*Shirabe K, Toshima T, Hepatic aflatoxin BI-DNA |Liver Int. |31(9) [1366-7 |2011
Taketomi A, Taguchi K, adducts and TP53 mutations 2
Yoshizumi T, Uchiyama H, |in patients with
Harimoto N, Kajiyama K, hepatocellular carcinoma
Egashira A, Maehara Y. despite low exposure to
aflatoxin B1 in southern
Japan.
Taketomi A, Takeishi K, Total resection of the right |Surg Today. [42(1) |46-51 |2012
Mano Y, Toshima T, hepatic vein drainage area
Motomura T, Aishima S, with the aid of
Uchiyama H, Yoshizumi T, |three-dimensional computed
Shirabe K, Maehara Y. tomography.
Motomura T, Koga E, Efficacy of splenectomy in |Hepatol 42(3) |288-95 {2012
Taketomi A, Fukuhara T, preventing anemia in Res.
Mano Y, Muto J, Konishi H, |patients with recurrent
Toshima T, Uchiyama H, hepatitis C following liver
Yoshizumi T, Shirabe K, transplantation is not
Macehara Y. dependent on inosine
triphosphate
pyrophosphatase genotype.
Taketomi A, Shirabe K, The long-term outcomes of |Surg Today. |42(6) |559-64 2012
Toshima T, Morita K, patients with hepatocellular
Hashimoto N, Kayashima H, |carcinoma after living donor
Ikegami T, Yoshizumi T, liver transplantation: a
Soejima Y, Maehara Y. comparison of right and left
lobe grafts.
Harada N, Shirabe K, Acoustic radiation force Surgery. 151(6) |837-43 {2012
Ijichi H, Matono R, impulse imaging predicts
Yoshizumi T, Taketomi A, |postoperative ascites
Soejima Y, Maehara Y. resulting from curative
hepatic resection for
hepatocellular carcinoma.
Matono R, Factors linked to longterm |HPB 14(4) [247-53 |2012
Yoshiya S, Motomura T, survival of patients with (Oxford)
Toshima T, Kayashima H, hepatocellular carcinoma
Masuda T, Yoshizumi T, accompanied by tumour
Taketomi A, Shirabe K, thrombus in the major portal
Maehara Y. vein after surgical resection.
*Takeishi K, Taketomi A, Diacylglycerol kinase alpha |J Hepatol. |57(1) |77-83 |2012

Shirabe K, Toshima T,
Motomura T, Ikegami T,
Yoshizumi T, Sakane F,
Maehara Y.

enhances hepatocellular
carcinoma progression by
activation of
Ras-Raf-MEK-ERK
pathway.

74




Kamiyama T, Nakanishi K, |[Analysis of the risk factors |World J 2012
Yokoo H, Kamachi H, for early death due to Surg Oncol
Tahara M, Kakisaka T, disease recurrence or
Tsuruga Y, Todo S, progression within 1 year
Taketomi A. after hepatectomy in
patients with hepatocellular
carcinoma.
Chuma M, Sakamoto N, Heat shock factor 1 Carcinogen [35(2) |[272-81 |2014
Nakai A,Hige S Nakanishi  |accelerates hepatocellular  |esis.
M., Natsuizaka M, Suda G, |carcinoma development by
ho T, Hatanaka K, Matsuno |activating nuclear
Y, Yokoo H, Kamiyama T,  |factor-kB/mitogen-activated
Taketomi A, Fujii G, Tashiro |protein kinase.
K, Hikiba Y, Fujimoto M,
Asaka M, Maeda S.
Honda S, Miyagi H, RASSF1A methylation Pediatr 29(11) |1147-5 |2013
Suzuki H, Minato M, indicates a poor prognosis in|Surg Int. 2
Haruta M, Kaneko Y, hepatoblastoma patients.
Hatanaka KC, Hiyama E,
Kamijo T,
Okada T, Taketomi A.
Wakayama K, Kamiyama T, |Surgical management of World J 2013
Yokoo H, Kakisaka T, hepatocellular carcinoma Surg Oncol.
Kamachi H, Tsuruga Y, with tumor thrombi in the
Nakanishi K, Shimamura T, |inferior vena cava or right
Todo S, atrium.
Taketomi A.
Shibasaki S, Takahashi N, Percutaneous transhepatic  |J 2013
Toi H, Tsuda I, Nakamura T, |gallbladder drainage Hepatobilia
Hase T, Minagawa N, followed by elective ry Pancreat
Homma S, Kawamura H, laparoscopic
Taketomi A. cholecystectomy in patients
with moderate acute
cholecystitis under
antithrombotic therapy.
Okada T, Honda S, Liver fibrosis in prenatally |J Pediatr 57(2) 2013
Miyagi H, Kubota KC, diagnosed choledochal Gastroenter
Cho K, Taketomi A. cysts. ol Nutr.
*Kamiyama T, Yokoo H, Identification of novel Hepatology. |57(6) |2314-2 {2013
Furukawa J, Kurogochi M, |serum biomarkers of 5

Togashi T, Miura N,
Nakanishi K, Kamachi H,
Kakisaka T, Tsuruga Y,
Fujiyoshi M, Taketomi A,
Nishimura S, Todo S.

hepatocellular carcinoma
using glycomic analysis.

75




Shirabe K, Motomura T, Human early liver Scand J 102(2) (101-5 (2013
Takeishi K, Morita K, regeneration after Surg.
Kayashima H, Taketomi A, |hepatectomy in patients
Ikegami T, Soejima Y, with hepatocellular
Yoshizumi T, Maehara Y. carcinoma: special reference
to age.
Ijichi H, Shirabe K, Clinical usefulness of (18) |Hepatol 43(5) |481-7 |2013
Taketomi A, Yoshizumi T, |F-fluorodeoxyglucose Res.
Ikegami T, Mano Y, Aishima |positron emission
S, Abe K, Honda H, Maehara |tomography/computed
Y. tomography for patients
with primary liver cancer
with special reference to
rare histological types,
hepatocellular carcinoma
with sarcomatous change
and combined
hepatocellular and
cholangiocarcinoma.
Shimada S, Kamiyama T, Clinicopathological World J 2013
Yokoo H, Wakayama K, characteristics and Surg Oncol.
Tsuruga Y, Kakisaka T, prognostic factors in young
Kamachi H, Taketomi A. patients after hepatectomy
for hepatocellular
carcinoma.
Taketomi A, Shirabe K, A rare point mutation in the |Surg Today |43(3) [289-92 |2013
Muto J, Yoshiya S, Ras oncogene in
Motomura T, Mano Y, hepatocellular carcinoma.
Ikegami T, Yoshizumi T,
Sugio K, Maehara Y.
Mano Y, Aishima S, Fujita N, | Tumor-associated Pathobiolog |80(3) |146-54 |2013
Tanaka Y, Kubo Y, macrophage promotes tumor|y.
Motomura T, Taketomi A, |progression via STAT3
Shirabe K, Maehara Y, Oda |signaling in hepatocellular
Y. carcinoma.
*Kurosaki M, Tsuchiya K, |Serum HBV RNA as a Journal of |48 777-77 12013
Nakanishi H, Itakura J, possible marker of HBV Gastroenter 8
Izumi N. replication in the liver ology
during nucleot(s)ide
analogue therapy.
*Tomiyama Y, Nishina S, Hepatic oxidative stress in | Hepatol DOI: 2013
Hara Y, Kawase T, Hino K  |ovariectomized transgenic |Res 10.111
mice expressing the 1/hepr.
hepatitis C virus polyprotein 12254

is augmented through
suppression of
AMPK/PGC-1alpha
signaling

76




H, Yamashita Y, Morita M,
Oki E, Mimori K, Sugimachi
K, Saeki H, Watanabe M,
Shirabe K, Maechara Y

after living donor liver
transplantation.

Hino K, Hara Y, Nishina S  |Mitochondrial reactive Hepatol DOI: |2013
oxygen species as a mystery |Res 10.111
voice in hepatitis C 1/hepr.
12247
Hino K, Nishina S, HaraY |Iron metabolic disorderin |J 28 1993/8/{2013
chronic hepatitis C: Gastroenter |Suppl 41
Mechanisms and relevance |ol Hepatol
to hepatocarcinogenesis
*Tomiyama Y, Takenaka K, |Risk factors for survival and |Intern Med |52 1553-9 {2013
Kodama T, Kawanaka M, the development of
sasaki K, Nishina S, hepatocellular carcinoma in
Yoshioka N, Hara Y, Hino K |patients with primary biliary
cirrhosis
Korenaga K, Korenaga M, Clinical usefulness of Hepatol 43 1284-9 {2013
‘| Teramoto F, Suzuki T, non-protein respiratory Res 4
Nishina S, Sasaki K, quotient measurement in
Nakashima Y, Tomiyama Y, |non-alcoholic fatty liver
Yoshioka N, Hara Y, Moriya |disease
T, Hino K
Nakamura M, Nakashima H, |First jejunal vein oriented |J 48 989-95 (2013
Tsutsumi K, Matsumoto H, |mesenteric excision for Gastroenter
Muta Y, Ueno D, Yoshida K, |pancreatoduodenectomy ol
Hino K, Urakami A, Tanaka
M
Kawanaka M, Nishino K, Treatment of nonalcoholic |Hepatic 5 11-16 2013
Suehiro M, Goto D, Urata N, |steatohepatitis with vitamins | Medicine:
Oka T, Kawamoto H, E and C: a pilot study Evidence
Nakamura H, Yodoi J, Hino and
K, Yamada G Research
Natsuizaka M, Kinugasa H, |IGFBP3 promotes Am]J 4(1) 29 2014
Kagawa S, Whelan KA, esophageal cancer growth  |Cancer Res
Naganuma S, Subramanian |by suppressing oxidative
H, Chang S, Nakagawa KJ, |stress in hypoxic tumor
Rustgi NL, Kita Y, Natsugoe |microenvironment.
S, Basu D, Gimotty PA,
Klein-Szanto AJ, Diehl JA,
Rustgil AK, Nakagawa H.
Ijichi H, Yoshizumi T, Recurrent hepatitis B Fukuoka 104 (10{376-82 |2013
Ikegami T, Soejima Y, Ikeda |following recurrence of Igaku )
T, Kawanaka H, Uchiyama |hepatocellular carcinoma Zasshi.

77




Zhang B, Jia WH, Matsuo K, |Genome-wide association |IntJ doi: 2014
Shin A, Xiang YB, Matsuda_|study identifies a new Cancer. 10.100 [Epub
K. Jee SH, Kim DH, Cheah |SMAD?7 risk variant 2/ijc.28 ahead
PY, Ren Z, Cai Q, Long J, associated with colorectal 733. of
Shi J, Wen W, Yang G, Ji BT, |cancer risk in East Asians. print]
Pan Z7Z, Matsuda F, Gao YT,
Oh JH, Ahn YO, Kubo M,
Thean LF, Park EJ, Li HL,
Park JW, Jo J, Jeong JY,
Hosono S, Nakamura Y, Shu
X0, Zeng YX, Zheng W.
*Lo PH, Urabe Y, Kumar V, |Identification of a functional |PLoS One. |8(4) 61279 {2013
Tanikawa C, Koike K, Kato |variant in the MICA
N, Miki D, Chayama K, promoter which regulates
Kubo M, Nakamura Y, MICA expression and
Matsuda K. increases HCV-related

hepatocellular carcinoma

risk.
Urabe Y, Ochi H, Kato N, A genome-wide association |J Hepatol. |58(5) |[875-82.|2013
Kumar V, Takahashi A, study of HCV-induced liver
Muroyama R, Hosono N, cirrhosis in the Japanese
Otsuka M, Tateishi R, Lo population identifies novel
PH, Tanikawa C, Omata M,_ |susceptibility loci at the
Koike K, Miki D, Abe H, MHC region.
Kamatani N, Toyota J,
Kumada H, Kubo M,
Chayama K, Nakamura Y,
Matsuda K.
Tanikawa C, Matsuo K, Impact of PSCA variation  |Plos one 8(5) E63698(2013
Kubo M, Takahashi A, Ito H, |on gastric ulcer
Tanaka H, Yatabe Y, Yamao |susceptibility.
K, Kamatani N, Tajima K,
Nakamura Y, Matsuda K.
Wang J, Carvajal-Carmona  |Germline variants and Clin Cancer |19(23) |6430-7 (2013
LG Chu JH, Zauber AG; advanced colorectal Res.
APC Trial Collaborators, adenomas: adenoma
Kubo M, Matsuda K, prevention with celecoxib
Dunlop M, Houlston RS, trial genome-wide
Sieber O, Lipton L, Gibbs P, |association study.
Martin NG, Montgomery
GW, Young J, Baird PN,
Ratain MJ, Nakamura Y,
Weiss ST, Tomlinson I,
Bertagnolli MM.
*Zeng SS, Yamashita T, The transcription factor J Hepatol |60(1) [127-13 |2014
Kondo M, Nio K, Hayashi T, | SALL4 regulates stemness 4

Hara Y, Nomura Y, Yoshida
M, Hayashi T, Oishi N, Ikeda
H, Honda M, Kaneko S.

of EpCAM-positive
hepatocellular carcinoma.

78




Takeshita Y, Takamura T, The effects of ezetimibe on |Diabetologi |in press 2014
Honda M, Kitay, Zen Y, non-alcoholic fatty liver a
Kato KI, Misu H, Ota T, disease and glucose
Nakamura M, Yamada K, metabolism: a randomised
Sunagozaka H, Arai K, controlled trial.
Yamashita T, Mizukoshi E,
Kaneko S.
Honda M, Shirasaki T, Hepatic Hepatology |in press 2013
Shimakami T, Sakai A, Horii |interferon-stimulated genes
R, Arai K, Yamashita T, are differentially regulated
Sakai Y, Yamashita T, Okada |in the liver of chronic
H, Murai K, Nakamura M, | hepatitis C patients with
Mizukoshi E, Kaneko S. different interleukin 28B
genotypes.
Terashima T, Yamashita T,  |Feasibility and efficacy of |Hepatol in press 2013
Arai K, Sunagozaka H, hepatic arterial infusion Res
Kitahara M, Nakagawa H, |chemotherapy for advanced
Kagaya T, Mizukoshi E, hepatocellular carcinoma
Honda M, Kaneko S. after sorafenib.
*Spaniel C, Honda M, MicroRNA-122 abundance |PLoS One |in press 2013
Selitsky SR, Yamane D, in hepatocellular carcinoma
Shimakami T, Kaneko S, and non-tumor liver tissue
Lanford RE, Lemon SM. from Japanese patients with
persistent HCV versus HBV
infection.
Honda M, Yamashita T, Peretinoin, an acyclic BMC in press 2013
Yamashita T, Arai K, Sakai |retinoid, improves the Cancer
Y, Sakai A, Nakamura M, hepatic gene signature of
Mizukoshi E, Kaneko S. chronic hepatitis C
following curative therapy
of hepatocellular carcinoma
Miyahara K, Nouso K, Pro-angiogenic cytokines  |BrJ Cancer [109(8) [2072-2 (2013
Morimoto Y, Takeuchi Y, for prediction of outcomes 078
Hagihara H, Kuwaki K, in patients with advanced
Onishi H, Ikeda F, Miyake Y, |hepatocellular carcinoma.
Nakamura S, Shiraha H,
Takaki A, Honda M, Kaneko
S, Sato T, Sato S, Obi S,
Iwadou S, Kobayashi Y,
Takaguchi K, Kariyama K,
Takuma Y, Takabatake H,
Yamamoto K; Okayama
Liver Cancer Group.
Higashimoto M, Sakai Y, Adipose tissue derived EurJ 43(11) |2956-2 {2013
Takamura M, Usui S, Nasti  |stromal stem cell therapy in |Immunol 968

A, Yoshida K, Seki A,
Komura T, Honda M, Wada
T, Furuichi K, Ochiya T,
Kaneko S.

murine ConA-derived
hepatitis is dependent on
myeloid-lineage and CD4+
T-cell suppression.

79




Y.

vascular networks
surrounded by human
hepatoma cell lines allows
for improved hepatitis B
virus replication.

Seki A, Sakai Y, Komura T, |Adipose tissue-derived stem |Hepatology [58(3) |1133-1 {2013
Nasti A, Yoshida K, cells as a regenerative 142
Higashimoto M, Honda M, |therapy for a mouse
Usui S, Takamura M, steatohepatitis-induced
Takamura T, Ochiya T, cirrhosis model.
Furuichi K, Wada T, Kaneko
S.
Komura T, Sakai Y, Honda |ER stress induced impaired |Cell 282(1) [44-52 2013
M, Takamura T, Wada T, TLR signaling and Immunol
Kaneko S. macrophage differentiation
of human monocytes.
Shirasaki T, Honda M, MicroRNA-27a regulates  |J Virol 87(9) [5270-5 {2013
Shimakami T, Horii R, lipid metabolism and 286
Yamashita T, Sakai Y, Sakai |inhibits hepatitis C virus
A, Okada H, Watanabe R, replication in human
Murakami S, Yi M, Lemon |hepatoma cells.
SM, Kaneko S.
Hodo Y, Honda M, Tanaka |Association of Clin Cancer |19(7) |1827-1 |2013
A, Nomura Y, Arai K, interleukin-28B genotype |Res 837
Yamashita T, Sakai Y, and hepatocellular
Yamashita T, Mizukoshi E, |carcinoma recurrence in
Sakai A, Sasaki M, patients with chronic
Nakanuma Y, Moriyama M, |hepatitis C.
Kaneko S.
Yamashita T, Honda M, Discrete nature of EpCAM-+ |Hepatology |57(4) |1484-1 (2013
Nakamoto Y, Baba M, Nio  |and CD90+ cancer stem 497
K, HaraY, Zeng SS, Hayashi |cells in human
T, Kondo M, Takatori H, hepatocellular carcinoma.
Yamashita T, Mizukoshi E,
Ikeda H, Zen Y, Takamura H,
Wang XW, Kaneko S.
Nishino J, Mano S The Number of Candidate |Computatio 2013 179761 |2013
Variants in Exome nal and . 13pp.
Sequencing for Mendelian |Mathematic
Disease under No Genetic  |al Methods
Heterogeneity in Medicine
FEFER RA LT ) AREERICERE (£ oF |67(3) (368-37 (2013
EEEEXD ¥ [Bir] 1
Jo Nishino, Masaya The SNP x age interaction |Journal of in press
Sugiyama, Nao Nishida, on response to interferon-o. |Medical
Katsushi Tokunaga, and ribavirin therapy in Virology
Masashi Mizokami, Shuhei |hepatitis C woman patients
Mano
Ahn S, Tamai M, Nakashima | An in vitro liver model J Biosci. in press|2014
K, Ito M, Suzuki T, Tagawa |consisting of endothelial Bioeng.

80




*Posuwan N, Payungporn S, |Genetic association of PLoS One. [9(1) e86007
Tangkijvanich P, Ogawa S, |human leukocyte antigens
Murakami S, Iijima S, with chronicity or resolution
Matsuura K, Shinkai N, of hepatitis B infection in
Watanabe T, Poovorawan Y, |[thai population.
Tanaka Y.
Elkady A, Aboulfotuh S, Ali |Incidence and World J 19(37) |6214-2
EM, Sayed D, Abdel-Aziz characteristics of HBV Gastro- 0
NM, Ali AM, Murakami S, |reactivation in enterol.
Iijima S, Tanaka Y. hematological malignant

patients in south Egypt.

TSR D BIR & D

81






Genes 2014, 5, 84-96; doi:10.3390/genes5010084

genes

ISSN 2073-4425
www.mdpi.com/journal/genes

Review

Lessons from Genome-Wide Search for Disease-Related Genes
with Special Reference to HLLA-Disease Associations

Katsushi Tokunaga

Department of Human Genetics, Graduate School of Medicine, University of Tokyo, Tokyo 113-0013,
Japan; E-Mail: tokunaga@m.u-tokyo.ac.jp

Received: 8 January 2014, in revised form: 11 February 2014 / Accepted: 12 February 2014/
Published: 26 February 2014

Abstract: The relationships between diseases and genetic factors are by no means uniform.
Single-gene diseases are caused primarily by rare mutations of specific genes. Although
each single-gene disease has a low prevalence, there are an estimated 5000 or more such
diseases in the world. In contrast, multifactorial diseases are diseases in which both genetic
and environmental factors are involved in onset. These include a variety of diseases, such as
diabetes and autoimmune diseases, and onset is caused by a range of various environmental
factors together with a number of genetic factors. With the astonishing advances in genome
analysis technology in recent years and the accumulation of data on human genome
variation, there has been a rapid progress in research involving genome-wide searches for
genes related to diseases. Many of these studies have led to the recognition of the importance
of the human leucocyte antigen (HLA) gene complex. Here, the current state and future
challenges of genome-wide exploratory research into variations that are associated with
disease susceptibilities and drug/therapy responses are described, mainly with reference to
our own experience in this field.

Keywords: genome-wide association study (GWAS); multifactorial disease; disease
susceptibility gene; drug response gene; HLA genes

1. Development of Genome-Wide Searches

The greatest attraction of the strategy of genome-wide searches for genes related to diseases is the
potential for the discovery of the involvement of completely new genes that could not have been
predicted using existing knowledge or data. The previous method for genome-wide search of
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multifactorial disease-susceptibility genes was non-parametric linkage analysis, which does not
presuppose any specific inheritance mode. One such method is the affected sib-pair method. However, it
is not easy to collect a large number of samples with affected sib-pairs, so the detection power of this
method is inevitably low [1]. Consequently, only limited results have been obtained so far.

The genome-wide association study (GWAS), however, makes use of the high statistical power of
association analysis traditionally used for investigating the possible involvement of specific candidate
genes, and applies it genome-wide [1]. Two pioneering GWAS studies were carried out in Japan. One
was the first single nucleotide polymorphism (SNP)-based GWAS for myocardial infarction, which
utilized an approximately 90,000 SNPs [2]. The other was the first microsatellite-based GWAS for
rheumatoid arthritis, which used approximately 30,000 microsatellite polymorphisms [3]. However,
only a few research groups adopted either of these platforms, due to the labor and cost they involved.

GWAS advanced to a new stage from 2006 onward, mainly as a result of two developments in
infrastructure. The first was information infrastructure, typified by the Database of Single Nucleotide
Polymorphisms (dbSNP) [4], the International HapMap Project [5] and the 1000 Genomes Project [6],
which gathered together a vast range of information of genome variation that spanned the entire human
genome. The other development was in technology infrastructure; this was the commercial release of
platforms that allowed the analysis of several thousands of samples performed on several hundreds of
thousands of SNPs and could be carried out relatively easily. The application of these developments
meant that SNP-based GWAS became a broad-based, practical strategy, and in 2007, several studies
were published from large-scale collaborations between multiple institutions. The subsequent rush to
discover gene polymorphisms associated with different diseases or traits using GWAS was dramatic,
and over 1600 types of significant associations with 250 diseases or traits have been reported [7].
Nevertheless, attention should be paid for GWAS in ethnically diverse populations, since the
genome-wide SNP typing chips have been designed based on mainly European data, these chips may
have limited utility in certain populations.

2. Identified Susceptibility Genes to Multifactorial Diseases
2.1. Population Differences in Disease Susceptibility Genes

A disease for which GWAS have shown striking results is type II diabetes. In 2007, several groups
from Europe and North America reported results from different GWAS on several thousand patients
and controls [8-11]. Over 11 susceptibility loci were identified, and over half of these were newly
discovered. The following year, two independent groups from Japan reported a new susceptibility gene,
KCNQI [12,13]. Table 1 shows a comparison between European and Japanese populations of the allele
frequency, odds ratio and p-value of TCF7L2, the most important susceptibility gene found in European
populations, and KCNQI, which was discovered in Japanese. TCF7L2 showed a p-value of 10~ in
European populations, indicating a definite association with type II diabetes [8]. Among Japanese,
however, the p-value is at a level of no more than 10™ [14]. The main reason for this is the difference in
minor allele frequency, which is lower in Japanese by an order of magnitude. Consequently, although
the odds ratio is similar to European populations, no clear association was observed in an analysis of
2000 patients and 2000 healthy controls. A contrasting relationship can be seen with KCNQ! [12]. The
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p-value for Japanese samples was 107, indicating a definite association with type II diabetes, and the
same clear association was found for Korean and Chinese samples. However, although European
samples showed the same tendency of the odds ratio, the p-value was at a level of no more than 107,

Table 1. Population differences of susceptibility genes to type II diabetes.

Gen (SNP) Population Odds Ratio J Minor Allele Frequency
TCF7L2 (1s7903146)  European [8—11] 1.37 1.0 x 107 0.31/0.25
TCF7L2 (rs7903146) Japanese [14] 1.70 7.0x 107 0.05/0.02
KCNQI (1s2237892)  European [12] 1.29 7.8% 107 0.03/0.05
KCNOQI (1s2237892)  Japanese [12] 1.43 3.0x107% 0.31/0.40

In other words, the main type II diabetes-susceptibility genes for European and East Asian populations,
respectively, are, in fact, shared susceptibility genes by both populations, but because they differ greatly
in frequency, their contribution in each respective population is different.

Several genetic factors, in addition to environmental factors, such as stress, are involved in the onset
of narcolepsy, one of the hypersomnia. In the past, the only gene well established as a genetic factor for
narcolepsy was HLA-DR/DQ [15]; then, we carried out a GWAS to search for new genetic factors [16].
As aresult, an SNP located between CPT1B and CHKB on Chromosome 22 was found to be associated
with narcolepsy. Japanese and Koreans were found to have similar allele frequency and both showed a
significant association. However, although the odds ratio showed similar trends in European Americans
and African Americans, we could not find a significant difference association, because of the low
frequency of the susceptibility allele. We have also experienced significant population differences in
other diseases, including tuberculosis [17], theumatoid arthritis [18], glaucoma [19] and primary biliary
cirrhosis [20].

The above diseases serve as examples of different contributions of multiple genetic factors in each
population. Consequently, the study of each individual population would be essential to build a complete
picture of the important genetic factors to complex diseases in the various human populations.

2.2. Susceptibility Genes Common to Different Diseases

There has been an increase in the number of reports of genetic factors that are common to different
diseases. GPCS5 (glypican-5) has been found to be a susceptibility gene common to nephrotic syndrome
diseases, such as membranous nephropathy, immunoglobulin A nephropathy and diabetic nephropathy
(Table 2) [21]. We further confirmed the expression of the GPC5 protein in the glomerular podocytes
and showed that the risk allele is associated with a high level of GPCS5 expression.

Table 2. Common susceptibility gene GPC3 (glypican 5) for acquired nephrotic syndrome [21].

Panel Case: Minor Allele Frequency Control: Minor Allele Frequency p* Odds Ratio
1 0.237 0.167 58x107  2.33(1.25-4.35)
2 0.195 0.159 2.0x 107 3.44(1.89-6.25)
3 0.224 0.174 8.7x107°  2.39(1.61-3.55)
Combined 0.219 0.168 6.0 x 107" 2.54(1.91-3.40)

* Based on the recessive model of the minor allele (GG + GA vs. AA).
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Meta-analysis of the largest-scale GWAS in Japan on rheumatoid arthritis (RA) led to the discovery
of susceptibility genes that are common to various different autoimmune disorders [18]. The GWAS was
performed on approximately 4000 patients and 17,000 controls, and a replication study was carried out
with 5000 patients and 22,000 controls. In addition to previously reported susceptibility genes, nine new
susceptibility genes were discovered. Among these are several susceptibility genes that have been also
reported for systemic lupus erythematosus (SLE) and Graves’ disease.

Another example in our recent experience was primary biliary cirrhosis [20]. We performed a GWAS
by a nation-wide collaboration; as a result, we discovered two new susceptibility genes. Interestingly,
one of these, TNF'SF15, has also been reported as a susceptibility gene for inflammatory bowel disease,
including Crohn’s disease and ulcerative colitis. There are numerous other reports of genetic factors that
are found to be common to various autoimmune and inflammatory diseases [22,23].

The presence of common susceptibility genes for different diseases suggests that at least part of the
pathogenic mechanism of these diseases is shared. These results may contribute to the elucidation of the
pathogenic mechanism of these diseases and to the development of new therapies.

2.3. Towards the Understanding of Pathogenic Mechanisms

As mentioned earlier, the new narcolepsy-susceptibility region, CPTIB/CHKB, was discovered
through a GWAS performed to search for genetic factors other than the established factor, HLA [16].
Subjects possessing the risk allele of the susceptibility SNP showed significantly lower levels of mRNA
expression of both CPT1B and CHKB. We also observed that narcolepsy patients show abnormally low
levels of carnitine [24], on which CPTIB (carnitine palmitoyltransferase 1B) is relevant, and that
carnitine improves the sleep of the patients [25]. Carnitine is known as the transporter of long-chain fatty
acids into mitochondria, thus playing a crucial role in energy production.

Moreover, the new susceptibility gene, TRA4 (T cell receptor o), was discovered through a GWAS
performed by a joint international research group [26]. SNPs located in the J region of TRA showed
significant associations with narcolepsy in European and Asian populations. TR4 and HLA are key
molecules in the regulation of immune response in the acquired immunity. The same joint international
research group also found that a polymorphism of P2RY11, which is also involved in the regulation of
the immune system, is associated with narcolepsy [27]. From these results, it may be assumed that
narcolepsy onset has at least two mechanisms: both autoimmunity to orexin (hypocretin)-producing cells
and a disorder of fatty acid B-oxidation.

If we appreciate that multiple susceptibility genes that have been discovered belong to specific
pathways or networks, they will provide useful hints toward clarifying the mechanism of disease onset
or disease formation and also developing new drugs.

3. Identified Response Genes to Drugs/Therapies
3.1. Development of New Gene Tests

GWAS studies are extremely useful in the search for drug-response genes. We performed a GWAS as
part of a multi-institutional joint research group investigating hepatitis C virus related diseases. As a
result of this GWAS, we discovered that /L28B on Chromosome 19 was strongly associated with
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non-responder patients to the combined therapy of PEGylated interferon-alpha and ribavirin for
chronic hepatitis C [28]. This was a completely unexpected result. The GWAS was performed on only
78 non-responders and 64 responders to this therapy; nevertheless a p-value at the level of 107 was
obtained, reaching the genome-wide significance level (Figure 1). About 70%—80% of the non-responding
patients possessed the minor alleles of several SNPs in the /L28B region, and combining the replication
study data, the p-value was 10'~107*? and the odds ratio was 17—30 (Figure 2).

Figure 1. A genome-wide association study (GWAS) on the response to the combined
therapy of PEGylated interferon-alpha and ribavirin for chronic hepatitis C identified two
SNPs on Chromosome 19 [28].
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Figure 2. The strong association of IL28B with therapy response for chronic hepatitis C:
80% of non-responders possess the minor allele [28].
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Response to the interferon-alpha therapy had been considered to be determined mainly by the virus
genotype and concentration. However, the discovery that response is, in fact, mostly determined by a
human genetic factor had a major impact. ZL28B SNP typing has already been introduced into the routine
clinical testing in Japan and is used as important reference data in the determination of therapeutic strategies.

3.2. Identification of New Therapeutic Targets

The discovery of /L28B, which is strongly associated with response to treatment for hepatitis C,
indicated another highly interesting possibility. IL28B is a member of the interferon A family and is
assumed to exhibit its defensive activity against viral infection mediated by similar receptors and
intracellular signal transduction pathway as interferon o, which was used in the treatment of hepatitis C.
IL28B itself is therefore expected to be a powerful contender for the development of new hepatitis C
drugs. In fact, IL-29, a member of the same family, has already been subjected to clinical trial for a
new drug.

In addition to the above, genes involved in response to many drugs have been reported, and an
increasing number of genetic factors are being identified for the first time as a result of GWAS.
Drug-response genes generally tend to show greater odds ratios than disease-susceptibility genes, so that
even with a relatively small sample size, there is a high likelihood of being able to identify the relevant
gene. Ever greater results may therefore be expected in the future.

4. Particular Importance of HLA
4.1. Immune-Mediated Diseases and HLA

GWAS studies have been conducted for a number of diseases to date, and many of these have
reported HLA as a susceptibility gene. In our own experience, narcolepsy [16], hepatitis B [29],
rheumatoid arthritis [18], primary biliary cirrhosis [20], Stevens—Johnson syndrome, insulin autoimmune
syndrome and type I diabetes have all shown strong association with certain HLA gene(s).
Of these, narcolepsy, rheumatoid arthritis, primary biliary cirrhosis, type I diabetes and insulin
autoimmune syndrome were associated most strongly with the HLA-DR and HLA-DQ regions, while
hepatitis B and Stevens-Johnson syndrome were associated most strongly with the HLA-DP and HLA-A
genes, respectively.

With regard to narcolepsy, Juji et al. [30] first reported in 1984 an extremely strong association
with HLA-DR2 (HLA-DRBI*1501-DQBI1*0602 haplotype according to the recent sequence-level
nomenclature). We also found an extremely strong association between narcolepsy and the HLA-DR/DQ
region with an SNP-based GWAS (Figure 3) [16]. If the results of HLA analysis in European and
African populations are considered together, the primary susceptibility allele is assumed to be
HLA-DQBI*0602.

Numerous GWAS have also been carried out for rheumatoid arthritis in Japan and elsewhere, and the
HLA-DR/DQ region has been shown to have stronger association than any other region of the genome [18].
HLA-DR4 has been known to be strongly associated with rheumatoid arthritis since the latter half of the
1970s; recent analysis at the sequence level has shown that DRBI*0401 is most strongly associated in
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European populations and DRBI*0405 among Japanese. However, there are several other DRBI alleles
that also exhibit susceptibility or resistance, and a hierarchy may be seen in their odds ratios.

Figure 3. GWAS confirmed the most strong association of the HLA-DR/DQ region with
narcolepsy [16].
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With primary biliary cirrhosis, also, the HLA-DR/DQ region showed the strongest association in the
GWAS of European populations [31] and in the first GWAS of an Asian population [20]. From the
analysis of HLA itself, HLA-DRBI1*0803-DQB1%*0602 and HLA-DRBI1*0405-DQBI1*0401 have been
reported as susceptible haplotypes in the Japanese population [32], while HLA-DRBI*0801-DQB1*04
was reported in European descendants [33].

4.2. Drug Hypersensitivity and HLA

There has also been great interest in HLA in its association with drug hypersensitivity. In 2002, it was
reported that nearly 80% of patients who showed a hypersensitivity against the HIV drug, abacavir,
possessed HLA-B*5701, with an odds ratio of 117 [34]. In 2004, a group from Taiwan found that of
44 patients with Stevens—Johnson syndrome induced by carbamazepine used for epilepsy seizures or
as a psychotropic drug, all had HLA-B*1502 [35]. However, less than 0.1% of Japanese possess
HLA-B*5701, while HLA-B*1502 is extremely rare. Consequently, it was predicted that the associations
observed in the previous reports are hardly seen at all among Japanese.

In fact, Ozeki et al. [36] reported that adverse reactions in the skin as a result of carbamazepine are
associated with HLA-A*3101. We reported independently that Stevens—Johnson syndrome/toxic
epidermal necrolysis accompanied by eye manifestations caused by certain types of cold remedies is
associated with HLA-4*0206 [37]. Now, GWAS for this type of Stevens-Johnson syndrome has
identified new susceptibility gene(s). Accordingly, GWAS can be powerful tool to investigate
hypersensitivity to different kinds of drugs, and there is particular interest in associations with the L4
gene complex.
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4.3. Characteristics of HLA and the Importance of HLA Typing

There are a number of unique characteristics of HLA genes and their polymorphisms, which indicates
the limitation of SNP-based analysis and the importance of typing HLA genes themselves. First, the HLA
genes are broadly classified into the Class I and Class II genes. Genes that exhibit high degrees of
polymorphisms include HLA-4, -B and -C in Class 1 and HLA-DRBI, -DQAI, -DQOBI, -DPAI,
and -DPB] in Class II. Including HLA and non-HLA genes, a total of some 130 genes encoding proteins
are densely located within a physical distance of about 4 Mbp on the short arm of Chromosome 6. They
also show stronger linkage disequilibria than any other region of human genome. For these reasons,
specifying a gene locus that is primarily associated with a disease is no easy task.

Second, commercially available genome-wide SNP typing arrays are unable to analyze the SNPs of
the HLA-DR region. This is because there is copy number polymorphism of the DRB genes in the region:
there are four functional DRB genes (DRBI, B3, B4 and B5) and five pseudogenes (DRB2, B6, B7, B8
and BY9), and the gene composition differs depending upon the DRB haplotype. The SNPs of this region
therefore do not conform to the Hardy—Weinberg equilibrium and, so, are not included on the arrays.
Consequently, even though the HLA-DQ region may appear to show primary association from the results
of an SNP-based GWAS, the adjacent HLA-DR region with extremely strong linkage disequilibrium
must also be considered as a candidate region.

Third, genes in the Class II region are each adjacent on the genome as a pair, comprising an A gene
and a B gene, and are linked to each other with a strong linkage disequilibrium. It is therefore very
difficult to specify which gene of the pair is the primary one.

Fourth, as mentioned above, the HLA gene exhibits a high degree of polymorphism, and there are a
huge number of alleles. There are almost no SNPs or SNP haplotypes that correspond one-on-one to
individual HLA alleles. For example, more than 1300 alleles of HLA-DRBI have been admitted
worldwide to date; for example, around 20 alleles with relatively high frequency and a great number of
rare alleles have been found in the Japanese population; however, this sort of subclassification is not
possible from SNP haplotypes.

Furthermore, a major feature is that a striking diversity between different populations can be
observed. In other words, many HLA alleles are distributed only in certain regional populations.

Imputation of HLA alleles using HLA region SNP data is reported to have an accuracy of over 94% in
European populations [38—40]. However, it is not perfect, especially for infrequent alleles, and the
imputation is not yet fully available in Japanese or other Asian populations. The typing of the HLA genes
1s preferable for specifying HLA alleles directly involved in susceptibility, because there are multiple
susceptibility alleles and resistance alleles, as well as ‘neutral’ alleles, and for many of these, the odds
ratios are not consistent.

With regard to the HLA-associated diseases, therefore, detailed analysis, including the typing of the
HLA genes themselves, are necessary to identify the primary HLA genes and alleles for each individual
disease. These data will prove invaluable in clarifying the molecular mechanism through which HLA is
associated with disease.
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5. Conclusions and Issues for the Future

There are two hypotheses regarding the involvement of genome variation in common diseases: the
common disease (common variants hypothesis and the common disease) and the rare variants
hypothesis. In this regard, there is the argument that the common variants identified by GWAS as
causing susceptibility to multifactorial diseases can only account for a small proportion of the genetic
factors of disease, so that rare variants must also be important. This was symbolized by the term
“missing heritability” [41], when only around 20 susceptibility loci for type II diabetes had been
identified. Even in total, these could only explain about 5% of heritability. To date, over 60 common
susceptibility loci have been identified, and this number is increasing all the time as a result of GWAS
and meta-analyses carried out on greater scales. Further, it has been shown by the latest statistical
analysis using all the GWAS data that around 40%—60% of all genetic factors can be explained.
Therefore, it is assumed that there are still a great many relatively weak common susceptibility variants
that have yet to be discovered.

To put it differently, we have not yet utilized the data obtained from GWAS to the fullest extent.
For example, susceptibility genes that are not discovered by gathering samples from patients with the
same disease name may be discovered by collecting detailed clinical data for each patient and then
carrying out an analysis focused on clinical subsets. Considering a common disease from the viewpoint
of its genetic architecture, the disease could be a collection of the many diseases that resemble each
other, but also exhibit heterogeneity. Furthermore, it is likely that many susceptibility gene
polymorphisms do not reach the so-called genome-wide significance level and, instead, exhibit
moderate p-values. Establishing a method to identify the real susceptibility loci from this gray area is an
issue that will need to be resolved in the future. It will be necessary to develop new methods that
synthesize data from genetic ontology, pathway/network informatics and other fields and to establish
statistical methods that can detect both intra-gene and inter-gene interactions. Our collaborators
developed one such method that greatly improves the detection power of susceptibility loci [42].

Other than investigation by means of SNPs, there is also a need to clarify the degree to which
variation, such as copy number variation (CNV) and short insertion/deletion variation, account for
genetic factors in disease. Massive sequencing using next-generation sequencers is leading to
astounding developments; to date, it has been very useful in identifying single genes responsible for
hereditary diseases, and it has recently started to be applied to the search for susceptibility genes of
multifactorial diseases. Until now, exome analysis has not turned up major results with respect to
multifactorial disease. Considering that the majority of susceptibility SNPs identified by GWAS have
been discovered in regions that regulate gene expression rather than in regions that code proteins,
large-scale whole genome sequencing with a large number of patient and control samples may be needed.
Then, the major challenge for the future is to establish a system to extract valuable data from the huge
data produced by this new technology and to detect variants associated with certain multifactorial diseases.

HLA is already essential in clinical testing, such as organ and bone marrow transplantation and
platelet transfusion. In addition, its association with over 100 types of diseases, including various
autoimmune and inflammatory disorders, as well as infectious diseases, has been reported since the
1970s. Research aimed at understanding the mechanism of HL4-disease association commenced in the
1980s, but even now, the mechanism is not clearly known. In the 1990s, also, researchers carried out
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many analyses of antigenic peptides eluted from HLA4 molecules prepared from mass cultured cells and
analyses of T-cell clones created from patient samples, but were unable to gain a complete understanding
of pathogenic peptides or the mechanisms of disease onset. It is hoped that there will be breakthroughs in
the search for solutions to the huge riddle of disease mechanisms through advances, such as the diversity
analysis of each HLA haplotype using next-generation sequencers, expression analysis of each HLA
molecule using the latest protein chemistry and high-order structure analysis of the HLA-antigenic
peptide-T-cell receptor complex.

Finally, the sharing of a huge amount of data produced by genome-wide variation analyses on various
diseases through public databases, such as the Database of Genotypes and Phenotypes (dbGaP) [43],
European Genome-Phenome Archive (EGA) [44] and GWAS Central [45], is crucial for the promotion
of the complete identification of disease susceptibility genes and the understanding of the molecular
mechanism of disease onset. We have also developed a public database for studies on the Japanese
population [46-48].

Acknowledgments

This work was supported by grants-in-aid for scientific research from the Japanese Ministry of
Education, Culture, Sports, Science and Technology, the Japanese Ministry of Health, Labor and
Welfare and the Japan Science and Technology Agency.

Conflicts of Interest
The author declares no conflict of interest.
References

1. Risch, N. Searching for genetic determinants in the millennium. Nature 2000, 405, 847-856.

2. Ozaki, K.; Ohnishi, Y.; Iida, A.; Sekine, A.; Yamada, R.; Tsunoda, T.; Sato, H.; Hori, M.;
Nakamura, Y.; Tanaka, T. Functional SNPs in the lymphotoxin-alpha gene that are associated with
susceptibility to myocardial infarction. Nat. Genet. 2002, 32, 650-654.

3. Tamiya, G.; Shinya, M.; Imanishi, T.; Ikuta, T.; Makino, S.; Okamoto, K.; Furugaki, K;
Matsumoto, T.; Mano, S.; Ando, S.; ef al. Whole genome association study of rheumatoid arthritis
using 27039 microsatellites. Hum. Mol. Genet. 2005, 14, 2305-2321.

4. Database of Single Nucleotide Polymorphisms (dbSNP). Available online: http://www.ncbi.
nlm.nih.gov/snp/ (accessed on 11 February 2014).

5. Database of HapMap Project. Available online: http://hapmap.ncbi.nlm.nih.gov/ (accessed on 11
February 2014).

6. Database of 1000 Genomes Project. Available online: http://www.1000genomes.org/ (accessed on
11 February 2014).

7. A Catalog of Published Genome-Wide Association Studies. Available online: http:/www.
genome.gov/gwastudies/ (accessed on 11 February 2014).

92



Genes 2014, 5 94

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Sladek, R.; Rocheleau, G.; Rung, J.; Dina, C.; Shen, L.; Serre, D.; Boutin, P.; Vincent, D.; Belisle, A.;
Hadjadj, S.; et al. Genome-wide association study identifies novel risk loci for type 2 diabetes.
Nature 2007, 445, 881-885.

Saxena, R.; Voight, B.F.; Lyssenko, V.; Burtt, N.P.; de Bakker, P.I.; Chen, H.; Roix, J.J;
Kathiresan, S.; Hirschhorn, J.N.; Daly, M.J.; ef al. Genome-wide association analysis identifies loci
for type 2 diabetes and triglyceride levels. Science 2007, 316, 1331-1336.

Scott, L.J.; Mohlke, K.L.; Bonnycastle, L.L.; Willer, C.J.; Li, Y.; Duren, W.L.; Erdos, M.R.;
Stringham, H.M; Chines, P.S.; Jackson, A.U.; ef al. A genome-wide association study of type 2
diabetes in Finns detects multiple susceptibility variants. Science 2007, 316, 1341-1345.
Wellcome Trust Case Control Consortium. Genome-wide association study of 14,000 cases of
seven common diseases and 3000 shared controls. Nature 2007, 447, 661-678.

Yasuda, K.; Miyake, K.; Horikawa, Y.; Hara, K.; Osawa, H.; Furuta, H.; Hirota, Y.; Mori, H.;
Jonsson, A.; Sato, Y.; et al. Variants in KCNQ1 are associated with susceptibility to type 2 diabetes
mellitus. Nat. Genet. 2008, 40, 1092—-1097.

Unoki, H.; Takahashi, A.; Kawaguchi, T.; Hara, K.; Horikoshi, M.; Andersen, G.; Ng, D.P.;
Holmkvist, J.; Borch-Johnsen, K.; Jorgensen, T.; ef al. SNPs in KCNQI1 are associated with
susceptibility to type 2 diabetes in East Asian and European populations. Nat. Genet. 2008, 40,
1098-1102.

Miyake, K.; Horikawa, Y.; Hara, K.; Yasuda, K.; Osawa, H.; Furuta, H.; Hirota, Y.; Yamagata, K.;
Hinokio, Y.; Oka, Y.; ef al. Association of TCF7L2 polymorphisms with susceptibility to type 2
diabetes in 4,087 Japanese subjects. J. Hum. Genet. 2008, 53, 174-180.

Matsuki, K.; Juji, T.; Tokunaga, K.; Naohara, T.; Satake, M.; Honda, Y. Human histocompatibility
leukocyte antigen (HLA) haplotype frequencies estimated from the data on HLA class I, I, and III
antigens in 111 Japanese narcoleptics. J. Clin. Invest. 1985, 76, 2078-2083.

Miyagawa, T.; Kawashima, M.; Nishida, N.; Ohashi, J.; Kimura, R.; Fujimoto, A.; Shimada, M.;
Morishita, S.; Shigeta, T.; Lin, L.; et al. Variant between CPT1B and CHKB associated with
susceptibility to narcolepsy. Nat. Genet. 2008, 40, 1324-1328.

Mahasirimongkol, S.; Yanai, H.; Mushiroda, T.; Promphittayarat, W.; Wattanapokayakit, S.;
Phromjai, J.; Yuliwulandari, R.; Wichukchinda, N.; Yowang, A.; Yamada, N.; ef al. Genome-wide
association studies of tuberculosis in Asians identify distinct at-risk locus foe young tuberculosis.
J. Hum. Genet. 2012, 57, 363-367.

Okada, Y.; Terao, C.; Ikari, K.; Kochi, Y.; Ohmura, K.; Suzuki, A.; Kawaguchi, T.; Stahl, E.A.;
Kurreeman, F.A.; Nishida, N.; et al. Meta-analysis of genome-wide association studies identifies
multiple novel loci associated with rheumatoid arthritis in the Japanese population. Nat. Genet.
2012, 44, 511-516.

Takamoto, M.; Kaburaki, T.; Mabuchi, A.; Araie, M.; Amano, S.; Aihara, M.; Tomidokoro, A.;
Iwase, A.; Mabuchi, F.; Kashiwagi, K.; et a/. Common variants on chromosome 9q21 are associated
with normal tension glaucoma. PLoS One 2012, 7, €40107.

Nakamura, M.; Nishida, N.; Kawashima, M.; Aiba, Y.; Tanaka, A.; Yasunami, M.; Nakamura, H.;
Komori, A.; Nakamuta, M.; Zeniya, M.; et al. Genome-wide association study identifies TNFSF15
and POU2AF1 as susceptibility loci for primary biliary cirrhosis in the Japanese population.
Am. J. Hum. Genet. 2012, 91, 721-728.

a3



