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Article

Reevaluating Human Gene Annotation:
A Second-Generation Analysis of Chromosome 22

John E. Collins, Melanie E. Goward, Charlotte G. Cole, Luc J. Smink,’
Elizabeth ]. Huckle, Sarah Knowles, Jacqueline M. Bye, David M. Beare, and

lan Dunham?

The Wellcome Trust Sanger Institute, Wellcome Trust Genome Campus, Hinxton, Cambridge CB10 1SA, UK

We report a second-generation gene annotation of human chromosome 22. Using expressed sequence databases,
comparative sequence analysis, and experimental verification, we have extended genes, fused previously
fragmented structures, and identified new genes. The total length in exons of annotation was increased by 74%
over our previously published annotation and includes 546 protein-coding genes and 234 pseudogenes.
Thirty-two potential protein-coding annotations are partial copies of other genes, and may represent
duplications on an evolutionary path to change or loss of function. We also identified 31 non-protein-coding
transcripts, including 16 possible antisense RNAs. By extrapolation, we estimate the human genome contains
29,000-36,000 protein-coding genes, 21,300 pseudogenes, and 1500 antisense RNAs. We suggest that our
revised annotation criteria provide a paradigm for future annotation of the human genome.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been
submitted to GenBank under accession nos. ALO09266, ALO21682-3, ALO21708, AL022729, ALO3508I-2,
ALO35364, ALO35366, ALO35545, ALO49654, ALO50253-8, ALO50345-6, ALO79310, AL096779-8],
ALO096879-81, ALO96883, AL096886, ALI38578, ALI57851, ALI59142-3, ALI&OII-2, ALI6O131-2, ALI603Il,
AL355092, AL355192, AL355841, AL359401, AL359403, AL365511-5, AL442116, AL449243, AL449244,
AL450314, AL589866-7, AL590120, AL590887-8, BU583989-BU585359. The following individuals kindly
provided reagents, samples, or unpublished information as indicated in the paper: J. Seilhamer, L. Stuve, H.

Roest-Crollius, A. Levine, G. Slater, and ]. Kent.]

Completion of the working draft sequence was a major mile-
stone toward understanding the human genome (Lander et
al. 2001; Venter et al. 2001). While work continues toward a
highly accurate complete genome sequence, attention has
also turned to identifying and annotating genes. The initial
annotation stage involves providing detailed and accurate de-
scriptions of gene structures at the nucleotide level. This is
crucial to the general utility of the genome sequence because
subsequent functional experiments are best served by stan-
dardized data sets, for instance, the set of protein-coding
genes. Furthermore, as the rate of data generation increases,
there is potential for increased noise in the data unless well-
curated annotation is used.

There are three main approaches for gene annotation.
First, a variety of programs use statistical methods to predict
potential gene structures (Solovyev et al. 1995; Burge and
Karlin 1997). Despite considerable success, prediction meth-
ods cannot give highly accurate human gene structures on
their own, and are susceptible to overprediction and false
negatives (Dunham et al. 1999b; Guigo et al. 2000). Second,
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identification of similarity between known expressed se-
quences and the genomic sequence can be used either to in-
dicate direct evidence of expression or similarity to an ex-
pressed gene. This has the advantage that annotated genes are
based on mRNAs, but can be confounded by artefactual or
unprocessed clones in cDNA libraries and by restricted spatial
or temporal expression. Finally, genomic sequence from other
vertebrates enables identification of conserved sequences
(Hardison et al. 1997; Dubchak et al. 2000; Mayor et al. 2000;
Korf et al. 2001) that are likely to be genes. Unfortunately, the
ideal combination of genomes to compare is not yet clear, and
human/mouse comparisons have shown conservation out-
side genes (Deloukas et al. 2001; Frazer et al. 2001; Kon-
drashov and Shabalina 2002). In practice, a combination of
approaches can be used to overcome the limitations of single
methods, but the perfect mixture has still to be defined. Al-
though there has been much activity in human gene anno-
tation, it is indicative of the complexities of the process that
there is still considerable uncertainty in estimates of the num-
ber of protein-coding genes (Ewing and Green 2000; Liang et
al. 2000; Roest Crollius et al. 2000; Wright et al. 2001), as well
as doubts about the accuracy of some gene identifications
(Hogenesch et al. 2001). There are many methodological rea-
sons for this imprecision, not the least of which is fragmen-
tation of gene structures because of sequence gaps, alternate
splicing, or alternate cDNA ends. However, we believe that
two considerations may be key to prospects for developing
high-quality annotation. First, any high throughput, auto-
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mated application of gene-finding procedures will necessarily
rely on a simplified “one size fits all” approach and therefore
will always be hampered by inaccuracies or inadequacies in
the methods. In this respect, the current generation of anno-
tation databases should be considered as first-pass views.
Problems in draft gene structures must be identified by quality
control and resolved by manual intervention or additional
experimentation. Second, there is increasing evidence that
the human genome contains a complex mixture of protein-
coding genes, pseudogenes (Harrison et al. 2002), non-
protein-coding RNA transcripts (Mattick 2001) including an-
tisense RNAs (Kumar and Carmichael 1998), and genomic du-
plications involving genes (Bailey et al. 2002). Any
comprehensive annotation scheme should attempt to iden-
tify and differentiate between these categories. Therefore, we
chose to create a highly curated and categorized set of gene
structures on human chromosome 22 that might serve as a
model for mammalian genome annotation.

The Annotation Process

Since our initial gene annotation of human chromosome 22
(Dunham et al. 1999b), the working draft sequence of the
human genome has been completed (Lander et al. 2001) and
the number of expressed sequences in dbEST has increased
more than threefold (from 2.9 million entries in release 60 to
9.7 million entries in release 69). In addition, numerous stud-
ies have been reported that used the annotation and indicated
that more genes might be present (de Souza et al. 2000; Penn
et al. 2000; Roest Crollius et al. 2000; Das et al. 2001; Shoe-
maker et al. 2001; Wiemann et al. 2001; Kapranov et al. 2002).
The finished sequence of chromosome 22 had also been up-
dated, including closure of 1 of the 11 gaps and an additional
sequence covering a region that was deleted in Bacterial Arti-
ficial Chromosome (BAC) AL022330. Full details of updates to
the sequence are given at http://www.sanger.ac.uk/HGP/
Chr22/cwa_archive/version_changes.html. Therefore, it was
clear that a revised annotation was timely. Furthermore the
reevaluation process would allow us to apply new annotation
criteria.

As a basis for the revised annotation, we subjected the
finished genomic sequence to a series of computational analy-
ses. The sequences were analyzed for repeats and the repeats
masked. The masked sequence was compared for similarity to
public domain EST sequences, a set of vertebrate transcripts,
and predicted protein databases. Genomic sequences from
mouse and Tetraodon nigroviridis were matched to the chro-
mosome 22 sequence using exonerate and Blat (Kent 2002),
and Exofish (Roest Crollius et al. 2000), respectively. Gene
structures were predicted by GenScan (Burge and Karlin 1997)
and fgenesh (Solovyev et al. 1995) on assembled masked ge-
nomic sequence. Unmasked sequence was used to predict the
presence of CpG islands. The complete analysis was imported
into an implementation of ACEDB (Durbin and Thierry-Mieg
1991). In addition, we also obtained a set of 1436 EST and
cDNAs from the Incyte Genomics database that either ex-
tended annotations or provided new spliced annotations (a
kind gift from J. Seilhamer and L. Stuve [Incyte Genomics,
Palo Alto, CA] in December 2000).

Gene structures were annotated with assistance from a
variety of software tools. We aimed to identify genes, and
their genomic structures, supported by evidence from tran-
scribed sequences across their entire length. Full-length cDNA
sequences or assembled ESTs were aligned to genomic DNA to

28 Genome Research
www.genome.org

resolve their splice sites and confirm their 3’ ends. A 3’ end
was judged confirmed if it had a run of at least four A residues
at the 3’ end of the cDNA/EST not present in the genomic
sequence. ESTs alone were annotated either if they were
shown to be spliced compared with genomic DNA sequence
at consensus donor and acceptor sites (Levine and Durbin
2001) or they had a confirmed 3’ end. Other unspliced ESTs
were not annotated. Solitary unspliced cDNA sequences were
not annotated if they had a stretch of poly(A) in the genomic
sequence directly 3’ because we considered these stretches to
arise from artefactual priming from genomic DNA or un-
spliced RNA (Wolfsberg and Landsman 1997) in the cDNA
library construction. A further set of transcripts were rejected
from the final annotations because they spliced within a se-
ries of interspersed repeat elements and did not contain an
open reading frame (ORF). Alternative splicing was not com-
prehensively annotated in this analysis, although exons that
were clearly part of alternative transcripts are included in the
accompanying data files. Our rationale for this exclusion was
that, because we aimed to describe the genomic structures of
genes supported by transcribed sequence across their full
length, we did not believe it helpful to the community to
provide a long list of speculative alternatively spliced struc-
tures based on individual ESTs. Only spliced exons found in
individual ESTs or cDNAs can be definitively shown to arise
from the same transcript. All other structures must make as-
sumptions about which exons are likely to form part of a
complete transcript, as they are not physically linked on the
same experimental evidence. There is still considerable work
to do to verify the full complexity of alternative transcription
across human genes by extensive resequencing of multiple
cDNA clones from the same gene; although other investiga-
tors have started with bioinformatics-based identification of
alternatively spliced ESTs on human chromosome 22 (Lander
et al. 2001; Hide et al. 2001), a full description was beyond the
scope of this work. Therefore, a proportion of unannotated
intragenic EST matches may represent parts of the estimated
35% of genes with more than one transcript (Mironov et al.
1999). Where no transcribed sequence information was avail-
able, preliminary gene structures were predicted using
matches to paralogous or orthologous sequences. Pseudo-
genes were detected and annotated by identifying non-exact
matches to protein sequence, and, where possible, matches to
5" and 3’ untranslated regions of the presumed functional
gene. A small number of non-exact matches to cDNAs with-
out a defined ORF were also annotated as pseudogenes. Data
from subsequent searches of DNA and protein databases were
added to the analysis and a semiautomated system was used
to detect matches that might extend an existing annotation
or identify a new gene. The annotation was then manually
updated where necessary. The Incyte Genomics data provided
additional information on 232 annotations. This information
comprised 181 genes, with 8 derived from Incyte data alone;
61 were extended 5’ by at least one base, 39 were extended 3’,
and 125 filled gaps in preliminary structures. This extra infor-
mation was also used to extend and confirm 51 pseudogene
structures. The 1436 Incyte sequences that provide this addi-
tional analysis have been submitted to the dbEST database.
Although some genes on chromosome 22 had complete
cDNA sequence, for many, only partial cDNA sequence was
available. Generally incomplete genes were EST clusters or
cDNA sequences representing 3’ ends, occasionally with 5’
ESTs indicating potential upstream exons. In other cases with-
out matching ESTs or cDNAs, paralogous or orthologous se-
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quence had been used to define a preliminary gene structure.
In order to extend genes, to join 5’ and 3" EST clusters, and to
confirm expression of preliminary gene structures, cDNA se-
quence was obtained by directed approaches. Genes with sus-
pected additional 5’ or 3’ exons were extended using an
adapted vectorette PCR cDNA library screening method (Riley
etal. 1990). 5" and 3’ EST clusters were joined and preliminary
gene structures confirmed by amplifying fragments between
presumed exons using PCR from c¢DNA. All amplified PCR
fragments were sequenced and aligned to chromosome 22
and the annotation was updated. Overall, 36% of genes and
24% of exons had at least one of these directed cDNA se-
quence contributing to the annotation. However, ultimately
<1% of the annotated bases are covered by directed sequenc-
ing outside public EST or cDNA matches. This is because new
data continue to enter the databases and confirm earlier ex-
perimental work, although it should be pointed out that this
includes our own ¢cDNA submissions.

For each gene, the largest ORF of 300 bases or more was
predicted and annotated. This cutoff for ORF size was arbi-
trary and could be set lower, but at this level no previously
described protein-coding gene on chromosome 22 is ex-
cluded. In >90% of annotations, this ORF was initiated at a
strong or adequate Kozak consensus sequence (Kozak 1999) or
GNNATGA that we considered adequate based on empirical
observation. In all except five of the remainder, a Kozak se-
quence was found downstream in the same reading frame and
may represent the major translation initiation site. In the re-
maining five structures there was either no suitable Kozak
sequence or it was in an alternate shorter reading frame.

Finally we had identified 936 structures supported by
expressed sequence evidence, or by similarity to a known
gene or protein (including the immunoglobulin \ locus vari-
able [IGLV] and joining [IGLJ]) gene segments [Kawasaki et al.
1995; Lefranc 2001]). It remains possible that we will miss
genes expressed at low levels or with limited tissue distribu-
tions, although several lines of evidence indicate that there
are unlikely to be many. First, we investigated whether further
genes could be identified from GenScan-predicted exons out-
side the annotation. Oligonucleotides were designed from 77
randomly chosen GenScan predicted exons, 40 of which
coaligned with mouse genomic matches. These were used to
search for clones in the 13 cDNA libraries. Any cDNA inserts
found were amplified and sequenced. The small number of
resulting sequences that matched chromosome 22 did not
splice relative to the genomic sequence and therefore did not
provide sufficient information to annotate new genes. Sec-
ond, analysis of 1912 chromosome 22 sequences conserved
between human, mouse, and Tetraodon showed 1900 covered
by annotated structures, indicating that >99% of strongly
conserved exons have already been identified. Of the 12 con-
served sequences outside the annotation, 8 align with CpG
islands or short stretches of low complexity sequence and are
unlikely to represent genes, 1 resided in the intron of an an-
notated gene and was not tested further, 2 were too small to
be tested by PCR, and the last could not be detected in the
cDNA libraries used here. Finally, we examined the distribu-
tion of all sequences conserved in mouse. Within the span of
annotated genes (intragenic), the mean conserved sequence
density is 199 “hits” per Mb as detected by Blat. When anno-
tated exon matches are removed, the intronic hit density is 30
hits per Mb, representing the residual level of sequence con-
servation due to either functional conservation or insufficient
evolutionary divergence time. Intriguingly, the conserved se-

quence density between gene annotation (intergenic) is also
30 hits per Mb, indicating that there is a background level of
“conservation” that may not have functional significance and
that there are few, if any, conserved genes remaining to be
found.

Genome annotation is a continuous process. As new data
enter public databases and directed cDNA sequencing adds to
the analysis, the annotation must evolve. However, we be-
lieve we have now identified the vast majority of the coding
genes and have extensively reevaluated the original chromo-
some 22 annotations. The data describing the complete an-
notation set and the associated reference sequence can be
found at http://www.sanger.ac.uk/HGP/Chr22. The annota-
tion is also available as specific tracks on the NCBI 30 human
genome build through the UCSC genome browser (http://
genome.ucsc.edu) and the Ensembl annotation server (http://
www.ensembl.org )

Annotation Classification

We categorized the annotated gene structures on the basis of
the following structural features (for simplicity, IGLV and
IGLJ gene segments were excluded):

1. A complete protein-coding gene had sequence identity to
human cDNAs or ESTs across its entire length, and a pre-
dicted ORF of at least 300 bases. The probable 5’ end of the
protein coding region was declared established if there was
either an in-frame stop 5’ to the annotated ATG, or the
OREF start matched a published protein, or the 5’ end of the
structure overlapped a predicted CpG island. The 3’ end of
the gene was considered established if there was a run of at
least four A residues at the 3’ end of the cDNA or ESTs not
present in the genomic sequence, or if there was an
AATAAA or ATTAAA polyadenylation signal within 60
bases of the end. Structures from cDNAs with complete
ORFs but lying partially within one of the genomic se-
quence gaps were also counted as coding genes.

2. A partial gene had sequence similarity to cDNA, EST, or
peptide sequence but did not comply with the complete
gene criteria. We have also annotated a new subcategory
for 32 of these partial genes: partial gene duplications.
These annotations match part of a coding gene elsewhere
in the human genome, do not have an exact cDONA match,
and do not have a disrupted ORF. This set partially overlaps
with the segmental duplications previously described (Bai-
ley et al. 2002). Where draft sequence was available, the
surrounding intron sequences of the partial gene and the
coding gene were compared and shown to have a high
degree of similarity (Fig. 1). Because these partial gene du-
plications have no evidence of expression and are incom-
plete copies of the original genes, it is possible that they
represent a form of pseudogene that we term “prepseudo-
genes”, in which the function of a duplicated gene or gene
fragment has been disrupted perhaps at the level of tran-
scription, but the sequence still retains an intact ORF. A
similar set of genes has also recently been proposed in Cae-
norhabditis elegans (Mounsey et al. 2002).

3. Noncoding RNA genes included small RNAs, and published
or complete genes that did not contain an ORF of at least
300 bases. Annotations with ORFs <300 bases that were on
the opposite strand to a coding gene and were either over-
lapping with at least one exon or within 2 kb of the 5’ end
were considered potential antisense transcripts. We ob-
served 6 small RNA genes, 9 genes with no ORF, and 16
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the 936 structures annotated com-
prised 393 complete protein-coding
genes, 153 partial genes, 31 non-
coding transcripts, 234 pseudo-
genes, and 125 IGLV and ] gene seg-
ments (Table 1). Since our original
annotation (Dunham et al. 1999b),
we have added 198 new annota-
tions comprising 40 complete cod-
ing genes, 66 partial genes, 25 non-
coding RNAs, and 67 pseudogenes.

|| |
Ex6 Ex3
ADTB1L1 ADTB1L2

Figure 1 Demonstration of a partial gene duplication using DOTTER analysis. Part of the adaptin
gene (AP1BT) has been duplicated and rearranged 2.8 Mb telomeric on chromosome 22, to leave a
structure in which the duplicated exon 6 (ADTB1LT) is followed 3’ by the duplicated exon 1 (ADTB1L2)
and there is conservation of the surrounding intron sequences. Genomic sequence accession number
and portion of the sequence used is indicated (note AC000026 has been reversed). Gene structures are
shown by a black line (introns) and hashed boxes (exons), and an arrow pointing toward the 3’ end
of the gene. Within the dot matrix, diagonal lines indicate regions of sequence identity and dashed

lines show where exon sequences align.

potential antisense genes. Intriguingly, a further 13 pro-
tein-coding genes also partially overlap with another pro-
tein-coding gene and may be antisense transcripts. A fur-
ther set of rejected transcripts spliced together a series of
interspersed repeat elements without an ORF representing
additional noncoding transcripts.

4. A pseudogene had similarity to a known gene or protein but
had evidence of disrupted function, either from a dis-
rupted OREF relative to the presumed functional gene, gen-
erally in the form of one or more reading frame shifts, or
because the structure was disrupted relative to a related
expressed cDNA and there was no evidence of expression
of RNA from the annotated structure. In addition, struc-
tures previously identified in the literature as pseudogenes
were included. Pseudogenes are generally considered to
arise by either retrotransposition or gene duplication. Of
the 234 pseudogenes (not including the IGL locus), 168 do
not contain introns and are potentially produced by retro-
transposition. Of these, 27 contain sufficient sequence
conservation at the 3’ end and a stretch of at least five As
in the genomic DNA preceded by a polyadenylation signal

30 Genome Research
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The overall genomic span of the an-
notation has increased from 13.0
Mb to 18.6 Mb (43% increase), and
the coverage in exonic bases has in-
creased from 1.04 Mb to 1.81 Mb
(74%) so that >50% of the chromo-
some 22 sequence is occupied by
genes, and 5% by exons. However,
the overall protein-coding gene
number has only increased from
545 to 546. This is because exten-
sion of annotations resulted in 83
original gene structures being
merged into current genes, new
classification allowed rejection of
13 original genes, and reassessment
of the remainder of the original an-
notations resulted in a change of category. In contrast, the
pseudogene count has increased from 134 to 234 because of
the availability of additional genomic and expressed se-
quence.

The Characteristics of the Annotation Set

Next, we assessed the contributions of different data sources
to the annotation using an approach widely used to assess
gene prediction software (Burset and Guigo 1996). The final
annotation coordinates were extracted and compared with
the bases matched by each data source. We calculated sensi-
tivity (a measure of the ability to detect true positives), speci-
ficity (a measure of the ability to discriminate against false
positives), and the fraction of the annotation detected by
gene and by exon, for each data source, over both the full
annotation and by category (Table 2, Fig. 2).

The cDNA sequence databases each have high sensitivity
and provide the bulk of the annotation coverage. This is ex-
pected, given our emphasis on validation of annotation by
expressed sequence data. However the difference in specificity
between the cDNA and EST data sets is informative. dbEST
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Table 1. Gene Number and Categories

Gene Genes Probable Confirmed Antisense Single Multi No. of

categories Total Subcategories Total with ORF 5'-end 3" end features exon exon  exons

Coding gene 393 Full 387 387 380 371 2 19 368 3749
Partially in gap 6 6 1 5 6 30

Partial gene 153 Potential coding 121 68 10 56 33 88 523
Gene duplication 32 8 24 98

Noncoding gene 31 Small RNA 6 6 6
Possible antisense 16 12 16 9 7 29
Gene—no ORF 9 3 5 4 19

Pseudogene 234 Retrotransposon 168 168 168
Gene duplication 66 5 61 348

IGLV 118

IGL) 7

Total 936 811 461 391 447 18 253 558 4970

(IGLV) Immunoglobulin \ variable; (IGLJ) immunoglobulin X joining.

sequences identified 97% of the annotation, but with low
specificity because over half the matched bases were consid-
ered unsuitable for annotation due to the requirement for
ESTs to splice or have confirmed 3’ ends. Thus, a high level of
intervention is required to filter the noise from this large data
set. However, although the EMBL_vertrna database detects
slightly fewer annotations, it has almost double the specific-
ity. This indicates that extracting sequence records containing
vertebrate cDNA sequences provides a higher quality of an-
notation. The effort required to produce “full-length” cDNA
sequences is well justified and should play a major part in
future human genome annotation. Coverage of the annota-
tion in cDNA sequences is also remarkably even and deep.
Hence, if we require two or more EMBL_vertrna sequences to
match annotation before declaring a true positive match,

Table 2. Assessment of the Annotation Set

then sensitivity and specificity remain quite high at 0.52 and
0.77, respectively (compared with 0.69 and 0.79 for a single
EMBL_vertrna match), whereas the gene and exon hits both
drop only slightly to 0.84 (data not shown). Examining the
species of origin of the cDNA sequences in this set reveals
that, of 6048 EMBL_vertrna sequences used in support of the
annotation, the major contribution (64%) is from human
clones, whereas 19% are murine clones, and the remainder
are from a variety of other species. This reflects the contribu-
tion of the extensive programs aimed at producing full-length
human cDNA sequences (Strausberg et al. 1999; Nagase et al.
2000; Wiemann et al. 2001) and latterly the RIKEN mouse
cDNA sequencing program (Kawai et al. 2001). However, in
terms of producing the annotation, human c¢DNAs detect
83% of the annotated exons, whereas murine cDNAs detect

Total annotation set Coding genes only ORF of coding genes Pseudogenes
Sn Sp G E Sn Sp G E Sn Sp G E Sn Sp G E

cDNA
dbEST 0.77 042 097 092 080 032 098 092 085 0.17 098 093 0.71 008 0.97 0.93
EMBL_vertrna 069 0.79 088 087 0.74 062 088 087 087 036 092 091 062 0.14 092 0.87

Human 0.68 0.79 0.82 0.83

Mouse 0.10 0.96 0.49 0.28

Other 0.11 0.93 0.38 0.24
Protein databases 0.55 0.31 091 0.89 058 024 093 090 094 019 098 094 0.55 0.06 091 0.87
Comparative

Mus blat 029 066 0.77 059 033 055 081 060 060 049 088 0.64 024 0.11 0.73 0.59

Mus exo 0.26 0.57 079 0.54 028 045 0.80 053 049 040 088 0.56 025 0.11 0.79 0.60

Exofish 0.13 092 0.59 038 0.15 076 064 038 029 0.75 072 042 0.12 0.16 0.54 0.45
Prediction

Genscan 039 068 0.79 0.79 046 059 090 082 0.88 056 095 087 024 008 0.61 0.57

fgenesh 035 0.76 0.70 0.75 042 067 082 0.79 082 063 089 085 0.19 0.08 048 0.51
Multiple

GS+blat? 0.27 095 062 049 032 085 075 052 065 083 085 058 0.13 009 038 0.30

Fish + mouse® 0.11 095 054 031 012 079 059 031 025 078 067 034 009 016 047 035

Note that for the subdivided data, the specificity calculation includes all matches and so will be reduced relative to the total annotation.

Comparisons of specificity are therefore only fair within columns.

2GenScan exons aligned with a blat mouse match.

PExofish matches that align with a mouse match from either method.

(Sn) Sensitivity (including all immunoglobulin N [IGL] segments); (Sp) specificity (including all IGL segments); (G) gene hits (only counting
[GLC] segments); (E) exon hits (only counting immunoglobulin X constant [IGLC] segments).
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Figure 2 Plot of sensitivity versus specificity for each data source.
Sensitivity and specificity were calculated over the full annotation set

as described in Methods; see Table 2. Each data source is indicated by
a different color and symbol.

only 28%, compared with 87% detected by the complete
EMBL_vertmrna set (Table 2). Clearly, human cDNAs contrib-
uted the majority of the information at the time of analysis.

On the other hand, careful filtering of EST data can pro-
vide the maximum annotation, as judged by the high sensi-
tivity. These observations may also partly explain why ap-
proaches that aim to measure transcription directly using mi-
croarrays indicate more transcription than accounted for by
annotated exons (Kapranov et al. 2002) because the cDNA
used in these experiments may contain similar unspliced or
artefactual transcripts. The raw specificity score is not com-
pletely appropriate for cDNA-derived data sources, because it
takes no account of the weight of evidence supporting a par-
ticular annotation or false positive. For instance, a single EST
containing an unspliced intron contributes as much to the
false-positive score as 50 ESTs associated with the correct exon
structure contribute to the true positive score. We attempted
to compensate for this effect by either weighting the contri-
bution of each base to the specificity according to the number
of matches involving that base (“weighted specificity”) or by
setting a threshold so that true- and false-positive bases only
contribute if they have at least N matches (“threshold speci-
ficity”). Application of these measures raises specificity with
some reduction in sensitivity and could form the basis of au-
tomated strategies to annotate from EST data (the behavior of
each of these measures for the full annotation is explored in
the Supplementary information).

The protein databases show high sensitivity and gene
detection rate particularly if only the ORF of coding genes are
considered. This is partly expected because the translations of
public cDNAs are regularly added to databases such as Swiss
Prot and Trembl, but also reflects matching of orthologs and
paralogs, as well as conserved protein domains. In contrast,
specificity is very low with reflecting nonspecific protein
matches because of the relatively low percentage identity cut-
off we have used. For instance, simple sequences and CG-rich
predicted CpG islands are frequently matched with fragments
of collagen genes.

The T. nigroviridis (Exofish) and mouse genomic se-
quence analysis allows us to test the utility of comparative
analysis for gene annotation. Exofish was highly specific, il-
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lustrating that similarity between human and Tetraodon se-
quences, as filtered through the exofish algorithm, is very
likely to indicate part of a gene. However, low sensitivity in-
dicates that the exofish approach cannot give full coverage,
and indeed the 59% gene-detection rate indicates many struc-
tures were missed. This may partly reflect lack of sequence
conservation, and the 1.1 X coverage of the sequence data
used. Mouse genomic sequence, however, shows double the
sensitivity and high gene and exon detection, at the expense
of much lower specificity. This is consistent with the obser-
vation that a quarter of mouse sequences matched using Blat
lay outside annotated exons. Taking exofish regions that align
to mouse matches, the specificity increases to 95%, 3% above
exofish alone. This combination is the most accurate gene
identification method assessed, but at the expense of sensi-
tivity. It is important to note that, although comparative se-
quencing methods identify regions to be annotated, they do
not provide enough information on their own to accurately
annotate gene structures.

Both GenScan and fgenesh predict only coding regions
of genes. Hence, the fairest comparison of these data is
with coding-gene ORFs. Sensitivity, specificity, and gene
and exon detection rate are all high, with GenScan slightly
more sensitive and fgenesh slightly more specific. However,
neither method is able to detect every gene or to iden-
tify complete exon/intron structures. Separating each Gen-
Scan prediction into exons and examining only those exons
that align to a mouse Blat match dramatically increases speci-
ficity, confirming that a combined approach reduces the
problems of false positives from either method alone (Korf et
al. 2001).

For pseudogene annotation, both the dbEST and vertrna
databases have high sensitivity and detection. Mouse ge-
nomic sequence also scores well for pseudogene detection at
the gene-hit level, but with low sensitivity, indicating that
comparative genomic sequence analysis detects the pseudo-
genes but does not give full coverage of pseudogene struc-
tures. Gene prediction programs identify ORFs, and, not sur-
prisingly, performed poorly for pseudogene detection.

It is also informative to compare the results of the de-
tailed annotation approach performed here with annotation
obtained from high-throughput approaches. One such ap-
proach is simply to align vertebrate cDNA sequences to the
genomic sequence, as we have done. The resulting sensitivity
and specificity is relatively high, as discussed earlier, contrib-
uting approximately 70% of the annotation. However this
sensitivity is slightly inflated because we have been contrib-
uting additional cDNA sequences to the databases as we have
confirmed them. To assess a different annotation approach,
we also examined an example of one of the high-through-
put annotation databases, Ensembl (build 28) (http://
www.ensembl.org), by calculating sensitivity (0.50) and speci-
ficity (0.90) compared with the whole chromosome 22 anno-
tation as before. These results indicate that, although Ensembl
has relatively few false-positive predictions, the additional in-
formation gained by the detailed approach described here
over and above the first pass approach is substantial. How-
ever, it should also be pointed out that simply measuring
sensitivity and specificity alone does not provide detailed in-
formation on either the continuity of gene structures or their
correctness. Indeed, as time has passed, much of the experi-
mental cDNA sequencing we have done has been confirmed
by new ESTs or cDNAs entering the databases, and the key
value of human intervention and experimental sequencing
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comes in linking partial structures and resolving evidence so
that annotations are accurate.

DISCUSSION

The updated set of public and proprietary EST and cDNA se-
quence databases as well as experimental verification has al-
lowed the extent of protein-coding gene annotation to be
greatly increased (Table 1). We have subdivided the set of 153
partial genes into 121 genes where we believe there is more
cDNA sequence to identify and 32 where the annotation ap-
pears to be the result of a small genomic duplication that
included only part of a coding gene. We propose that these
partial gene duplications are prepseudogenes, as they do not
have a disrupted ORF, but at the same time they have no
evidence of expression and are not a complete copy of the
original gene, as has recently been proposed in C. elegans
(Mounsey et al. 2002). We have also improved the annotation
of pseudogenes so that the pseudogene content of chromo-
some 22 is now almost one-third of the total annotation. This
is primarily because of the availability of more human ge-
nome sequence. Intriguingly, the revised annotation criteria
have allowed us to categorize 31 transcripts that do not ap-
pear to code for protein, 16 of which may be antisense RNAs.

Previous annotations of finished human chromosome
sequence (Dunham et al. 1999b; Hattori et al. 2000; Deloukas
et al. 2001) have followed similar strategies, on the basis of
identification of transcribed sequences supported by cDNA or
EST sequences. However, until now these annotations have
not been updated to take account of new evidence and have
not had extensive experimental confirmation. The present
annotation involved several iterations of automatic analysis
of the genomic sequence, followed by manual annotation
and completion of genes with directed laboratory work. It
follows a set of criteria as defined earlier and each annotation
has been assessed individually according to the evidence. The
gene prediction programs and the cross-species analysis have
helped to identify expressed regions of the genome, but it is
the cDNA-derived sequence data that have been used to de-
fine the final gene structures. In addition, in contrast to pre-
vious chromosome annotations including our own, we have
chosen to categorize our gene structures according to the
completeness and functionality of the structures rather than
by the evidence that was used to find them. It seems to us that
this has significant value for users of the annotation. The
requirement for evidence of transcription in human tissue
before a gene is considered complete should ensure that the
genes are biologically active. The annotation cannot be final,
as a proportion of the genes does not satisfy the complete
gene criteria. There remains the possibility of further genes to
be discovered and for movement between categories as fur-
ther data become available, for instance by experimental con-
firmation of the 5’ and 3’ ends of partial genes. Additionally,
with further sequence information, some unspliced ESTs cur-
rently outside of our criteria may span splice sites or gain
confirmed 3’ ends, providing new gene annotations. How-
ever, overall we believe that this annotation provides a high-
quality reference both for functional analysis of genes on
chromosome 22, and for training the next generation of an-
notation programs. It also acts as a template for future human
genome annotation, and we recommend consideration of a
similar strategy and classification to provide a complete hu-
man gene index. In considering the practicality of this ap-
proach, it is noteworthy that our annotation of 1% of the

genome has required ~6 person years for bioinformatics, an-
notation, and experimental work, within the context of the
bioinformatics infrastructure of a large genome center.
Clearly, this would have to be streamlined for the remainder
of the genome, but, with the experience gained and the in-
creasing amount of cDNA sequence entering the database,
this should be possible. It could be envisaged that a three-tier
approach could be adopted, with initial annotation based on
human intervention to resolve initial gene structures based
on expressed sequence alignments, gene prediction, and com-
parative sequence data. This would be followed by a second
tier of experimental cDNA sequencing to join or resolve gene
structures, and then a final tier of detailed analysis gene by
gene with experimentation to finish off 5’ ends, or fully de-
scribe alternative splices. The manpower required would in-
crease through the tiers, and would become increasingly com-
munity based for the final tier. The initial part of this system
is already the basis for annotation of finished genome se-
quence at the Sanger Institute.

Finally, our new annotation enables revision of the esti-
mated number of protein-coding genes in the genome. Ex-
trapolating from 546 protein-coding genes from 1.1% of the
genome and correcting for gene density (http://www.ncbi.
nlm.nih.gov/genemap99/page.cgi?’F=GeneDistrib.html) gives
35,968 genes in the genome. Extending the analysis to in-
clude the published annotations of chromosomes 20 (De-
loukas et al. 2001) and 21 (Hattori et al. 2000) and taking the
mean gives a lower estimate of 30,137. If 32 chromosome 22
partial gene duplications are also excluded, the same calcula-
tion predicts 29,434 protein-coding genes. Assuming the
pseudogene distribution within the genome is unbiased, the
chromosome 22 data indicate there are ~21,300 pseudogenes
in the whole genome. Similarly, without distribution bias,
there may be as many as 1500 antisense RNAs.

METHODS

Genomic Sequence Analysis

The assembled genomic DNA sequence of human chromo-
some 22 (Version3 http://www.sanger.ac.uk/HGP/Chr22/
cwa_archive/Release_3_14-09-2001 identical to the NCBI 30
build of the human genome sequence [see http://www.
ensembl.org/Homo_sapiens/stats/status.html]) was analyzed
for repetitive sequences and repeats were masked using Re-
peatMasker (http://ftp.genome.washington.edu/RM/
RepeatMasker.html). Masked sequence was analyzed using
WU BLAST 2.0 (W. Gish, 1996-2002, http://blast.wustl.edu)
against dbEST (version 112001; Boguski and Schuler 1995); a
set of vertebrate mRNA sequences extracted from EMBL 68
(termed EMBL_vertmRNA); a set of 1436 Incyte Genomics EST
and cDNA sequences received in December 2000 that
matched chromosome 22 at 85% identity and either extended
annotated genes or were new spliced structures (a kind gift
from J. Seilhamer and L. Stuve); and the predicted protein
databases Swissprot 40.6 (Bairoch and Apweiler 2000), sp-
trEMBL 15, Wormpep 25, and Gadfly release 2. Nucleotide
and protein similarity searches were postprocessed using MSP-
crunch (Sonnhammer and Durbin 1994) to exclude matches
below either 90% or 30% identity, respectively. The masked
sequence was also matched to T. nigroviridis genomic se-
quence (421 Mb of Tetraodon shotgun sequence reads, equiva-
lent to 1.1 X genome coverage) using the Exofish algorithm
(Roest Crollius et al. 2000; a kind gift from H. Roest-Crollius
[Genoscope, Evry, France]) and to mouse whole genomic se-
quence using BLAT (Kent 2002; ~8 Gb of raw mouse shotgun
sequence reads equivalent to 2.0 X genome coverage, a kind
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gift from J. Kent [University of California, Santa Cruz, CA])
and exonerate (G. Slater, unpubl.; ~5Gb of raw mouse shot-
gun sequence reads equivalent to 1.3 X genome coverage, a
kind gift from G. Slater [Wellcome Trust Sanger Institute,
Hinxton, UK]). Masked sequence was analyzed for putative
exons using GenScan (Burge and Karlin 1997) and fgenesh
(Solovyev et al. 1995). CpG islands of =400 bases were pre-
dicted in unmasked sequence using CPGFIND (G. Micklem,
unpubl.), using minimum cutoffs of 50% G+C and 0.6 ob-
served/expected CpG frequency. Potential U2-dependent in-
trons were identified by scanning the sequence and identify-
ing introns supported by spliced ESTs or cDNAs (Levine and
Durbin 2001). Analyses were converted into ACEDB format
and displayed in a chromosome 22-specific implementation
of ACEDB (Durbin and Thierry-Mieg 1991; Dunham and
Maslen 1996). To annotate gene structures and check anno-
tation, we used a mixture of manual inspection, a variety of
tools provided in ACEDB including Genefinder (Favello et al.
1995), alignment between cDNA and genomic sequences us-
ing EST_GENOME (Mott 1997), and a series of external Perl
scripts written ad_hoc in Perl 5.004_04. Tools to extract and
convert data formats were also written in Perl. Perl scripts are
available on request from dmb@sanger.ac.uk. DOTTER was
performed as previously described (Sonnhammer and Durbin
1995). The variable (IGLV) gene segments of the immuno-
globulin N\ locus were annotated based on previously pub-
lished descriptions (Kawasaki et al. 1995; Lefranc 2001).
Gene names used in the annotation are either approved
by the HUGO Nomenclature Committee (Wain et al. 2002),
or, when an official name has not yet been assigned, are
named by reference to the sequence in which they reside.

Directed cDNA Sequencing

To confirm and extend the cDNA sequence, we either se-
quenced fragments that were PCR amplified from primary
cDNA or sequenced fragments that were PCR amplified from
pools of DNA from cDNA clones modified with vectorette
bubble linkers. For amplification from cDNA, PCR primers
designed to bridge between potential exons were used to am-
plify from Human Universal QUICK-Clone cDNA (Clontech
Cat# 7109-1). PCR was performed as described in Dunham et
al. (1999a) using Advantage Taq Polymerase (Clontech), Per-
fectMatch PCR Enhancer (Stratagene), and TagExtender PCR
additive (Stratagene). PCR fragments were cleaned by either
QIAquick Gel Extraction Kit or Shrimp alkaline phosphatase
(1 unit, Amersham) and Exonucleasel (1 unit, Amersham),
sequenced and realigned to genomic sequence using EST_
GENOME (Mott 1997).

For recovery of cDNA fragments by vectorette PCR,
cDNA libraries from 13 tissues (Invitrogen: fetal brain, fetal
liver, neuroblastoma, fetal lung, adult heart, peripheral blood
HL60; Clontech: testis, adult lung; a gift from D. Simmonds
[Institute of Molecular Medicine, Oxford, UK]: placenta, adult
brain, monocyte U937, B lymphoma Daudi; a gift from M.
Stammers [Wellcome Trust Sanger Institute, Hinxton, UK]:
small intestine) were titrated and, for each library, 25 pools of
20,000 clones (a total of 6.5 million cDNA clones) were grown
overnight in 25 mL of LB broth plus the appropriate antibi-
otic. DNA was extracted, the cDNA insert excised with an
appropriate restriction enzyme, and vectorette bubble adap-
tors (Riley et al. 1990) ligated to the cDNA fragments. To
identify pools containing useful cDNA clones, we screened
primers designed from potential exon sequences across the
pools by PCR. The complete cDNA clone inserts were then
amplified from the positive pools of 20,000 clones using one
gene specific primer and the bubble primer 224 by PCR using
Ampli-Taq with manual hot start, PerfectMatch PCR En-
hancer (Stratagene) and TaqExtender PCR additive (Strata-
gene). Amplified fragments were purified, sequenced, and re-
aligned to the genomic DNA as described earlier.
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Analysis of the Annotation

All analyses of the annotation set were performed using the
genomic sequence analysis data and annotation extracted in
gff format (http://www.sanger.ac.uk/Software/formats/GFF/
index.shtml) from the ACEDB database. The coordinates
of the annotation features and data sources relative to
the genomic sequences were extracted and overall coverage
in nucleotides calculated. The sensitivity and specificity
of each annotation data source relative to the final anno-
tation were determined as described in Burset and Guigo
(1996). For the strand-specific data sources (protein databases,
GenScan, and fgenesh), we calculated sensitivity and specific-
ity on both a strand-specific and strand-independent basis.
However, because there was no significant difference in these
figures, only the strand-independent data are shown in Ta-
ble 2.
In brief, the following values were calculated.

True positives (TP): The number of annotated nucleotides
matched by a data source.

False negatives (FN): The number of annotated nucleotides
not matched in the data source.

False positives (FP): The number of chromosome 22 sequence
nucleotides aligned to the data source that do not form part
of the annotation.

Sensitivity (Sn) and specificity (Sp) were defined as:

S TP
"=TP+FN
S TP

P = TP+ P

In addition, for the expressed sequence data sources (dbEST
and vertebrate mRNAs), we calculated a weighted specificity
and a threshold specificity. For the weighted specificity, we
take into account the number of sequence matches in the
data source to a true-positive or false-positive base by incre-
menting the contribution of that base by the number of times
it is matched in the data source, either without limit or up to
a limit. In the threshold specificity, we only allow a base to be
included in the specificity calculation if it has been matched
by the data source at least N times, where N is the threshold
value. The behavior of both of these modified specificity val-
ues is examined in the supplementary information. We also
determined whether any part of a gene or exon was detected
by each data source, which we refer to as gene hits and exon
hits, respectively. The IGLV gene segments were not included
in the gene or exon detection analysis. The IGLJ gene seg-
ments were included in pairs with their respective Immuno-
globulin N constant (IGLC) gene segment. A variety of Perl
scripts were used to analyze other features of the annotated
genes, and these are available on request from dmb@
sanger.ac.uk.
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