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Project overview. MGP and its goals. On
December 19, 1999, the Japanese government an-
nounced a so-called “Millennium Project” which aims to
create the basic core for Japanese Science and economy
in the 21st Century (official documents in Japanese are
available at: http://www.kantei.go.jp/jp/mille/). The 120.6
billion Yen Project (US$ 1 billion, in FY 2000) was
planned to target three major categories: information

infrastructure, a graying society, and the environment.
The human genome research and its clinical and indus-
trial applications are expected to play crucial roles in
addressing the issues of a graying society, and this part of
the Millennium Project, 64 billion Yen in FY 2000, is
called “Millennium Genome Project” (MGP). MGP is
positioned in the so-called “post-sequencing era of
human genome research”.  Soon after the rise of the mo-
lecular biology of human diseases in the early 1980s, it
was widely recognized that an approach starting from an
individual gene is not sufficient to understand most
“common diseases” such as cancer, diabetes or cardio-
vascular diseases. Unlike monogenic diseases showing a
classical mendelian inheritance, multiple genes are
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obviously involved in the common diseases, and the
genetic factors may interact significantly with environ-
ment/life-style factors and aging. This notion motivated
the Human Genome Project, so that the researchers have
the entire human nucleotide sequences as a guide to
explore polygenic diseases. A draft-quality sequence
was published in February 2001, and the “finished”
sequence has now reached 95.8% of the human
genome as of January 5, 2003.1) The race to capture the
enormous medical potentials of the human genome
sequence information has already started as a post-
sequencing era of genome research.

The goals of the Human Genome MGP have been
described in a December 19, 1999 document by the then
Prime Minister as follows: “Personalized medicine will be
introduced, and revolutionary drug development will be
launched, both based on the elucidation of the disease
related genes of the major diseases of the elderly, such as
dementia, cancer, diabetes, hypertension. Regenerative
medicine, which utilizes the self-repair function of the
body and is free from rejection reactions, will also be
applied for tissues such as bone and blood vessels,
based on the elucidation of the developmental and
other functions of the organisms.  The target date for
Project completion is March 2005”.  The two keywords of
MGP are therefore personalized medicine and new
therapeutics development. Both, of course, have been
the core agenda of medicine throughout its history, but
what is newly expected for MGP is that genome
research may bring personalized medicine and drug
development to a new horizon, which benefits not only
the elderly but also all segments of society.

Organization. To address these two tasks of per-
sonalized medicine and new therapeutics development, a
research organization has been deployed as shown in Fig. 1.
Headquarters of MGP is the “Evaluation and Advisory
Board” formed of 12 senior leaders in bioscience and
bioindustry. The business office of the Board is the
Cabinet Office of the government. The Board is actively
involved in the whole aspect of the Project, including set-
ting the direction of the research, approval of research
strategy, and the evaluation of research progress, and
orders termination of the project when necessary.
Thus, MGP is clearly a government-led “top-down”
mega initiative. There may be at least two points to con-
sider in light of the science policy of today and of the
future. First, one of the major impetuses which spurred
the Japanese government to launch MGP was the keen
recognition of the enormous pharmaceutical and other
medical industrial potentials of genome-based medical

research in the post-draft sequencing era. The vital link
between science and technology, intellectual properties,
national interests and welfare level of the nation is
obviously the expectation and justification of the MGP.
Secondly, however, big top-down “project” type studies
should be only a part of all research conducted in the
country. Individual research initiated by each investiga-
tor’s idea and interests is the bottom line of the science
and culture of the country, and is, after all, the funda-
mental of the national well-being in the long-term, too.
The Council for Science and Technology Policy, Cabinet
Office (http://www8.cao.go.jp/cstp/), which is the major
organization promoting big project type research, is
also aware of the importance of the balance between a
government-initiated research project and investigator-
initiated individual research. Thus an important issue is
what proportion of the public sector budget should be
allocated as project type research and to which target.
The active voices and decisions of senior leading scien-
tists are increasingly crucial in conceptualizing and
navigating national science policy.

MGP is further sub-divided into five Project
Teams: Human Genome Variation, Disease Gene,
Bioinformatics, Development/ Differentiation/ Regeneration,
and Rice Genome. With respect to Project manage-
ment, one major challenge being presented both to
Japanese scientists and government officials as well is
whether they can truly work together as a team, dissolv-
ing the boundaries among competing investigators and
among the different Ministries. In project-type research
such as MGP, strong leadership and a determined team
spirit for a common aim are required to productively
carry out the actual research work as a team. In the first
half of the Project, Human Genome Variation and
Disease Gene Teams are working closely in the
genome-wide approach as described below both within
each Team and between the two Teams, offering proof of
the integrity of MGP.

In the latter half of the Project, more interdiscipli-
nary fusion is required, especially between experimental
molecular biology, epidemiology, biostatistics and infor-
matics. As of this writing, MGP is about to enter the
fourth year of the total 5-year project; each research plan
was approved by the institutional ethics committees,
appropriate clinical samples have been collected and the
huge amount of data are being generated systematically.
However, an essential part of genome research is infor-
mation science and technology. In the last two years of
the Project, much is to be expected from the tie with the
Bioinformatics Team. Even as a branch of basic science,
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Fig. 1.  Millennium Genome Project of Japan.

Fig. 2.  Organization of Millennium Genome Project at National Cancer Center.



genome research should deal with the 3 billion base pairs
of the human genome harboring 20-30 thousands of
often poorly annotated genes under complex patterns of
transcriptional regulation, dynamically engaging in an
intricate and mostly unidentified functional interaction.
The genomes of other organisms may also need to be
analyzed comparatively to find and understand the
human genes. Moreover, in medical research, the
genome-based approach is often necessary for the
investigation of complex, multifactorial disease pheno-
types, and the subjects, human beings, are far from the
inbred laboratory organisms, with enormous genetic
and epigenetic variations. All these factors inevitably
place a crucial burden on the relatively new discipline in
science, the so-called bioinformatics. Successful devel-
opment of appropriate bioinformatics tools and databas-
es may determine whether a genome-based approach
can make sense out of the vast volume of seemingly
senseless genomic raw data with statistical noise.
However, the absolute paucity of bioinformaticists is a
worldwide problem, and one of the major missions of the
Bioinformatics Project Team is the education and train-
ing of experienced specialists in this field.

Disease Gene Team. The aim of this review is to
outline the strategy of the Disease Gene Team of MGP
(Fig. 1). The Team consists of six specialist “Subteams”:
Dementia, Cancer, Diabetes, Hypertension, Asthma and
Drug Response. The Subteam members have been
selected from among scientists who already have an
excellent record of research individually in each disease
field. Therefore, the first year of MGP started with the
natural extension and reinforcement of the ongoing
individual research by closer collaboration within each
Subteam, such as sharing unpublished information and
cross validation of each member’s candidate genes
using the samples owned by other members. In 2001, the
second year of MGP, the Disease Gene Team and
Evaluation and Advisory Board decided to launch a
new project, a “genome-wide approach”, as a whole-team
initiative, to be promoted in parallel with the “candidate
gene approach”, which is planned and directed by each
Subteam. The genome-wide approach is an adoption of
the success of the Human Genome Variation Team,
which has identified approximately 200,000 gene-asso-
ciated SNPs (single nucleotide polymorphisms) in the
Japanese population and has started to utilize the infor-
mation for the genome-wide screening of disease-related
genes by a proprietary high-throughput, low-cost,
DNA-saving SNP typing system. The preceding effort has
blossomed as the identification of a gene associated with

increased risk for myocardial infarction, the first
demonstration that a case-control association study by
the SNP-based genome scan is a valid approach for a
multifactorial “common” disease.2)

In the next section, an example of Subteam-specif-
ic research is shown for the Cancer Subteam. The other
disease Subteams have established a similar research
plan, except that cancer research, unlike that for other
diseases, needs analyses of somatic (cancer tissue)
mutation and abnormalities in gene expression as an
essential part of the research in addition to the
germline analyses.

Cancer Subteam strategy. The Cancer
Subteam is composed of three member scientist
groups, those from the National Cancer Center (NCC),
the Institute of Medical Science, The University of
Tokyo, and the Institute of Molecular and Cellular
Biosciences, The University of Tokyo. Of these three
institutions, the NCC is playing a central role within the
Cancer Subteam of MGP and formed the following five
research “Groups”: (I) Genome Technologies and Database,
(II) Ethics, (III) Cancer Susceptibility, (IV) Pharmacoge-
netics and (V) Cancer Individuality (Fig. 2). To illustrate
the scope of each Group, a few representative examples
of its activity will be briefly introduced.

(I) Genome Technologies and Database Group.
Genome analyses, by definition, intend to eventually
cover the whole genome and/or genes. Although the
reduction of the amount of DNA/RNA as well as the cost
of each analysis have always been the top priority of the
technology development, there is also an increasing
demand for more DNA/RNA samples to apply to an
increasing list of the new, powerful technologies.
Moreover, there is extremely high research value in
samples with a very limited amount and/or with a low
yield of DNA/RNA, such as microdissected tissue frag-
ments or old paraffin block archives. To make these
invaluable samples available for a wide variety of
genome analyses both at present and for the future, a
new protocol of whole genome amplification has been
developed by the researchers at NCC.3) Unlike several
previous methods of similar whole genome DNA amplifi-
cation, this method (code-named SATAN) combines a
hydrodynamic shearing of DNA and high GC-content
adapter primer for high annealing temperature. SATAN
enables unbiased amplification of approximately > 90%
of the genome as 0.3-1.5 kb fragments with excellent
preservation of the complexity. For example, SATAN-
amplified DNA was confirmed to show the same allelo-
typing pattern as the original DNA at 259 of 261
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(99.2%) microsatellite markers on various chromo-
somes. DNA array CGH on the SATAN-amplified DNA
correctly measured relative gene copy number at all 287
genomic loci examined. Typically, starting material as low
as 1ng (corresponding to c.a. 100 cells) can be amplified
several ten thousands fold, and SATAN was validated on
100-1000 laser-captured cells from cold methanol-fixed
paraffin-embedded tissues. SATAN is now one of the
basic protocols in cancer research in MGP, and a huge
collection of invaluable DNA samples is now being
archived as the SATAN libraries.

The same group who established SATAN also
developed a method for high-fidelity amplification of
whole cellular mRNAs.3) The new protocol was desig-
nated TALPAT for T7 RNA polymerase promoter-
attached Adapter Ligation-mediated PCR Amplification
followed by in vitro T7-transcription. The optimized
combination of the T7 transcription and PCR using high
annealing temperature adapter primers was able to
generate more than 10 mg of cRNA from 1 ng of total
RNA (corresponding to c.a. 100 cells). TALPAT cDNAs
are typically 0.3-3.0 kb fragments from the 3’ end of the
transcripts and serve as excellent samples for expression
profiling by microarrays such as Affymetrix GeneChip.
TALPAT has a highly important application in cancer
research in particular; cancer tissue is a heterogeneous
mixture of cancerous and non-cancerous components,
and the cancer cells per se can also be highly heteroge-
neous. For instance, the cancer cells at the invasion front
may have a distinct expression profile as compared to
the less invasive, indolent portion of the tumor. Laser-
capture microdissection (LCM) is a rapidly spreading
technology, in which the cells of interest are selectively
retrieved by laser-mediated dissection of the tissue sec-
tion under a microscope. However, the conventional T7-
based cRNA preparation for microarray analysis typical-
ly requires 5-10 µg of total RNA, or approximately 106

cells, which is beyond the ordinary range of LCM. The
power of TALPAT was in fact validated for the LCM sam-
ples obtained from cancer tissues, although it was
found that the TALPAT-amplified samples should be
compared with the TALPAT-amplified controls for
reproducible results.

Another example of genome-characteristic tech-
nology developed by MGP researchers at NCC are the
powerful sequence analysis algorithms, named Jessica
and Polysy, for the sensitive and specific detection of
polymorphisms and/or mutation. These algorithms are
especially suited for data analysis for high-throughput
multi-capillary automatic sequencers and have been

developed by the researchers for their necessity in
MGP at NCC, in which 10 ABI 3700 96-capillary
sequencers generate about 2.5 Mb of sequence data per
day for SNP/mutation screening. Jessica is unique
among other existing sequence analysis algorithms in
that it can handle small insertions and deletions
(Indels) very effectively, and Polysy significantly
reduces false positiveness in SNP detection. Jessica
and Polysy have been packaged as a commercial soft-
ware, Nami-Hei.

(II) Ethics Group. Although the Declaration of
Helsinki by the World Medical Association4) has been a
widely recognized fundamental in medical research,
and an ethics committee is a norm in leading medical
institutions, it was evident that the rapidly developing
genetic/genomic research on human materials needed a
more detailed code specific to a particular field. In par-
ticular, the massive capture of germline polymorphism
information on each individual can raise serious issues
vis-à-vis privacy and information self-control rights.
Just before the launch of MGP, the Japanese government
convened a panel of specialists from diverse fields,
including clinical medicine, basic science and social sci-
ence, and the result was the “Guidelines for Ethical
Issues in Genetic Research”, established on April 28,
2000. Obviously, unanimous agreement could not be
expected for this kind of guideline, and the drafting
members themselves were mostly divided between
those who considered the guideline too prohibitive to
necessary research, and those who criticized it as too
pro-research. Although the guideline, often referred to as
“Millennium Guideline”, was primarily intended for the
MGP, which is conducted in the major research institu-
tions with relatively ample resources, it still required con-
siderable time for the MGP researchers to reorganize
their system, such as the ethical committees, in accor-
dance with the requirements of the new guideline. The
ethics issues therefore did cause an initial delay in the
Disease Gene Project of MGP, but the introduction of the
Millennium Guideline, of a sort unprecedented in this
country, was absolutely necessary and critical for any
long-term healthy development of research-based
national welfare. Immediately after the activation of the
Millennium Guideline, the government started to
extend it to cover all human gene/genome research in
Japan, whether in academia, government or private
sectors. The so-called “Common Guideline”5) was put
into effect on April 1, 2001, and the Millennium
Guideline was integrated into the Common Guideline and
deactivated.
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In both Guidelines, two multi-disciplinary commit-
tees were organized, one primarily for drafting the
Guideline and the other for primarily reviewing it, and
each was respectively chaired by the then Deputy
Director of NCC Research Institute and the then
Director of NCC Central Hospital. Several other NCC
staff members also played core roles in the preparation
of the two guidelines, working closely with officials of the
Ministry of Health, Labour and Welfare (MHLW). Thus,
as a continuation of the work, the Ethics Group in the
MGP is trying to gather information regarding the status
of the Guideline implementation and to identify problems
and difficulties in the current Common Guideline in
preparation for the future revision scheduled for 2006.
In addition, the members of the Ethics Group have
been actively working to promote the Guideline in vari-
ous media, by helping, for example, government officials
establish a Q & A section on a website,5) so that the
Guideline will be widely known and correctly under-
stood. 

(III) Cancer Susceptibility Group. 
“Common cancer” as a target. Cancer is essen-

tially a disease of somatic mutation. The mutation arises,
and the carcinogenesis process is spurred, in the context
of the interaction of three major factors: germline
genetic/epigenetic factor, life-style/environmental factor
and aging factor. Depending on the types of the cancers,
the relative contribution of the three factors varies sig-
nificantly. For instance, external factors are obviously
critical in cancers induced by occupational exposure to
chemical carcinogens or cancers related to infectious
agents. However, there can be substantial genetic differ-
ences among individuals in the metabolic profile of
xenobiotics and susceptibility to infectious agents, such
as receptor affinity for certain viruses. On the other
hand, hereditary cancer syndromes showing a typical
pattern of mendelian inheritance are considered mono-
genic diseases, but the increasing availability of genetic
tests has identified more sporadic cases and asympto-
matic carriers, revealing a highly variable phenotype and
penetrance, which may be partly explained by the dif-
ference in non-genetic factors as well as the presence of
“modifier” genes.6) Nonetheless, in those relatively rare
cancers where a single or only few dominant carcino-
genic factor, either genetic or non-genetic, is operative,
the etiology could be identified by a classical genetic or
epidemiological approach, respectively. However, the
majority of cancers lie between these two extremes of
either environment factor-dominant or germline genetic
factor-dominant categories and represent a complex

interplay of multiple genetic and non-genetic factors in
their carcinogenesis processes. The targets of the
Cancer Subteam of MGP are those “common” cancers.

Cancer is not a single disease entity; rather, it is a
collective term for a wide variety of etiologically, geneti-
cally and phenotypically distinct diseases. To focus the
finite resources of MGP – most importantly the time lim-
itation – several factors were considered in selecting the
target cancers. In addition to such public health priorities
as high prevalence/mortality in Japan, also considered
were the availability of archive samples suitable for
genomic analyses, collaboration with hospital personnel
and our potential international competitive advantage
based on the pre-MGP research activities. Finally, for the
Cancer Susceptibility Group, we at NCC agreed to start
with four major targets, lung, gastric and pancreatic can-
cers and leukemia.

Candidate-gene approach. The germline genetic
factors which significantly influence an individual’s can-
cer susceptibility may be identified by two distinct, but
complementary, approaches. One is a “knowledge-
based” or “hypothesis-driven” approach, in which one or
more candidate genes are selected for the study, based
on the existing information, rationale or hypothesis on
the genes. This can be an intelligent and efficient
approach, and the best candidates should obviously be
scrutinized for the disease association first and at a high
sensitivity. The other approach adopted in MGP is a
“genetic statistics-based” approach and will be detailed in
the “Genome-wide approach” section of this article.

Approximately 300 candidate genes have been
selected from various pathways such as DNA repair,
immune system, cell cycle regulation, transcriptional
control and xenobiotics metabolisms and from oncogene
and tumor suppressor gene groups. These candidates
may not be necessarily specific to the initial four malig-
nancies selected for the study; rather, many of them are
expected to be relevant for the common pathways of cel-
lular transformation in various types of cancers. The
basic study design is a case-control study to detect a sta-
tistically significant association using SNPs as genetic
markers. SNPs of the candidate genes are obtained in
two ways: some are selected from the literature or pub-
lic SNP databases, such as relatively common SNPs of
the genes involved in the xenobiotics metabolisms.
SNP typing on those genes is in progress on gastric can-
cers using the primer-extension/mass spectroscopy-
based system.7) Alternatively, the coding exons of the
genes are resequenced to elucidate a more complete pic-
ture of the polymorphisms, including relatively rare
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SNPs, small insertions and deletions. Moreover, some
normal-tumor tissue pairs are included among the rese-
quencing samples, so that both germline polymor-
phisms and somatic mutations are searched simultane-
ously. Approximately 3,000 SNPs and other minor varia-
tions such as small insertions and deletions have been
identified so far from more than 200 cancer patients and
non-cancer volunteers. From this category, several
non-synonymous missense SNPs on the DNA repair
genes are selected and examined in the initial case con-
trol study on lung cancers.

An important part of the effort of the Cancer
Susceptibility Group is the ascertainment of the DNA
samples. The number of cases necessary to achieve
90% power and 5% significance level in a case-control
study at case:control = 1 : 1 or 1 : 2 ratio is shown in 
Fig. 3. From the standpoint of practical cancer preven-
tion by capturing a high-risk group for cancer develop-
ment, the genetic risk factors with 10% or higher popu-
lation genotype frequency and 2.0 or higher relative risk

are the main target of our research (examples of relative
risk = 2: smoking for pancreatic or gastric cancers, pos-
itive family history of breast cancer in the first degree rel-
atives). Approximately 200-300 cases are then needed
for the initial case-control association studies for the can-
didate genes. It is estimated that the familial relative risk
for many common cancers is around 2, and the data from
a population-based series of individuals with breast
cancer were compatible with a log-normal distribution of
genetic risk in the population that is sufficiently wide
enough (standard deviation = 1.2) to discriminate high-
and low-risk groups.8)

(IV) Pharmacogenetics Group. This Group seeks
the most direct and immediate application of genetic
information to cancer clinics, and in that sense it is one
of the most important areas in MGP. It is expected to
embody personalized medicine by selecting the most
effective and safe anticancer drug regimen for each
patient with cancer. Although the malignancy of the can-
cer cells, and thus the somatic mutation and expression
profile of the cancer cells, and the local drug delivery
environment of the cancer tissue may be the major
determinants of the anticancer effect, germline poly-
morphisms affect both the anticancer effect and
adverse drug reaction causing each individual’s differ-
ences in ADME (absorption, distribution, metabolism
and excretion), activity of the receptor and following sig-
nal transduction pathway of the drug.9)

The Pharmacogenetics Group focuses on the iden-
tification of germline polymorphisms that are associated
with the development of adverse reactions of four anti-
cancer reagents: irinotecan, fluoropyrimidines, taxanes
and gemcitabine. These drugs were selected because
they 1) are approved drugs actively used in oncology
clinics in Japan, 2) show a promising therapeutic effect
and will be in active duty for the next several years at
least, but 3) have some adverse effect in a certain frac-
tion of the patients. At this moment, the candidate
gene approach is ongoing by resequencing the genes
considered to be involved in the metabolism, transport,
receptor and signal transduction of the drugs. The phe-
notypes to be associated with the genotype are not only
the symptoms, signs and clinical laboratory data showing
the adverse reactions (pharmacodynamics, PD), but
also the concentration of the drug and its major
metabolites in the serum and urine (pharmacokinetics,
PK). Although the clinical control of the PD parameters
is the final goal of the research, PD will be subject to
many variables other than the chemotherapy per se. PK
analysis demands a substantial resource and effort in the
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Fig. 3.  Number of cases required for case-controls study. Power =
90%, level of significance = 5%, case:control = 1:1 or 1:2. Cells
with fewer than 200 cases are shaded.



study, not to mention the patient’s burden of the sched-
uled multiple blood drawing, but it should greatly
enhance the sensitivity and power of the genotype-phe-
notype association study involving several hundreds of
patients.

The crux of this research is, however, that it is a
prospective clinical genetic research involving a follow-
up of dynamic phenotypic change before and after
chemotherapy. In addition to detailed informed consent,
all the specimens and voluminous clinical data need to be
collected in a setting of very busy in-patient or out-
patient clinics. A central case registration, data manage-
ment and protocol monitoring system is mandatory in
this kind of clinical research, and SMO (site management
organization) was introduced to assist the doctors,
CRCs (clinical research coordinators), and researchers of
the Pharmacogenetics Group.

The research of the Group is a collaboration with
the pharmacology/pharmacogenetics specialists at the
National Institute of Health Sciences (NIHS) in Japan. In
addition to the limited candidate gene approach, the
necessity of the more comprehensive, even genome-
wide, approach has been repeatedly discussed to
explore any unknown genes related to the drug effect.

(V) Cancer Individuality Group. 
Structural abnormalities. A plethora of genetic

abnormalities have been found in cancer cells. In the
early phase of molecular oncology, the structural alter-
ations of the cancer cell genome were analyzed mostly on
few candidate loci to detect their amplification,
rearrangement or deletion including loss of heterozy-
gosity (LOH). The methods of choice have been
Southern blot hybridization, restriction fragment length
polymorphism (RFLP), microsatellite allelotyping,
PCR-single strand conformation polymorphism (SSCP),
FISH and its several evolution forms. Comparative
genomic hybridization (CGH) was introduced in 199210)

as a powerful method to map the regional gain or loss of
DNA sequences along the entire chromosomes. Unlike
other genome scan methods for DNA copy number
changes such as AP-PCR, CGH gives an excellent
bird’s-eye landscape over the entire genome by a single
experiment. However, the weakness of CGH includes; 1)
the translocations may not be detected, 2) the signals
tend to be unstable at the centromeric and telomeric
regions, and 3) resolution is generally poor. If an ampli-
con is longer than 5 Mb, as low as 2-fold amplification
and even deletion may be identified, but if an amplicon is
approximately 300 kb, at least 5 to 10-fold amplification
may be necessary for detection by a conventional CGH.

Array CGH or matrix-based CGH11) can increase the res-
olution and simplicity significantly. In array CGH, the
metaphase chromosomes as targets of hybridization are
substituted with arrayed DNA probes such as BAC,
cDNA or even oligonucleotides. In MGP, the SATAN
method was used to amplify BAC DNA efficiently, and
BAC-arrayed CGH chips covering the whole genome
have been prepared. To further increase the sensitivity
and specificity of the analysis, paraffin-embedded cancer
tissues are microdissected by LCM, and their DNAs are
analyzed by the array CGH to search mainly for gene
amplification at a higher resolution.

Cloning and characterization of tumor suppressor
genes have been one of the major molecular carcinogen-
esis projects at NCC. In addition to the positional
cloning based on LOH or homozygous deletion, a func-
tional complementation assay by YAC transfer has been
employed to identify candidate tumor suppressor
genes. However, proof of a tumor suppressor gene in
human cancer in vivo is not an easy task in many cases,
and an extensive search for somatic mutation is one of
the agenda. MGP has accelerated the mutation search in
some of the tumor suppressor gene studies at NCC by
offering its high-speed sequencing capacity.12)

Expression profiling. Array CGH with whole
genome coverage is still mostly a technology being
developed in a few research laboratories because it
requires a specific hybridization to a target sequence
embedded in the entire human genome, which has a
complexity about two orders of magnitude higher than
the mRNA pool and is composed of approximately 50%
interspersed repeats.13),14) In contrast, microarrays for
mRNA expression profiling are rapidly becoming a
standard option in many laboratories, and many high-
quality and reliable chips are available commercially.
There are two basic types of high-density microarrays:
those generated by on-chip synthesis of oligonucleotide
probes and those made by spotting prefabricated
oligonucleotides or DNA fragments.15) The latter type of
microarrays with cDNA fragments spotted on them are
often called the “Stanford type”, after the group at
Stanford University led by Patrick Brown, and a typical
example of the former type is GeneChip by Affymetrix
(http://www.affymetrix.com/). In the Stanford-type
cDNA arrays, gene expression is typically analyzed by
comparing two RNA samples, giving rise to the relative
expression level of each gene. GeneChip, on the other
hand, is a highly reproducible and quantitative platform,
and after a proper normalization, the signal intensity of
each probe set can be directly compared among different
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probe sets and also among different chips. At NCC,
GeneChip was selected and is being used for compre-
hensive expression analysis on c.a. 12,000 annotated
genes.

Most studies so far aim for class prediction
through a supervised learning approach,16) and genes
associated with distinct histopathological features are
being screened for various cancers such as liver, kidney,
pancreas, stomach, lung and leukemia. Another impor-
tant application of this approach is identification of an
expression profile that predicts a different outcome to
cancer therapeutics. Such a biomarker should be partic-
ularly useful for the treatment choice for esophageal
cancer. For esophageal cancer that extends deeper
than the muscularis mucosae but remains within the
esophagus, either chemoradiotherapy or surgery will be
performed, showing a similar overall 5-year survival
rate of approximately 50%. Although the conventional
clinicopathological parameters failed to segregate the
subgroup that will be benefited significantly by
chemoradiotherapy, supervised learning analysis on
GeneChip data identified an expression pattern on a set
of genes associated with an extended survival.
Researchers are now designing a custom “minichip”
harboring a spotted oligonucleotide array corresponding
to selected genes to launch a prospective clinical study to
test the validity of the chip. Unlike conventional diag-
nostics, which typically measures a single molecule, a
class-predicting expression profile depends on the hun-

dreds of genes selected by computational statistics.
Gene set selection may be progressively refined by
accumulating data, which are used for additional training
sets. Thus, even after release for bedside use, a scheme
of feeding back the chip data to some sort of central
database, together with properly anonymized clinical
information, should be considered for microarray- and
other genome technology-based diagnostics.

Genome-wide approach. As outlined above for
common cancers, “common diseases” generally develop
and progress through a complex interplay of multiple fac-
tors, including those which are genetic, environment/
life-style and aging-related. Identification of the genetic
component is important in two aspects: 1) recognition of
a genetically high-risk population for effective and effi-
cient prevention and/or early diagnosis and treatment,
and 2) elucidation of the molecular pathogenesis of the
disease to identify target molecules for diagnosis, treat-
ment and prevention. For the quest of the disease
genes of common diseases, each Subteam has gathered
its expertise and has selected candidate genes as illus-
trated in the Cancer Subteam strategy section.

Although the candidate gene approach can be an
efficient and necessary approach, its success largely
depends on the extent to which the researchers under-
stand the entire spectrum of the pathogenesis and the
genes involved in that process. A draft human genome
sequence was published in February 2001,13),14) and one
for mouse on December 5, 2002.17) The arrival of the
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mouse genome sequence and the comprehensive collec-
tion of the 60,770 full-length mouse cDNA clones,
which identified total 37,086 representative transcript
and protein sets,18) is a huge step forward in unveiling all
human genes and their functions; the mouse is an
experimentally tractable surrogate organism with huge
biological experimental data being accumulated in a
number of human disease models. In fact, 28,000-
30,500 protein-coding genes have been identified in the
mouse genome, and 99% of them have direct counter-
parts in humans, and 96% lie within a similar conserved
syntenic interval in the human genome.  Moreover, a
comparison of the genome sequences showed a surpris-
ing similarity between the two mammals, even in the
non-genic regions of the chromosome.19) However, even
with those remarkable advances in our knowledge
about genomes, the latest catalogue of human and
mouse genes leaves approximately 40-50% of them
with little or no functional annotation.13),14),18) Together
with the fact that any information we have on the
remaining 50-60% of the “known” genes is often frag-
mentary and far from complete, a more comprehensive
genome-wide, statistics-based search was therefore
adopted in MGP as an essential complement to the can-
didate gene approach (Fig. 4).

Points of the genome-wide approach for disease
gene hunting in MGP are discussed below.

1. CD-CV hypothesis and association study. The
basic premise of the genome-wide approach in MGP is
“common disease-common variant” (CD-CV) hypothe-
sis.20) In mendelian diseases with significant phenotypic
impact (e.g. high mortality rate at young age), there may
be many rare functionally deleterious alleles often gen-
erated by de novo germline mutation on a single
causative gene. In contrast, there may be multiple risk-
modifier genes for common diseases, each with only a
moderate effect (e.g. relative risk = 1.5-2.0) on the
phenotype. For instance, segregation analyses suggested
that the polygenic model of several common low pene-
trance genes with multiplicative effects on risk fits well
with the data on a population-based series of breast can-
cer as well as the data on high risk families.21),22) Such
weak risk-conferring disease alleles might well-survive
any natural selection, or even have had a selective
advantage in the past (e.g. “thrifty genotype” hypothesis
for type II diabetes23)) and may expand by genetic drift
during a population bottleneck and may exist in a sub-
stantial fraction in the current source population24); the
result is a few common disease alleles (variants) causing
a common disease (Fig. 5). This CD-CV model seems to

be applicable to some common disorders at least.
There are two types of genome-wide search based

on statistical genetics: linkage analysis and association
study (Fig. 6). For a typical monogenic mendelian dis-
ease, a genetic model detailing penetrance of the disease
genotype or mode of inheritance, can be inferred from a
segregation analysis on few large-size pedigrees. A tra-
ditional linkage analysis may then successfully track
down a disease locus. However, such a parametric link-
age analysis is not feasible for common diseases, for
which penetrance of the disease allele cannot be reliably
estimated. One solution is a nonparametric or model-free
linkage analysis, such as the affected sib-pair method, in
which loci with a high frequency of allele sharing
among multiple pairs of affected siblings are searched
over the entire genome. Major disadvantages of the
affected sib-pair analysis are 1) candidate regions
defined by the method are usually still very large for the
following positional cloning, because many chromosomal
segments are shared by siblings anyway, and not all
affected sib pairs may share an allele at a candidate locus
in polygenic common diseases, 2) for a relatively rare
“common” disease, collection of a necessary number of
sib pairs is often unrealistically difficult. It was estimated
that the number of sib pairs necessary for the identifica-
tion of a disease gene with a relative risk of 2 or less is
more than 2,500.25) In the case of cancer, such a number
is practically impossible to achieve even for the com-
monest one, gastric cancer, within the 5-year MGP. A
whole-genome association study was thus selected in
MGP as a common strategy for the five disease cate-
gories.

2. JSNP as a genetic marker. There are two pop-
ular genetic markers for the genome scan: microsatellite
and SNP, which are roughly compared in Table I. Many
studies have relied upon commercially available 400 or
800 microsatellite markers to narrow down the disease
locus to a range of approximately 10 cM. In Japan, a
unique effort of systematic search for polymorphic
microsatellite markers has successfully identified
approximately 30,000 markers, which theoretically
enable mapping at a 100 kb resolution by association
study. The tracking down to a disease gene can then be
done efficiently through a regional fine mapping and hap-
lotype analysis by SNP. On the other hand, SNP collec-
tion has exploded in the post sequencing era, and more
than 3 million SNPs have already been deposited in
dbSNP at NCBI.26) Unlike those SNPs scattered any-
where in the human genome, the Human Genome
Variation Team of MGP focused on gene-associated
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Fig. 5.  Common disease-common variant (CD-CV) hypothesis. Squares denote males, circles females.

Fig. 6.  Two strategies in statistical genetics. Filled squares (males) and circles (females) are diseased people. In the scheme for an asso-
ciation study, red dots mean those who have a disease allele of a SNP under study.
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SNPs as the most valuable landmarks for gene discovery
and resequenced about 5% of the human genome com-
prising the promoter, exons and some introns using DNA
from 24 unrelated Japanese volunteers.27) On December
25, 2002, a total of 194,393 SNPs were made publicly
available (so-called JSNP), together with the allele fre-
quency data for 78,570 SNPs.28),29) The latter information
is important for the study of common diseases among the
Japanese population, as a substantial ethnic variation has
been noted in the SNP allele frequency.30)

The rapid decay of linkage disequilibrium (LD)
among SNPs, probably due to their biallelic nature and
thus, a weak allele marking capability, has been consid-
ered a major drawback of SNP as a genome scan marker,
because a huge number of SNPs are then necessary to
cover the genome.31) However, more recently, it was
found that the human genome is structured into discrete
islands of high LD separated by hot spots of recombina-
tion.32)-35) In European and Asian populations, 85% of the
genome lies in LD blocks of 10 kb or larger, and 50% in
blocks of 44 kb or larger.36) The average distance
between JSNPs is approximately 800 bp,27) which

should be a sufficient length for LD mapping in the most
genic region of the genome.

The serious difficulty or feasibility of genome-wide
association study on unrelated subjects to map common
disease loci has been a matter of hot discussion,20),37) but
the researchers who developed JSNP database success-
fully identified the lymphotoxin-α gene as a susceptibil-
ity gene for myocardial infarction (odds ratio = 1.78, 
p = 0.0000033, 1,133 cases vs. 1.006 controls).2) This was
the first report clearly showing that properly designed
genome-wide case-control association studies are pow-
erful tools for identifying genes related to common dis-
eases.

The human chromosomes may be classified into a
limited number of haplotypes at the LD blocks. In
October 2002, International Consortium launched a
haplotype-mapping (HapMap) project38),39) to identify
SNP-based haplotypes common to the major ethnic
groups. SNPs which can distinguish each haplotype
(haplotype-tagging SNPs, or htSNPs) will be selected,
enabling a more efficient (i.e., a fewer SNP typing with-
out loss of statistical power) haplotype-based association

Table I.  Characteristics of SNPs and microsatellites (MSs).

SNP Microsatellite

Extent of LD Short, few kb-100 kb Long, 100 kb-1 Mb

Haplotype Can increase effective number of alleles for gene One MS may correspond to several SNP haplotypes
mapping, but most haplotype analysis depends on
statistical inference

Statistical computation Biallelic, simple statistical model and computation Highly polymorphic nature may reduce the sample
size for each genotype in association study

Association with gene Haplotype can be constructed within a gene Usually located in intergenic regions or introns

Direct cause of phenotype SNP itself can be a direct cause of phenotype Usually a marker outside genes, and SNP or other
polymorphism/mutation responsible for the phenotype
needs to be eventually searched

Discovery Needs a large amount of experimental work Sequence-based prediction is possible

Mutation rate Low, applicable for association study to identify High, not applicable for association study to identify
alleles derived from very ancient founder very ancient alleles

Marker and info availability Already many databases available world wide, including 5-10 cM commercial markers widely used, but a high
allele frequency data density marker set is not yet a standard
*JSNP DB is a great advantage in Japan

Automation Already many high through-put typing technologies Not currently amenable to highly automated analyses
available world wide

Pooled sample analysis Possible only in special platforms Already a standard protocol

Study of junk DNA sequence Mostly for gene-finding research Mapped in> 10 Mb gene-poor desert of the genome,
good for study on junk DNA

LD, linkage disequilibrium; DB, database.



study for disease gene mapping.
3. High-throughput SNP typing platform by

RIKEN. RIKEN, one of the core institutions in the
Human Genome Variation Team, established a highly effi-
cient, high-throughput SNP typing system40) combining
96-plex PCR, Invader assay (Third Wave Technologies
Inc., WI, U. S. A.), 384-microwell card and bar code-
based LIMS (laboratory information management sys-
tem). In particular, the typing requires as little as 0.1 ng
of genomic DNA per SNP, an important feature as a
genome-scan platform. The RIKEN technology has
been transferred to NCC as a part of MGP collaboration,
and the two institutions jointly formed the SNP Typing
Center for the Disease Gene Team (Fig. 1).

4. Confounders and population stratification.
While association study is a powerful approach for
hunting genes of common diseases, probably the most
critical or vulnerable part of the strategy is the case-con-
trol selection. There can be two major potential pitfalls in
the genetic association studies: 1) poor phenotype-
genotype correlation, and 2) cases and controls from dif-
ferent source populations (population stratification).
The first difficulty, which is specific to genetic association
study, arises because eligibility criteria for case selection
depends on a certain disease phenotype. However, the
phenotype may not be correlated one to one with a geno-
type.20),37) There may be locus heterogeneity (a similar
phenotype produced by different genes), allele hetero-
geneity (multiple founders or genocopy) or phenocopy
(a similar phenotype produced by a nongenetic cause),
all reducing the power of the association study. This may
especially be an issue for cancer, because many cancer
phenotypes may be largely determined by somatic
mutations and/or alteration in an expression profile.
Histopathological phenotypes may not be able to narrow
down a group of patients sharing a common ancestral
mutation (common variant).

The second issue, population stratification, is
often argued as a potential confounder in a genetic asso-
ciation study. The concept of confounding is briefly
explained here. Assume an association study that tests
an association between an SNP as a predictor variable
and a disease as an outcome variable. A confounding fac-
tor is an extraneous factor responsible for the difference
in disease frequency among different genotypes or alle-
les, and defined as follows: 1) it is a risk factor for the
disease, 2) it is associated with the SNP, 3) it is not a con-
sequence of the SNP.41),42) For instance, if the SNP
under study has nothing to do with a smoking habit, and
thus there is no significant difference in the proportion of

smokers among the subjects with different genotypes at
the SNP, then smoking is not a confounder in the associ-
ation study for lung cancer. Alternatively, if the risk-con-
ferring effect of the SNP is solely due to its positive effect
on smoking behavior, and thus the smoking is an inter-
mediate factor in a causal chain, then adjustment by
matching or stratification for smoking will miss the SNP
as a risk factor for lung cancer. Genetic association
studies are often regarded as being prone to false posi-
tive- or poorly-reproducible results, even after careful
consideration of known extraneous risk factors such as
smoking for cancer.

Population stratification occurs when the source
population comprises unrecognized subpopulations
that have different allele frequencies of the SNPs under
study, and these subpopulations also have different
risks of disease, thus satisfying the above criteria for a
confounder. However, even for the studies in western
countries, there is not much evidence that bias from
stratification can be a major problem43) except under
extreme conditions such as the famous study of type II
diabetes in Pima Indians with genetic admixture.44) In
fact, publication biases toward positive results and
underpowered non-significant studies of real associations
seem to account for the majority of the inconsistency.45)

On the other hand, several statistical methods
have been developed to detect and correct for q cryptic
population structure, so that valid case-control tests of
association are possible even in the presence of popula-
tion structure (ref. 46) for review). The methods are
classified into two categories: one is a “genomic control”
method, in which marker loci unlinked to the candidate
locus are included to adjust the distribution of a standard
χ2 statistics.47) The other is a “structured association”
method, which first uses data from random, unlinked
markers to infer the details of cryptic subpopulations,
and tests of association are then essentially performed in
each of the identified subpopulations.48)

These methods may be employed to analyze the
SNP scan association data in MGP, because the subjects
of the genome-wide association study in MGP have
been ascertained from many hospitals and medical cen-
ters in accordance with eligibility criteria established by
the disease Subteam. All the patients are ethnic
Japanese, but their demographic features may vary sig-
nificantly. At this moment, there is no comprehensive
genome-wide information regarding SNP allele fre-
quency difference among different areas in Japan. The
genome-wide JSNP typing in MGP will offer such basic
information in genetic statistics on the Japanese popu-
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lation.
5. Two-stage screening scheme. In order to per-

form a SNP-based genome scan efficiently on the five
MGP diseases within the limitations of budget and time,
the Disease Gene Team of MGP designed a two-stage
screening scheme. In the 1st “exploratory” stage, a
total of 940 patients comprising 188 cases from each of
the five Subteams are now being typed at the two typing
centers, RIKEN and NCC. The target number of SNPs to
be typed by the end of FY 2003 is 100,000 from the gene-
associated JSNP collection. In the 1st stage, the same set
of 100,000 SNPs is analyzed for the five diseases for the
purpose of a quick scan across the whole genome to flag

approximately 1,000-2,000 SNPs for each disease. In the
2nd “confirmatory” stage, the set of 1,000-2,000 SNPs
selected for each disease will be analyzed separately on
752 cases (different patients from those analyzed in the
1st stage) and 752 controls. In the 1st stage, two kinds of
statistical comparisons are performed to select SNPs
worthy of 2nd stage analysis; 1) comparison with the
JSNP allele frequency on 752 people from the general
Japanese population publicized on the JSNP web site,28)

and 2) cross-comparison with four other diseases (188
cases vs. 4 × 188 = 752 “references”) (Fig. 7). The allele
frequency odds ratio and its p value are calculated, and
those SNPs with a p value less than 1% will be picked up

Millennium Genome Project of JapanNo. 2] 47

Asthma
188 patients

Hypertension
188 patients

Diabetes
188 patients

Dementia
188 patients

Cancer
188 patients

JSNP allele  
frequencies

752 volunteers
from general Japanese

population

Cancer
188 patients

①� ②�

Fig. 7.  Two sets of case-reference comparisons in MGP.

Table II.  Power of two-stage genome-wide association study in MGP

■Assuming:
Number (#) of SNPs to be typed = 100,000 # of Samples
Proportion of SNPs with true association = 0.001 1st stage Case = 188, Control = 188 × 4 = 752
Dominant model 2nd stage Case = Control = 752
Disease allele frequency in control = 0.2
Significance level for the 1st stage = 0.01
Significance level for the 2nd stage = 0.05 with Bonferroni correction

■Simulation:
Odds ratio of the SNP 2 1.7 1.5

Power of the 1st stage 0.95 0.73 0.44
Expected # of positive SNPs at the 1st stage 1,094 1,073 1,043
Expected # of false-negative SNPs at the 1st stgae 5 27 56
Expected # of “true” SNPs surviving the 1st stage 95 73 44
Power of the 2nd stage 0.99 0.84 0.41
Expected # of positive SNPs at the 2nd stage 94 61 18



for the 2nd stage. In the 2nd confirmatory stage, an
appropriate correction for multiple testing will be
applied, such as the Bonferroni correction, which per se
may be too conservative49) in the presence of LD among
100,000 SNPs.

Table II shows a simulation of the two-stage
screening assuming a dominant model, risk allele fre-
quency = 0.2, and the fraction of the “true” SNPs = 0.1%
or 100 SNPs in the 100,000 SNPs to be analyzed.
Estimating the number of SNPs showing true association
with the disease that fits CD-CV hypothesis is difficult; a
rough assumption would be 10-100, probably corre-
sponding to less than 30 genes or so. For instance, it was
suggested that at least 100 loci affect susceptibility to
coronary artery disease,50) and a comparable number of
the disease genes is also suggested for some other com-
mon diseases.24),51) Because we assumed 100 true SNPs
present in the initial 100,000 target SNPs, the last row of
the Table II, “Expected number of positive SNPs at the
2nd stage”, roughly corresponds to “Expected number of
positive SNPs at the 2nd stage, expressed as % of the
true SNPs initially present in the 100,000 SNPs analyzed
in the 1st stage”. Fig. 8 shows the power of the two-stage
screening scheme of MGP.

Disease database and perspectives. The tradi-
tional products of scientific research are publications
and, more recently, intellectual properties. In addition to
those outcomes, an important mission of MGP is the
establishment of a database for genome-based medicine

and medical research. The 12/19/99 document by the
then Prime Minister stated that the construction of a
“Disease Database” at the NCC should be one of the
human genome-related databases to be established in
MGP. The details of the Disease Database, or Disease
Genome Database, have not yet been decided, but
three points are envisioned at this moment: 1) JSNP
genome scan data on five MGP diseases (dementia,
cancer, diabetes, hypertension and asthma) will be
included, although to what extent “raw” data can be
deposited in the database awaits further discussion,
because 100,000 SNP typing data per se will be a com-
prehensive genomic finger print of an individual. 2)
Strict access restriction, security and privacy protection
precautions will be installed. 3) There will be a seamless
link with the Integrated Database being constructed by
the Bioinformatics Team of MGP, especially its H-
Invitational initiative to coordinate human full-length
cDNA sequencing and annotation projects world-
wide.52)

Huge human and budgetary resources have been
invested in MGP with high expectations from various sec-
tors of this country. Powered by the latest high-
throughput genome technology, and, most importantly,
by establishing a nation-wide multidisciplinary research
team, MGP will certainly trigger a new breakthrough in
our understanding and control of common diseases.
However, as emphasized in the first part of this article,
big project-type research is adept at solving only a por-
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tion of the questions and problems; a lifeline of science
and medicine is, after all, investigator-initiated, proposal-
based research. Only from the rich soil of such idea-dri-
ven research will a huge national project like MGP crys-
tallize, and its mission in turn should include an offering
of seeds to inspire and boost future individual research.  

On the other hand, what is clear from our experi-
ence in MGP is that the collection of a large number of
samples with clinicopathological, demographic and life-
style information and informed consent is truly critical
for genome-based medical research in the post-
sequencing era. Genome epidemiological study on a
large-scale cohort is ideal for many common life-style
related diseases and should be launched as soon as pos-
sible. For a relatively rare “common” disease like cancer
with a defined histopathological type, hospital based
case-control studies are also mandatory, but at the
same time, ascertainment of family members such as
affected relatives should be emphatically promoted.53) It
is also expected that we will witness an increasing
number of multi-institutional clinical trials for new
therapeutics or diagnostics in the next decades. These
clinical studies will offer an invaluable opportunity to col-
lect specimens with high-quality clinicopathological
information. A scheme should be developed to centralize
and share such clinical specimens and information as a
national bioresource archive.

All these sorts of tasks are obviously beyond the
scope of individual research and may need a nation-wide
long-term effort guided by a proper central project
management with clear and solid vision. It is our hope
that MGP will pave the way to valid and productive
human genome research at the crossroads of epidemiol-
ogy, population genetics, bioinformatics and clinical
and basic medicine.
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