular Administration of C-Type
Natriuretic Peptide Suppresses Food Intake via
Activation of the Melanocortin System in Mice

Nobuko Yamada-Goto,! Goro Katsuura,' Ken Ebihara,' Megumi Inuzuka,' Yukari Ochi,*
Yui Yamashita,! Toru Kusakabe,! Akihiro Yasoda,! Noriko Satoh-Asahara,” Hiroyuki Ariyasu,’

Kiminori Hosoda,! and Kazuwa Nakao!

C-type natriuretic peptide (CNP) and its receptor are abundantly
distributed in the brain, especially in the arcuate nucleus (ARC)
of the hypothalamus associated with regulating energy homeosta-
sis. To elucidate the possible involvement of CNP in energy
regulation, we examined the effects of intracerebroventricular
administration of CNP on food intake in mice. The intracerebro-
ventricular administration of CNP-22 and CNP-53 significantly
suppressed food intake on 4-h refeeding after 48-h fasting. Next,
intracerebroventricular administration of CNP-22 and CNP-53 sig-
nificantly decreased nocturnal food intake. The increment of food
intake induced by neuropeptide Y and ghrelin was markedly sup-
pressed by intracerebroventricular administration of CNP-22 and
CNP-53. When SHU9119, an antagonist for melanocortin-3 and
melanocortin-4 receptors, was coadministered with CNP-53, the
suppressive effect of CNP-53 on refeeding after 48-h fasting was
significantly attenuated by SHU9119. Immunohistochemical anal-
ysis revealed that intracerebroventricular administration of CNP-53
markedly increased the number of c-Fos—positive cells in the
ARC, paraventricular nucleus, dorsomedial hypothalamus, ven-
tromedial hypothalamic nucleus, and lateral hypothalamus. In
particular, c-Fos-positive cells in the ARC after intracerebroventric-
ular administration of CNP-53 were coexpressed with o-melanocyte—
stimulating hormone immunoreactivity. These results indicated
that intracerebroventricular administration of CNP induces an
anorexigenic action, in part, via activation of the melanocortin
system. Diabetes 62:1500-1504, 2013

-type natriuretic peptide (CNP) is a member of
the natriuretic peptide family and has been
demonstrated to be abundantly present in the
brain, interestingly in discrete hypothalamic
areas, such as the arcuate nucleus (ARC) of the hypo-
thalamus, that play pivotal roles in energy regulation (1-3).
Two predominant molecular forms of CNP in the porcine
brain were reported to be a 22-residue peptide (CNP-22)
and its N-terminally elongated 53-residue peptide (CNP-563)
(1). Moreover, natriuretic peptide receptor-B (NPR-B),
a CNP receptor, is also widely distributed in the brain and
is reported to be abundantly expressed in the ARC of the
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hypothalamus (4,5). These findings indicate the possibility
that the brain CNP/NPR-B system may regulate energy
homeostasis.

In the current study, we examined the effects of intra-
cerebroventricular administration of CNP on food intake
induced by refeeding after fasting and by orexigenic pep-
tides, such as neuropeptide Y (NPY) and ghrelin. Also, we
examined the involvement of the melanocortin system in
the CNP actions.

RESEARCH DESIGN AND METHODS

Animals and diets. Male C57BL/6J mice (6 weeks old) obtained from Japan
SLC (Shizuoka, Japan) were housed in plastic cages in a room kept at a room
temperature of 23 * 1°C and a 12:12-h light-dark cycle (lights turned on at
9:00 a.m.). The mice had ad libitum access to water and food (CE-2; CLEA
Japan, Tokyo, Japan). All experiments were performed at 10 weeks of age in
accordance with the guidelines established by the Institutional Animal In-
vestigation Committee at Kyoto University and the United States National
Institutes of Health Guide for the Care and Use of Laboratory Animals. Every
effort was made to optimize comfort and to minimize the use of animals.
Peptides. CNP-22, CNP-53, ghrelin, and NPY were purchased from Peptide
Institute (Osaka, Japan). SHU9119 was purchased from Bachem AG (Buben-
dorf, Switzerland).

Intracerebroventricular injection. Intracerebroventricular injection was
performed according to our previous report (6).

Measurement of food intake

Fasting-refeeding. Mice were fasted for 48 h and then refed for 4 h. Water was
available ad libitum during the experiments. The intracerebroventricular or
intraperitoneal administration of CNP-22 or CNP-53 was performed just before
refeeding. Food intake was measured for 4 h of refeeding. At the end of
experiments, the hypothalamus was collected for examination of the expres-
sions of mRNA for neuropeptides (7).

Nocturnal food intake. To assess the effect of intracerebroventricular ad-
ministration of CNP-22 or CNP-53 on nocturnal food intake, peptides were
injected intracerebroventricularly 1 h before the beginning of the dark phase.
Food intake was measured for 15 h after intracerebroventricular injection.
Water was available ad libitum during the experiments.

Food intake induced by NPY and ghrelin. The experiments were per-
formed from 11:00 aM. to 3:00 p.m. CNP-22 or CNP-53 was intracerebro-
ventricularly administrated just before intracerebroventricular injection of
NPY (56 nmolVmouse) or intraperitoneal injection of ghrelin (100 nmol/kg).
Food intake was measured for 4 h after peptide injection. In these experi-
ments, food and water were available ad libitum.

PCR. The extraction of mRNA and quantitative real-time RT-PCR were per-
formed according to our previous report (8). Primers for preopiomelanocortin,
cocaine and amphetamine-related peptide, NPY, agouti gene-related peptide
(AgRP) and glyceraldehyde 3-phosphate dehydrogenase are shown in Sup-
plementary Table 1.

Immunohistochemistry for c-Fos and a-MSH in the hypothalamus. The
immunohistochemical methods and the stereotaxic coordinates for the hy-
pothalamic nuclei were based on our previous report (6). Briefly, mice were
anesthetized with pentobarbital at 1 h after intracerebroventricular injection
of CNP-53 (1.5 nmol/mouse) and perfused with 50 mL 0.1 mol/L PBS, followed
by 50 mL ice-cold 4% paraformaldehyde in 0.1 mol/L PBS. Sections of 30-pm
thickness were cut with a cryostat. According to the mouse brain atlas (9),
cross-sections were selected in correspondence to —1.70 mm [ARC, lateral hy-
pothalamus (LH), dorsomedial hypothalamus (DMH), ventromedial hypothalamic
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nucleus (VMH)] and to —0.82 mm [paraventricular nucleus (PVN)], relative to
bregma. For c-Fos and a-melanocyte-stimulating hormone («-MSH) protein
staining, the sections were incubated with antic-Fos rabbit antibody (Ab-5;
1:5,000; Oncogene Science, Cambridge, MA) and antia-MSH sheep antibody
(AB5087; 1:10,000; EMD Millipore, Billerica, MA), respectively. The antibody
was detected using the Vectastain ABC Elite kit (PK-6101; Vector Laborato-
ries, Burlingame, CA) and a diaminobenzidine substrate kit (SK-4100; Vector
Laboratories) was used for visualization. The second antibodies for fluores-
cence visualization used were goat anti-rabbit488 (A11008; 1:200; Life Tech-
nologies, Carlsbad, CA) for antic-Fos rabbit antibody and goat anti-sheep546
(A21098; 1:200; Life Technologies) for antia-MSH sheep antibody.

Data analysis. All values are given as the mean * SEM. Statistical analysis of
the data were performed by ANOVA, followed by the Tukey-Kramer test.
Statistical significance was defined as P < 0.05.

RESULTS

Effects of intracerebroventricular administration of
CNP-22 and CNP-53 on food intake at refeeding after
fasting. The intracerebroventricular administration of
CNP-22 (1.5 and 4.5 nmol/mouse) and CNP-53 (1.5 nmol/
mouse) significantly suppressed food intake during 4-h
refeeding after 48-h fasting in comparison with data from
saline-treated mice (Fig. 14). In this experiment, CNP-53
(1.5 nmol), but not other treatments, induced significant
reduction of body weight compared with saline treatment
(Supplementary Table 2). The mRNA expressions of pre-
opiomelanocortin and cocaine and amphetamine-related
peptide significantly decreased, and the mRNA expres-
sions of NPY and AgRP significantly increased after
refeeding compared with control animals (Supplementary
Fig. 1). The intracerebroventricular administration of CNP-53
did not influence the mRNA expressions of these neuro-
peptides in the hypothalamus (Supplementary Fig. 1).
Next, the peripheral action of CNP on food intake was exam-
ined when a 10-fold greater dose than intracerebroventricular
injection of each CNP was intraperitoneally adminis-
tered. The intraperitoneal administrations of CNP-22
(1.5 pmolkg) and CNP-563 (0.5 umol/kg) did not change the
food intake during 4-h refeeding after 48-h fasting (Fig. 1B),
nor were there changes in body weight (Supplementary
Table 3).

The intracerebroventricular administrations of CNP-22
(4.5 nmol/mouse) and CNP-53 (1.5 nmol/mouse) at 1 h
before the start of the dark phase significantly suppressed
nocturnal food intake compared with saline treatment
(Fig. 10).

Effect of intracerebroventricular administration of
CNP-22 and CNP-53 on NPY-induced and ghrelin-
induced food intake. When CNP-22 (4.5 nmol/mouse)
and CNP-53 (1.5 nmol/mouse) were concomitantly ad-
ministered intracerebroventricularly with NPY, they sig-
nificantly suppressed the food intake induced by NPY
compared with that of saline treatment (Fig. 24). When
CNP-22 (4.5 nmol/mouse) and CNP-63 (1.5 nmol/mouse)
were administered intracerebroventricularly with ghrelin,
they significantly suppressed the food intake induced by
ghrelin compared with that of saline treatment (Fig. 2B).

Effect of melanocortin receptor antagonist, SHU9119,
on the anorectic effect of CNP. To examine its in-
volvement in the anorectic effect of CNP, SHU9119 was
administered intracerebroventricularly together with
CNP-53 (1.5 nmol/mouse). SHU9119 (1 nmol/mouse) sig-
nificantly attenuated the suppressive action of CNP-53 on
the food intake during 4-h refeeding after 48-h fasting,
whereas SHU9119 itself significantly enhanced the increase
of food intake in comparison with mice administered saline
treatment (Fig. 3).
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FIG. 1. Effects of CNP on refeeding after fasting. A: Effects of intra-
cerebroventricular administration of CNP-22 (0.5, 1.5, and 4.5 nmol/
mouse) and CNP-53 (0.5 and 1.5 nmoVmouse) on 4-h refeeding after 48-h
fasting in mice. Food intake was observed for 4 h after refeeding.
B: Effects of intraperitoneal administration of CNP-22 (1.5 pmolkg) and
CNP-53 (0.5 pmol/kg) on 4-h refeeding after 48-h fasting in mice. Food
intake was observed for 4 h after refeeding. C: Effects of intrace-
rebroventricular administration of CNP-22 (4.5 nmolmouse) and CNP-53
(1.5 nmolmouse) on nocturnal food intake in mice. Food intake was ob-
served for 15 h after intracerebroventricular injection. Data represent
mean *= SEM. The number of mice is given in parentheses. Significant
differences: *P < 0.05, **P < 0.01.
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FIG. 2. Effects of CNP-22 and CNP-53 on food intake induced by NPY
and ghrelin. A: Effects of intracerebroventricular administration of
CNP-22 (4.5 nmoVmouse) and CNP-53 (1.5 nmol/mouse) on NPY-
induced (5 nmol/mouse, intracerebroventricular) food intake in mice.
Food intake was observed for 4 h after coadministration of NPY and
CNP. B: Effects of intracerebroventricular administration of CNP-22
(4.5 nmoVmouse) and CNP-53 (1.5 nmol/mouse) on ghrelin-induced
(100 nmoVkg, intraperitoneal) food intake in mice. Food intake was
observed for 4 h after coadministration of ghrelin and CNP. Data rep-
resent mean *= SEM. The number of mice is given in parentheses. Sig-
nificant differences: *P < 0.05, **P < 0.01.

c-Fos-immunoreactive cells in the hypothalamus af-
ter intracerebroventricular administration of CNP.
To understand the neuronal pathway involved in the ano-
rectic actions of CNP, the expression of c-Fos, one of the
markers of neuronal activation, was monitored by immu-
nohistochemical examination at 1 h after intracerebroven-
tricular injection of CNP-53 (1.5 nmol/mouse). The numbers
of c-Fos-immunoreactive cells in the ARC, PVN, and DMH
were predominantly increased after intracerebroventricular
injection of CNP-63 in comparison with saline treatment
(Fig. 4A). The c-Fos-positive cells were also moderately
increased in the VMH and LH (Fig. 4A4). Next, we examined
whether c-Fos immunoreactivity coexisted with «-MSH-
containing cells. In the ARC of saline-treated mice, only a
few o-MSH-immunoreactive cells showed weak c-Fos im-
munoreactivity (Fig. 4B). However, c-Fos-immunoreactive
cells that increased with intracerebroventricular adminis-
tration of CNP-563 in the ARC expressed a large amount of
o-MSH immunoreactivity (Fig. 4B).
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Significant differences: *P < 0.05, **P < 0.01.

DISCUSSION

The current study demonstrated that intracerebroventri-
cular administration of CNP-22 and CNP-53, but not in-
traperitoneal injection, led to significant reduction of food
intake induced by fasting-refeeding. This reduction was in-
hibited by the melanocortin-3 receptor (MC3R)/melanocortin-
4 receptor (MCA4R) antagonist SHU9119. In addition, CNP
significantly suppressed nocturnal food intake and orexi-
genic actions induced by NPY and ghrelin. The immuno-
histochemical study revealed that intracerebroventricular
administration of CNP-563 increased the number of ¢-Fos—
expressing cells containing «-MSH in the hypothalamus.
These findings indicated that the intracerebroventricular
administration of CNP exhibits anorexigenic actions par-
tially via activation of the melanocortin system, although
the doses of CNP used in the current study could be phar-
macological doses.

The hypothalamus is considered to be an important re-
gion in regulating energy homeostasis. In particular, the ARC
in the hypothalamus contains both an orexigenic peptide,
NPY, and an anorexigenic peptide, o-MSH, and is postu-
lated to be involved in the first-order regulation of food
intake. Synthetic MC3R/MC4R agonists, melanotan II, and
[Nle“-D-Phe’]-o-MSH completely blocked food deprivation—
induced increase in food intake as well as the food in-
take stimulated by intracerebroventricular administration
of NPY (10,11). Regarding the reciprocal interactions
of «-MSH and NPY, melanocortin neurons in the ARC
project to the PVN (12). In the current study, intracere-
broventricular administration of CNP significantly sup-
pressed food intake after fasting, which was antagonized
by SHU9119. Our results also showed that CNP suppressed
NPY-induced food intake. Taken together, these findings
indicate that CNP exhibits anorexigenic actions via acti-
vation of MC3R/MC4R downstream signaling. However,
mRNA expressions of preopiomelanocortin, cocaine and
amphetamine-related peptide, NPY, and AgRP in the hy-
pothalamus after the intracerebroventricular injection of
CNP-63 in fasting-refeeding experiment did not change
compared with those after saline. The reason for this
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