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The FANTOM2 <DNA sequence data set is an excellent model to demonstrate the power of large-scale cDNA
sequencing, with the goal of providing a full-length transcript sequence for each mouse gene. This data set
enhances the use of the mouse as a model for human disease. Here we identify mouse cDNA sequences in the
FANTOM2 data set for a set of 67 human disease genes that as of May 2002 had no corresponding mouse
cDNA annotated in the Mouse Genome Informatics (MGI) database. These 67 human disease genes include
genes related to neurological and eye disorders and cancer. We also present a list of the human disease genes
and their cloned mouse orthologs found in two public databases, LocusLink and MGI. Allelic variant and gene
functional information available in MGI provides additional information relative to these mouse models, whereas

computed sequence-based connections at NCBI support facile navigation through multiple genomes.

[Supplemental material is available online at www.genome.org.]

The mouse has been used as a genetic system for more than
100 years and provides a rich resource of genetic mutations
and inbred strains for biomedical research (Beck et al. 2000;
Denny and Justice 2000). We can now couple mutational and
phenotypic analysis in the mouse with conserved sequence
and positional analysis to identify molecular sequences of
candidate disease genes in humans. Conversely, it is also pos-
sible, through conserved sequence and positional informa-
tion, to identify candidate mouse orthologs and their pheno-
typic variants that can be used as models for human disease.
Once candidate orthologous genes have been identified in the
mouse, the power of targeted mutagenesis can be used to cre-
ate precise mouse models for studying human disease. In the
past, identification of candidate disease genes in the mouse
often required months of work using cloning strategies based
on conserved synteny to physically isolate genes and then
sequence them.
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A view of the complete set on mouse transcripts, the
transcriptome, is emerging as new mouse sequence data from
whole genome annotation projects (ENSEMBL, http://www.
ensembl.org/; and NCBI, http://ncbi.nlm.nih.gov) and full-
length cDNA sequencing projects (Mammalian Gene Collec-
tion, MGC, http://mgc.nci.nih.gov/; and RIKEN’s Mouse En-
cyclopedia, http://www.gsc.riken.go.jp/e/FANTOM/) are inte-
grated and analyzed. The view of the mouse transcriptome
from the FANTOM2 data set is an excellent resource to ex-
plore the power of large-scale cDNA sequencing to enhance
the use of the mouse as a model for human disease. (The
FANTOM Consortium and the RIKEN Genome Exploration
Research Group Phase II Team 2002).

Here we present an analysis of the FANTOM2 cDNA data
set (as of May 2002) wherein we looked for novel mouse
cDNAs representing mouse orthologs of human disease genes.
Using the publicly available human and mouse gene, se-
quence, and orthology data from the NCBI LocusLink project
(http://www.ncbi.nlm.nih.gov/LocusLink/; Pruitt and Ma-
glott 2001) and the Mouse Genome Informatics (MGI) Data-
base (http://www.informatics.jax.org/), we assembled a list of
cloned human disease genes represented in LocusLink and
their cloned mouse orthologs represented in MGI (The
FANTOM Consortium and the RIKEN Genome Exploration Re-
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search Group Phase II Team 2002). A similar strategy was used
in the examination of 288 cloned human disease genes in the
Drosophila genome sequence paper (Rubin et al. 2000) and the
first FANTOM consortium paper (Kawai et al. 2001).

The goal of this study was to find novel full-length
mouse cDNAs in the FANTOM2 cDNA data set that represent
orthologs of human disease genes. In addition, we generated
a comprehensive list (as of May 2002) of the cloned human
disease genes and their annotated mouse orthologs in MGI.
Here, we present the set of human disease genes, their or-
thologs, and the mouse cDNA clones we have identified and
discuss the information that is presently available for their
study.

RESULTS

Analysis of the FANTOM2 Set:

Identifying Orthologs

Examining the annotated gene records at MGI and LocusLink,
we found that of the 1022 human disease genes, 921 had a
cloned ortholog in MGI and 101 did not. Then examining
only those human disease genes included in the BLAST analy-
sis (N = 993; Supplemental Table 1, available online at www.
genome.org), we found that of the set of human disease genes
that had no annotated mouse orthologous cDNA as
of May 2002 (N = 80), 84% had a probable ortholog in the
FANTOM2 cDNA data set (Supplemental Table 3). These in-
clude a variety of disease genes including cancer-related
genes, for example, NUMA1, which is associated with acute
promyelocytic leukemia, and SDHD, mutations of which have
been linked to hereditary paraganglioma. Additionally, this
set includes examples of neurological disease genes such as
USH3A, which is associated with the phenotype of Usher syn-
drome, type 3, and ILIRAPL1, which is associated with type 1
X-linked nonspecific mental retardation. Examples of human
diseases affecting the eye in this set include PRPFS8, which is a
candidate for the autosomal dominant form of retinitis pig-
mentosa, and NYX, mutations of which have been shown to
cause X-linked complete congenital stationary night blind-
ness (CSNB1). The lists of cloned human disease genes and the
results of the BLAST analysis for the subset for which we
found curated orthologs are presented in Supplemental Table
2. For completeness, the human disease genes for which the
Fantom?2 cDNA set did not yield significant BLAST results are
listed in Supplemental Table 4 (set with curated orthologs)
and Supplemental Table 5 (set with no curated orthologs).

A Second Look: Re-evaluation of the No Ortholog
Human Disease Set

We re-examined the set of 101 cloned human disease genes
used in this study just prior to submission of this paper (Sep-
tember 25, 2002) to determine if mouse orthologs had been
recently annotated for these genes. By looking at the Human-
Mouse Homology data set at MGI (ftp://ftp.informatics.jax.
org/pub/informatics/reports/GDB_Accession.rpt), we could
identify newly annotated mouse genes and determine if the
mouse records contained sequences other than partial mRNAs
or ESTs in the MGI database. For this set, we determined if
there were highly similar proteins (partial or complete) in
Entrez at NCBI. The Entrez protein database includes records
from GenBank translations, RefSeq (both curated and model,
XP_000000), and SWISS-PROT. To emulate general user ac-
cess, we looked in BLink for the mouse protein with the high-

est BLAST score. We followed BLink (e.g., http://www.ncbi.
nih.gov/cgi-bin/Entrez/blink?pid=4557225&all=1) links on
the LocusLink page for the human gene to precomputed pro-
tein neighbors. Clicking on the SCORE of the BLAST2 results,
we recorded the percent identity of the longest aligned frag-
ment. Keeping in mind that on average, mouse and human
proteins have been found to exhibit 86.4% (SD = 12.3) iden-
tity, with a range of 41.1% to 100% (Makalowski et al. 1996),
the percent identity of the hit can suggest whether the protein
identified (Table 1) was the ortholog of the human protein.
We included in our results those proteins that shared
sequence identity >65% over the entire length of the align-
able region. Because we only used percent identity to identify
candidate orthologs, some of the protein accessions listed in
Table 1, such as KRT1, may be from paralogs. We also looked
for mouse models via text queries using the gene name for the
human disease gene (e.g., XP_134985 for BBS4 and
XP_130099 for NUP214). Protein sequence similarity for BBS4
and NUP214, the mouse proteins XP_134985 and XP_130099,
was determined by BLAST2. Using both methods, we identi-
fied highly related mouse proteins for 37 of the 101 human

Table 1. Highly Related Mouse Proteins to Human Disease
Genes in No Ortholog Set Identified Via Blink

Human Human Mouse
LocusID symbol protein % ID
2752 AMT XP_147096 88
585 BBS4 XP_134985 88
1203 CLNS XP_127882, AAH25487 77
1540 CYLD XP_134376 94
2162 F13A1 XP_138580 70
2799 GNS XP_125895 93
3030 HADHA XP_131963 86
3032 HADHB NP_663533, AAH05585 91
3848 KRT1 BAB31776 75°
3850 KRT3 XP_128174 68
4026 LPP XP_155911 83
4247 MGAT2 NP_666147, AAH10583 88
4306 NR3C2 XP_146468 88
4552 MTRR XP_127460 78
4719 NDUFST NP_663493, AAH06660 93
4926 NUMAT AAH04667 86
5190 PEX6 NP_663463, AAH03424 87
5205 ATP8BI1 XP_129012 95
5378 PMST XP_129877, NP_705784 74

6392 SDHD XP_134803, BAB29086 82

6906 SERPINA7 XP_111955 73
7401 USH3A NP_700433, AAM88775 85
8021 NUP214 XP_130099 80
8030 D10S170 XP_125664 99
8050 PDX1 XP_130563, XP_207088 85
8086 AAAS NP_700465 93
8301 PICALM NP_666306, AAH11470 95
8540 AGPS XP_130294 91
8659 ALDH4AT XP_204153 91
9825 SPATA2 XP_111839 85
11141 ILTRAPL1 XP_141905 98

23230 CHAC
26119 ARH

XP_129223, XP_195100 84, 82
NP_663529, AAH21467 87

549827 CLN6 XP_134858 90
65125 PRKWNK1 XP_132838 95
80207 OPA3 XP_133224 85

114548 CIAST NP_665826, AAL90874 82

*Human LocusID in the No Homolog set that did not have a
match in the FANTOM2 data set.
PPossible paralog.
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genes in the No Ortholog Set. Of these, three (AMT, D10S170,
CLN6) had no hits in the FANTOM2 data set (Table 1). We
found that 23 genes in this No Ortholog Set now have an
associated orthologous mouse gene with cDNA sequence data
available in MGI. This number will continue to grow as addi-
tional data are entered into MGI.

Allelic Variants in Mouse

To provide additional information relative to this set of
mouse models for human disease, we assessed the availability
of allelic variants data at MGI. For genes that had no curated
alleles, we used the gene-to-reference links in MGI to manu-
ally scan abstracts to determine if authors had reported allelic
variants of each gene. We found 594 of the mouse orthologs
(63%) to have reported allelic variants. Of the genes that have
reported allelic variants, 428 have variants that are already
described in MGI. An additional 165 genes have an allelic
variant that was reported in the literature. Given that our
literature search was based on a visual scan of titles and ab-
stracts, these alleles will require further, in-depth investiga-
tion. MGI curators can now focus on curation of alleles of
these genes in the MGI database. The results of this analysis
are shown in Supplemental Table 6.

It is important to note that in this study no emphasis was
placed on the phenotypic characterization of alleles to deter-
mine their validity in modeling human disease. One could
think of alleles as falling into four broad categories: (1) natural
variants that were used in initial mapping and characteriza-
tion of genes, (2) natural or induced mutations that were iso-
lated on the basis of a noticeable phenotype, (3) engineered
transgenic animals that result in a neomorphic or hypermor-
phic mutation, or (4) engineered knockout animals that rep-
resent a null or hypomorphic mutation. Mutants from the
first category will likely not be very useful as disease models,
because they were usually originally identified as isoenzyme
variants or simple restriction-fragment-length polymor-
phisms. One example of these types of alleles is the electro-
phoretic variants of Gpil (DeLorenzo and Ruddle 1969; Padua
et al. 1978; Charles and Lee 1980). Mutants from the second
category may be useful as disease models, particularly if the
original phenotype was noted to mimic a human disease. For
example, a spontaneous mutation in Crygs (MGI: 2181679)
serves as a model for cataracts (Bu et al. 2002). Mutants from
the last two categories are often engineered for the express
purpose of studying a model for disease. As gene-targeting
technologies continue to expand and improve, better and bet-
ter models for human genetic diseases will become available.
This initial list of genes provides a useful starting point for
future analyses.

Functional Analysis of Human Disease Orthologs:
Gene Ontology

To assess the functional knowledge base about the mouse or-
thologs of human disease genes, we mined the MGI database
for Gene Ontology annotations. The Gene Ontology (GO) is a
set of three structured vocabularies that describe the bio-
chemical function, subcellular localization, or global biologi-
cal process with which a gene product is associated (The Gene
Ontology Consortium 2001). MGI curates genes to GO terms
using a combination of electronic algorithms and annotation
from the literature (Hill et al. 2001). Of the human disease
gene orthologs represented in MGI as of August 2002, 811
(86%) had at least one meaningful GO annotation. Of the
remainder, four genes were annotated to unknown in all three
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categories. An unknown annotation in the MGI database
means that an MGI curator has examined the gene and based
on literature curated at MGI, no functional information is
available about the mouse gene. The remaining 125 genes
have no MGI annotation, meaning that they have not yet
been analyzed by MGI curators, nor have they been assigned
a GO annotation via MGI’s electronic methods. As in our
allele analysis above, this set now provides rich material for
further curation. These important genes are being targeted for
curation at MGI. A breakdown of the annotations by ontology
is shown in Table 2. For a complete gene-by-gene breakdown,
see Supplemental Table 7.

DISCUSSION

In this study we examined data for more than 1000 human
disease genes and their mouse orthologs. From the FANTOM2
c¢DNA clone data set, we identified 67 cDNAs representing
mouse orthologs to human disease genes, for which no full-
length cDNA previously existed at MGI. This information will
be useful to mouse geneticists and other researchers investi-
gating the genetic basis of human disease. In this study, we
found that 90% (921/1022) of the human disease genes iden-
tified in the initial data set were represented at that time in
MGTI or LocusLink. This underscores the power of cocuration
of mouse and human genes between LocusLink and MGI. Of
the remaining 10% (101), 80 were represented in the protein
BLAST database and analysis at RIKEN. Of these 80 human
proteins, 84% (N = 67) shared significant sequence similarity
to one or more proteins encoded by cDNAs in the FANTOM2
clone set, thus demonstrating the power of a large-scale se-
quencing project like the Mouse Gene Encyclopedia project to
increase the representation of novel mouse cDNAs in the pub-
lic databases.

In our re-examination of the set of 101 human disease
genes (the No Ortholog Set), we identified related protein se-
quences (some partial) via BLink. We identified 37 candidate
orthologs. This result includes candidate orthologs for three
human disease genes that had no hits in the FANTOM2 data
set analysis. Additionally, querying MGI, we found that sev-
eral more highly similar mouse sequences have been charac-
terized since May 2002 as genes with sequences (23 genes) in
MG], thus demonstrating the power of using multiple lines of
analysis to mine the wealth of data in the public domain. To
complete this analysis of identifying mouse orthologs to these
human disease genes and storing these data in the public
databases, we are evaluating further evidence of orthology to

Table 2. Breakdown of the Number of GO Annotations for
Mouse Orthologs of Human Disease Genes by
GO Vocabulary

Number of Molecular Biological Cellular
genes with function process component
1 annotation 314 219 321

2 annotations 186 234 179

3 annotations 78 139 94

4 annotations 13 71 39

>4 annotations 0 79 27
Unknown 10 10 12

No annotations 340 188 268

The columns represent each GO vocabulary, and the rows repre-
sent the number of genes annotated to the vocabulary.
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these human disease genes beyond sequence similarity. We
are examining shared synteny data, accessible publicly via
MGI’'s Mammalian Homology and Comparative Maps page
(http://www.informatics.jax.org/menus/homology_menu.sh-
tml), NCBI’s Map Viewer, and NCBI’s Human-Mouse Homol-
ogy Map. Further examination of highly similar proteins is
necessary to differentiate between orthology and paralogy,
because different proteins within gene families can share a
high degree of sequence similarity.

The increasing number of orthologous relationships
(mRNA and gene models) between mouse sequences and hu-
man disease genes, as seen in our re-evaluation of the May
data set and requerying of LocusLink in September 2002, is
the result of the continued daily curation efforts of the mouse
and human research communities, at NCBI, at MGI, and ex-
ternally. It illustrates that our view of the transcriptome is still
highly dynamic and becomes more and more complete as
data are integrated, and that re-evaluation continues to result
in additional orthology relationships being identified.

The methods used in this study include a few of the
possible approaches for increasing the power of the mouse as
a model for human disease. Additional resources to explore
include, for example, using LocusLink as a gateway to other
NCBI resources. One can take advantage of the large body
of computational analyses that are available at the nucleo-
tide level, in HomoloGene (http://www.ncbi.nlm.nih.gov/
HomoloGene/) or the Human-Mouse Homology Map (http://
www.ncbi.nlm.nih.gov/Homology/), or at the protein level
using BLink’s display of protein relationships within or be-
tween taxa. As well, information related to human diseases
and their mouse models can be explored at OMIM’s Gene
Map (http://www.ncbi.nlm.nih.gov/htbin-post/Omim/
getmap?chromosome=CYP1&start=-2), OMIM’s Morbid Map
(http://www.ncbi.nlm.nih.gov/htbin-post/Omim/
getmorbid/), or GeneRIFs attached to records in LocusLink.
Computational analyses of the human and mouse genomic
sequences and their predicted transcripts is another powerful
approach.

METHODS

Identification of Candidate Genes

We first identified a list of 1022 cloned human disease genes
in NCBI's May 03, 2002 release of LocusLink using the query
“disease_known AND has_seq.” Of the 1022 cloned human
disease genes, we excluded 29 genes from the BLAST analysis
because they did not encode proteins. These 29 gene records
included only either partial mRNA or ESTs at the time of the
analysis and are indicated in Supplemental Tables 3 and 4.
Therefore, the BLAST set included 993 protein sequences. We
downloaded this list from NCBI and created a BLAST-able
database at RIKEN of the protein sequences for each human
gene. For each human disease protein sequence, we identified
those FANTOM2 cDNAs that shared a high sequence similar-
ity from a TBLASTN (Altschul et al. 1997) analysis at RIKEN
with the FANTOM2 set as our database and the human pro-
tein set as our query, with a minimum threshold for a match
of e-50.

Looking at each human disease gene manually in Lo-
cusLink, we then determined whether a cloned mouse or-
thologous cDNA had been identified in the MGI curated hu-
man-mouse orthology data set (http://www.informatics.jax.
org). Additionally, beginning with the data and links pro-
vided in LocusLink, we also looked in LocusLink for the
mouse gene (based on similar gene name or symbol), in
OMIM (Online Mendelian Inheritance in Man, http://www.

ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM) for listings of
mouse orthologs under the Cloning category, and in NCBI's
HomoloGene resource (http://www.ncbi.nlm.nih.gov/
HomoloGene/) for the curated human and mouse homology
data from MGI. We defined a human disease locus as having
an existing mouse orthologous sequence only when we could
identify a nucleic acid sequence (that was not partial or an
EST) associated with the curated mouse gene orthology record
in MGI. Our intention was to identify those human disease
genes for which an orthologous mouse full-length cDNA
clone was not yet annotated in MGI. The scope of this study
was limited to the human and mouse curated orthology data
sets found in MGI.
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