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Commentary

A Guide to the Mammalian Genome
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Sequencing of a Transcriptome
The rapid completion and public re-
lease of the genome sequences of
mouse and human has led to a down-
grading of the number of “genes” pre-
dicted in the mammalian genome to
the region of 30,000 (Mouse Genome
Sequencing Consortium, Waterston et
al. 2002). In simpler organisms such as
yeast, the estimate of gene number is
comparatively straightforward, be-
cause the majority of the genome
clearly encodes proteins, and indi-
vidual genes generally have a well-
defined start and finish and a single
mRNA output. In mammals, the task is
much more complex. Only a small pro-
portion of the genome encodes mRNAs
that in turn encode protein, and pro-
tein-coding sequence is interspersed
with large introns or intergenic re-
gions. Even protein coding genes have
proven difficult to annotate reliably
(Kawai et al. 2001), and non-protein
coding genes are essentially impossible
to annotate a priori.

The key to reliable annotation of a
mammalian genome is the compre-
hensive characterization of the tran-
scriptional output, the transcriptome.
There are two approaches to this prob-
lem. The most common is high-
throughput sequencing of cDNA ends
(ESTs). In mouse and human, and to a
lesser extent in many other mammals,
there are millions of EST sequences in
various repositories. EST sequences can
be computationally assembled into
clusters, as in the UniGene projects
(http://www.ncbi.nlm.nih.gov/
UniGene). There are many drawbacks
with this approach, both from the
cDNA cloning and sequence quality
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and from computational perspectives,
but the most compelling is that the se-
quences are generated in silico and are
not necessarily supported by a physical
clone. It is also rather inefficient, be-
cause even with the best subtraction
and normalization, abundant tran-
scripts have been sequenced thousands
of times, whereas many rare transcripts
are absent from EST databases. EST as-
semblies are particularly difficult to in-
terpret when there are multigene fami-
lies or complex alternative splicing.

The alternative approach is to sys-
tematically isolate and sequence full-
length cDNAs. The logistics of this ap-
proach are daunting, and it is actually
far more challenging than is genomic
sequencing, especially using shotgun
approaches because of the difficulties
in the collection of the samples. Nev-
ertheless, the RIKEN Mouse Gene En-
cyclopedia Project has taken this ap-
proach. In the process, the RIKEN team
has provided a model for eukaryotic
transcriptome projects. The task re-
quired a range of new technologies and
approaches. In outline, the RIKEN
team developed new approaches to
production of full-length cDNAs
(Carninci et al. 2003) that required (1)
a novel reverse transcriptase reaction
(to enable effective complete first-
strand synthesis), (2) novel 5’ end
capture technology, and (3) novel
approaches to normalization and sub-
traction of cDNA libraries.

Starting with their first libraries,
the RIKEN team sequenced 3’ ends
(and later 5’ ends) in a Phase 1 se-
quencing pipeline and, for each indi-
vidual clone, determined whether the
sequence had been sequenced previ-
ously or could be ascribed to a new
cluster. In the second phase, individual
representatives of EST clusters were se-
lected and fully sequenced to produce
a full-length cDNA sequence represent-
ing the sequence of an individual
physical clone. At a number of stages

in the project, the RIKEN team as-
sembled a set of cDNAs that had pre-
viously been sequenced and used them
to subtract successive libraries. The
success of the approach is outlined in
detail in Carninci et al. (2003). The
output of this pipeline was analyzed in
the FANTOM2 meeting (April 29 to
May 5, 2002, Yokohama, Japan),
which is the basis of this special issue
of Genome Research.

The History of FANTOM

The FANTOM (Functional Annotation
of Mouse) Consortium is a group of
molecular biologists from the RIKEN
Genomic Sciences Center in Yoko-
hama, elsewhere in Japan and from
around the world in Europe, North
America, and Australia. Among this
group are representatives of the major
mouse genome resource centers and
sequence databases: the Mouse Ge-
nome Informatics (MGI) at the Jackson
Laboratories, the TIGR mouse gene in-
dex, the National Center for Biotech-
nology Information (NCBI), and the
European Bioinformatics Institute
(EBI). Additional participants bring a
range of expertise in sequence analysis
and functional annotation, largely in-
vited as a result of the many collabora-
tions that have come out of the RIKEN
project. The first meeting of the FANTOM
Consortium (FANTOM1) was as-
sembled to annotate the initial output
of the RIKEN pipeline, 21,076 se-
quences (Kawai et al. 2001), which at
the time was the largest assembly of
completed full-length cDNA sequences
for any organism. In some measure in-
spired by earlier genome annotation
jamborees (Pennisi 2000), around 100
participants were cloistered for two
weeks in front of computer screens in
Tsukuba, Japan, and emerged with a
first-pass annotation of the individual
cDNAs and a picture of the scope of the
task for the future. A number of things
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were clear. First, despite the systematic
pipeline, there was considerable redun-
dancy in the sequenced cDNA set. One
cause of this redundancy was the very
high level of 3’ end variation (alterna-
tive polyadenylation/termination) in
mammalian mRNAs. Second, a signifi-
cant proportion of the cDNAs could
not be ascribed any useful or definitive
annotation and remained “unclassi-
fied.” Finally, the logistics and failings
of human curation were confronted,
and it became clear that a much more
efficient and rigorous precomputa-
tional approach would be needed for
annotation of a larger cDNA set in the
future.

FANTOM2: The Bigger Picture

The FANTOM2 Consortium con-
fronted the task of annotating 60,770
completed full-length cDNAs. To plan
for this task, a small group of senior
international scientists joined their
Japanese colleagues for the FANTOM2
Typhoon meeting in October 2001 in
Yokohama. The group recognized that
the key to effective use of human time
was the assembly and presentation of
all available information pertaining to
an individual clone. If such informa-

tion could be presented on a Web-
based annotation interface, then the
need to assemble an annotation team
in one place could be avoided. The
concept of the Mouse Annotation Tele-
conference for RIKEN cDNA Sequences
(MATRICS) was born. The group also
recognized the possibility that an ap-
propriate computational pipeline
could obviate the need for human
curation in the large majority of cases,
and such an innovation would permit
continued upgrade of annotations in
the future. The key to automated an-
notation is the establishment of a con-
trolled vocabulary and decision tree,
which forms the basis for the ordered
presentation of information on an an-
notation interface. The design and op-
eration of the annotation pipeline and
tools are described in detail in papers
by Kasukawa et al. (2003). The purpose
of annotation is to choose a name that
provides the maximum possible infor-
mation, and to link that name to a
range of relevant functional and struc-
tural information including gene on-
tology predictions. Ultimately, the
most important applications of anno-
tation occur in large-scale gene expres-
sion analysis and systems biology. In
the pipeline, priority was given to
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Figure 1 A shot from the Zen meditation ceremony held as an excursion during the
FANTOM2 Cherry Blossom Meeting. The Zen meditation was a good break and provided the

participants with novel inspiration.
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identification of homology and orthol-
ogy relationships, but this sometimes
yields a very uninformative name. For
example, the pathway may give the
name “homolog to” human clone
K1234567. A key part of the automated
annotation was the successful genera-
tion of a screen for such uninformative
names (Kasukawa et al. 2003).

The MATRICS activity was carried
out over a period of around two to
three months, involving 90 annotators
who each had the opportunity to
choose sets of transcripts of special per-
sonal interest and expertise. At the end
of this period, the outcomes were col-
lated. Curators changed the names in
around 20% of cases, not always ratio-
nally (Kasukawa et al. 2003). A com-
prehensive review of the reasons will
certainly permit fully automated anno-
tation in the future.

The Cherry Blossom Meeting
and Definition of a
Transcriptional Unit
The final phase of the annotation of
the RIKEN cDNA set was at the Cherry
Blossom Meeting (April 29 to May 7,
2002) in Yokohama. Participants sub-
mitted abstracts to the meeting based
upon their analyses of the set of RIKEN
sequences to which they had privi-
leged access during the MATRICS pe-
riod. During this meeting, there was an
ongoing effort to complete the anno-
tation and discussion about annota-
tion criteria and the minor deficiencies
of the pipeline. The minds of partici-
pants were focused with a session of
Zen meditation, and the occasion was
celebrated with the ceremonial plant-
ing of a cherry blossom tree at the
front of the new RIKEN Genomic Sci-
ences Center in Yokohama (Fig. 1).
Many of the abstracts formed the
basis for the full papers contained in
this special issue of Genome Research
and provided the outlines for the fo-
cused summary of the whole project in
Nature (Okazaki et al. 2002). Early in
the meeting, there was a discussion
about the global synthesis of the tran-
scriptome information, and a realiza-
tion that with the combined informa-
tion from RIKEN and the public do-
main, and the resources and skills of
RIKEN, MGI, TIGR, NCBI, EBI, and
other major computational biology
centers, it would be possible to obtain
a global overview of the transcriptional
output of a mammalian genome for
the first time.
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The determination to undertake
such an analysis lead to a spirited de-
bate as to how one would describe the
transcriptome. The de facto definition
of a “gene” in mammalian genome an-
notation is a segment of DNA from
which an mRNA is transcribed. The
correct functional genetic definition of
a gene as a segment of DNA that is able
to complement a mutant phenotype is
lost, because a genome sequence alone
cannot be used to infer function. The
transcriptome is the set of transcripts
that is derived from a genome. The
problem in defining a transcriptome is
that individual genomic loci can pro-
duce multiple overlapping transcripts,
identified computationally as a cluster
of overlapping sequences. Especially if
the members of a cluster encode a pro-
tein, they would generally all have the
same name, regardless of alternative 5’
or 3' UTR or alternative splicing. Nei-
ther gene nor locus is an appropriate
term to describe the DNA from which
such a cluster of mRNA originates. A
cluster of transcripts could arise from a
so-called expressed pseudogene, and
an individual locus can encode clusters
from either strand, partly or com-
pletely overlapping. The term tran-
scriptional unit (TU) was therefore
adopted to describe the genomic DNA
region spanned by a cluster of tran-
scripts. The RIKEN sequences were
clustered with known mouse cDNA se-
quences. Then a single sequence was
chosen from among the individual
clusters to represent each TU; the set of
representative transcript sequences
(RTSs) was used in global analysis of
the complexity and diversity of the
mouse transcriptome.

One area in which the RTS was
not applied was in the analysis of alter-
native splicing, in which all of the
transcripts were used. The RIKEN clone
set combined with public sequences
provided the most global analysis ever
available of the impact of alternative
splicing (Zavolan et al. 2003). Clearly,
the large majority of protein-coding
TUs undergo some form of alternative
splicing, and many are controlled by
alternative promoters producing vari-
ant 5" UTRs. This fact has been known
for some time, in part because alterna-
tive splicing can also be inferred from
ETS assemblies. The difference in the
RIKEN data is that the alternative
splice forms exist as real physical
clones, and one can start to analyze
whether, for example, alternative pro-
moter or termination is associated

with internal alternative splicing. The
high frequency of alternative splicing
also indicates that the transcriptome is
far from complete. Continued se-
quencing of additional representatives
from Phase 1 sequence clusters would
undoubtedly give a very high return in
terms of variant forms derived from
known TUs.

Cherry Blossom Highlights

How Many Genes?

The focus of all discussion of genomes
is on the number of genes. In the tran-
scriptome project, the products of
~37,000 TUs were identified as cDNA
clusters. Of these, around half encode a
predicted protein. The RIKEN project
alone contributes around 90% of the
total TUs. For a number of reasons, in-
cluding mapping of numerous 5’ and
3" EST clusters that remain to be se-
quenced fully, this remains a substan-
tial underestimate of the total number
of TUs in a mammalian genome (Oka-
zaki et al. 2002). That view is supported
by the fact that the ENSEMBL anno-
tated mouse genome sequence (Water-
ston et al. 2002) contains ~10,000 pro-
tein coding gene predictions for which
the full-length cDNA has not yet been
sequenced. The total number of TUs
could be as high as 70,000 based upon
current analysis, and as pointed out by
Wells et al. (2003), there are still sig-
nificant sources of novel mRNAs that
have not been fully sampled. Can we
equate a TU with a gene? If a segment
of DNA is transcribed, it is reasonable
to assume that it has a function. The
null hypothesis, that it does not have a
function, is impossible to prove be-
cause the full range of physiological
circumstances in which a transcript
could contribute to “fitness” can never
be sampled. Hence, if the definition of
a gene as a unit of function is accepted,
there are actually far more “genes” in
the genome than have been annotated
in genome sequencing projects, and
the large number presumably contrib-
utes to the complexity of mammalian
cell and developmental biology.

In this special issue of Genome Re-
search, there are a number of full pa-
pers that arise from the Cherry Blos-
som meeting. Some of these papers are
concerned directly with the FANTOM2
data set and MATRICS, and include the
development and assessment compu-
tation and annotation tools, the analy-
sis of the diversity of transcripts and of
the proteins encoded by a subset of the

transcripts, and the implications for
human genetics and diseases. A sepa-
rate group of papers deals with several
applications of the RIKEN cDNA col-
lection in functional genomics. Fi-
nally, we present a selected set of ab-
stracts that have not yet been ex-
panded to produce full papers, but
which further highlight the advances
arising from FANTOM2.

The Annotation Process

As mentioned above, a key resource for
MATRICS was the development of an
automated annotation pipeline to pro-
vide curators with information in a
logical progression and expedite a
rapid naming decision. The develop-
ment and evaluation of the pipeline is
described in the article by Kasukawa et
al. (2003), which suggests that auto-
mated annotation is possible. There are
still significant issues in manual gene
name assignment. Ongoing review of
the reasons for such events will allow
refinement of the automated pipeline.
One might have expected that the iso-
lation of full-length cDNA would make
the task of identification of protein
coding transcripts, and assignment of
the open-reading frame (ORF), a
straightforward computational task.
This is clearly not the case. Partly the
problem arises because even the best of
sequencing (99.99% accuracy) will
have one error in a significant subset of
cDNA sequences. Annotators were pro-
vided with a choice of ORF predictions,
including some that correct possible
frame shifts, as well as sequence qual-
ity information, and were required to
judge the best alternative, sometimes
taking account of alignments to re-
lated protein or DNA sequences. The
paper by Furuno et al. (2003) shows
that no one CDS prediction method,
including the DECODER method de-
veloped specifically for the purpose,
was accepted by human curators in
>80% of instances. This outcome high-
lights the even greater problems in ge-
nome sequence annotation when pre-
dicted ORFs are interrupted by introns.
The paper also highlights the particu-
lar problem of annotation of ORFs of
<100 amino acids, which really require
experimental validation before they
can be accepted.

The MATRICS interface, which is
publicly released, now provides the
portal to all of the information pertain-
ing to individual RIKEN cDNAs. In-
cluded on this viewer is additional in-
formation that was not directly used in
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annotation, including the information
from protein-protein interaction stud-
ies (Suzuki et al. 2003) and cDNA mi-
croarray expression profiling detailed
below (Bono et al. 2003a). A new tool
that has been developed is FACTS, de-
scribed in the article by Nagashima et
al. (2003), which extracts relevant in-
formation from the literature based
upon text searches. The RIKEN cDNAs
have also been integrated into other
major mouse genome resources. The
fruitful collaboration between the
NCBI and MGI groups, who were ac-
tive participants in FANTOM2, is de-
scribed in the paper by Baldarelli et al.
(2003).

Bioinformatics

The dominant motivation of many of
the participants in the FANTOM2 con-
sortium was to get their hands on lots
of new genes that are rather more than
predictions from genomic sequence.
The headline finding in the Nature pa-
per (Okazaki et al. 2002) is that a very
substantial proportion of the tran-
scripts do not encode a protein. The
paper by Numata et al. (2003) adds
considerable depth to this analysis and
describes additional validation of a
subset of these transcripts based upon
expression information and sequence
conservation. A subset of these tran-
scripts represents antisense counter-
parts to coding transcripts, and the pa-
per by Kiyosawa et al. (2003) describes
>2000 examples of pairs of comple-
mentary transcripts, with profound
implications for the nature of gene
regulation in mammals. The report by
Zavolan et al. (2003) analyzes the
extent of alternative splicing in the
mouse transcriptome and provides
another example of an analysis that
cannot be contemplated based
upon genome sequence information
alone.

The representative protein set
(RPS) derived from RIKEN transcripts
and known mouse protein sequences
provided a substantial new discovery
resource, and thousands of new pre-
dicted proteins were discovered. A glo-
bal overview of the predicted proteome
is provided by Kanapin et al. (2003),
who also exploit the availability of this
large data set to identify new con-
served protein motifs and domain
combinations. Individual expert
groups have taken the opportunity to
produce a comprehensive analysis of
protein families and biological systems
in a single mammal for the first time.

1270 Genome Research
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Highlights include identification of
the complete metabolome (Bono et al.
2003b); protein family analysis of the
zinc finger family, which is the largest
single domain class in the genome
(Ravasi et al. 2003); identification of
new chromodomain proteins (Tajul-
Arifin et al. 2003); and analysis of new
phosphoregulators (kinases and phos-
phatases) (Forrest et al. 2003a), G pro-
tein—coupled receptors (Kawasawa et
al. 2003), proteins that control the cell
cycle (Forrest et al. 2003b), cytokine-
related genes (Brusic et al. 2003), mem-
bers of the kinesin superfamily (Miki et
al. 2003), and regulators of ubiquitin-
dependent protein turnover (Semple
and RIKEN GER Group and GSL Mem-
bers 2003). A novel analytical tool was
used to identify candidate secreted
proteins, the secretome (Grimmond et
al. 2003).

In many instances, the identifica-
tion of protein family relationships
based upon a comprehensive data set
will direct reannotation of some of the
cDNAs. We may also hope that it will
eventually lead to the adoption of ra-
tional nomenclatures for large multi-
gene families and identification of
more stringent orthology relationships
between mouse and human. As noted
by the Mouse Genome Sequencing
Consortium (Waterston et al. 2002),
comparative analysis of sequences
from humans, and the most experi-
mentally tractable mammalian model
organism, is a very powerful arm of
functional genomics in the future.
Schriml et al. (2003) focus on the rep-
resentative transcripts that are the
likely homologs of known human dis-
ease causing genes listed in OMIMS.
Silva et al. take a different approach
and extend the analysis to the identi-
fication of transcripts that are “similar
to” human disease-causing genes. Fi-
nally, the comparative analysis of cell
death and inflammatory signaling
pathways between the two species by
Reed et al. (2003) reveals likely or-
thologs for 219/227 human genes
known to be involved in these pro-
cesses.

Experimental Functional Genomic Studies

The RIKEN ¢DNA collection is clearly a
major resource for functional genom-
ics, and the possible function of the
large pool of noncoding mRNAs is es-
pecially tantalizing. In the annotation
viewer, annotators are provided with
information about EST sequences and
library of origin. The new cDNAs mak-

ing up the FANTOM2 set have been
used in large-scale gene expression ar-
ray profiling, and the outcomes are
summarized in the report by Bono et
al. (2003a). As well-defining, very large
clusters of tissue-restricted protein cod-
ing transcripts, these data strongly sup-
port the view that the large majority of
the noncoding RNAs are, indeed, re-
producibly expressed. At least some of
these transcripts probably contribute
to the phenomenon of genome im-
printing. In a separate study, Nikaido
et al. (2003) used microarrays to iden-
tify >2000 transcripts that differ in
their expression depending upon par-
ent chromosome of origin. In a more
focused study, Holmes et al. (2003)
confirm the imprinted expression
of 12 separate transcripts from the
gnas complex on distal mouse chromo-
some 2.

Beyond FANTOM2

The RIKEN Phase 1 collection of 5" EST
clusters currently numbers 116,660,
and 3’ clusters 131,335, of which less
than half have been fully sequenced.
As shown in the report by Wells et al.
(2003), there are still tissues and cell
types that have not been fully
sampled. So, we can be confident that
the number of experimentally vali-
dated TUs in the mouse genome will
continue to expand. Additionally, the
RIKEN project has sequenced only one
representative of each Phase 1 cluster,
and the alternative splicing analysis
carried out by Zavolan et al. (2003) is
possible only because the variation in
the 5" and 3’ ends leads to the collapse
of clusters. The sequencing of addi-
tional members of individual clusters
will clearly be productive. Addition-
ally, future gene expression analysis
will require the generation of exon-
specific probes, presumably involving
long oligonucleotides. Additionally,
systematic studies on the localization
of mRNAs in individual cells, espe-
cially those of the developing embryo,
are being undertaken by RIKEN and
collaborators as well as in other sites
worldwide.

Functional genomic analysis of all
the noncoding mRNAs in the RIKEN
collection will be a major challenge for
the future. There are very few examples
confirming a function (e.g., Xist, AIR)
and few clues as to precisely how they
function. We are likely to focus on ap-
proaches to selective disruption of ex-
pression by mutagenesis, RNAi, or
other approaches. For protein-coding
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transcripts, the physical clones
produced in the RIKEN project provide
us with the resources for high-
throughput analysis of many aspects of
biology. Some of the obvious future di-
rections that are already underway in-
clude: systematic analysis of protein—
protein interaction partner relation-
ships, high-throughput expression of
individual proteins for determination
of three-dimensional structure (struc-
tural genomics) by crystalography or
NMR, localization of proteins within
cells by high-throughput transfection
of epitope-tagged proteins, and func-
tional analysis based upon the impact
of over-expression on biologies such as
proliferation, survival, and adhesion.
Neither the genome nor the transcrip-
tome project has addressed the impact
of genetics. We know a great deal
about a single mouse. We also know
that mobile genetic elements in mice
are important mutagens, and as we
survey the full spectrum of around 50
inbred strains, we will undoubtedly
identify many more TUs and also
discover that there are many different
genetic ways to end up being a
mouse.

The major challenge of the future
will be to integrate all of this informa-
tion in diverse formats into accessible
databases that are effectively presented
and systematically curated. The RIKEN
Mouse Gene Encyclopedia will be
one such project. For those of us who
participated in the RIKEN project,
the most stimulating aspect has been
the spirit of cooperation and camara-
derie that has developed as a conse-
quence and which we all hope will
continue to be the driving force into
the future.
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