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Gene Content and Function of the Ancestral
Chromosome Fusion Site in Human Chromosome
2ql3-2ql4.1 and Paralogous Regions

Yuxin Fan, Tera Newman, Elena Linardopoulou, and Barbara |. Trask'
Division of Human Biology, Fred Hutchinson Cancer Research Center, Seattle, Washington 98109-1024, USA

Various portions of the region surrounding the site where two ancestral chromosomes fused to form human
chromosome 2 are duplicated elsewhere in the human genome, primarily in subtelomeric and pericentromeric
locations. At least 24 potentially functional genes and 16 pseudogenes reside in the 6l4-kb of sequence
surrounding the fusion site and paralogous segments on other chromosomes. By comparing the sequences of
genomic copies and transcripts, we show that at least 18 of the genes in these paralogous regions are
transcriptionally active. Among these genes are new members of the cobalamin synthetase W domain (CBWD)
and forkhead domain FOXD4 gene families. Copies of RPL23A and SNRPAI on chromosome 2 are
retrotransposed-processed pseudogenes that were included in segmental duplications; we find 53 RPL23A
pseudogenes in the human genome and map the functional copy of SNRPAI to 15qter. The draft sequence of the
human genome also provides new information on the location and intron-exon structure of functional copies of
other 2q-fusion genes (PGMS5, retina-specific F379, helicase CHLRI, and acrosin). This study illustrates that the
duplication and rearrangement of subtelomeric and pericentromeric regions have functional relevance to human
biology; these processes can change gene dosage and/or generate genes with new functions.

[Supplemental material is available online at http:/ / www.genome.org. Sequence data reported in this paper have
been deposited in GenBank and assigned the following accession nos.: AF452722, AF452723, and AF452724.]

Two ancestral chromosomes fused head-to-head to form
human chromosome 2 (Yunis and Prakash 1982). This
gross karyotypic change probably contributed to the repro-
ductive barrier between the early humans who carried this
new structure and closely related hominids. Sequences
that once resided near the telomeres of the two fusion part-
ners are now interstitially located in band 2q13-2q14.1
(2qFus, for short) (Ijdo et al. 1991), but portions of these
regions had already duplicated and spread to/from subtelo-
meric and pericentromeric regions before the fusion. More
recent exchanges propagated some blocks of sequence to ad-
ditional sites and/or homogenized the sequences of subtelo-
meric segments on different chromosomes. These past events
are now apparent in the cross-hybridization patterns of
2qFus- and subtelomere-derived probes (Ijdo et al. 1991; Trask
et al. 1993, 1998; Hoglund et al. 1995; Martin-Gallardo
et al. 1995; Ning et al. 1996; Ciccodicola et al. 2000; Park
et al. 2000; Mefford et al. 2001; Martin et al. 2002; Fan et al.
2002) and the extensive sequence similarity among para-
logous sites (Bailey et al. 2002; Martin et al. 2002; Fan et al.
2002).

Duplications can spawn new genes. In many cases, the
duplicates will degenerate into pseudogenes; in other cases,
the parent and daughter copies evolve to take on distinct
functions (Nei et al. 1997; Lynch and Conery 2000). We were
therefore interested in examining the gene content of the
intra- and interchromosomal duplications involving 2qFus-
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related sequence. Because these duplications took place dur-
ing hominid evolution, resulting variation in gene number
and function might contribute to phenotypic differences
among primates. In addition, we were interested in compar-
ing the fates of genes sequestered at the interstitial fusion site
with their counterparts in subtelomeric and pericentromeric
locations, in light of the different evolutionary processes and
possible constraints on expression that might act on these
different genomic compartments.

The Sanger Centre annotated seven genes or gene ho-
mologies in its GenBank entry of BAC RP11-395L14 (http://
www.sanger.ac.uk/HGP/), which derives from 2qFus (Martin
et al. 2002; Fan et al. 2002). Martin et al. (2002) reported that
several of these genes occur in more than one copy in the
human genome. Prior to our study, however, detailed analy-
ses of only two functional genes within the multicopy inter-
stitial “subtelomeric” region at 2qFus had been reported in
the literature. These are RABL2A (RAS oncogene family-like
2A) (Wong et al. 1999) and a retina-specific transcript called
F379 (Mah et al. 2001). RABL2A’s close relative, RABL2B, is
located at the subtelomeric region of 22q13.3 (22qter); both
are ubiquitously expressed (Wong et al. 1999). Mah and col-
leagues (2001) found evidence for at least eight copies of
F379, mostly near telomeres, and demonstrated that multiple
copies are transcriptionally active.

In this paper, we analyze the gene content of 614 kb
surrounding the fusion site and paralogous segments in other
genomic locations. Of the 11 genes within this region, nine
are duplicated at least once elsewhere in the genome. Our
analyses of publicly available sequence uncover four members
of CBWD and FOXD4-like gene families dispersed at 2qFus,
9pter, 9p11.2, and 9q13. At least two members of each family
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are transcriptionally active, and others are potentially func-
tional. We have re-evaluated and revised the chromosomal
assignments of several members of the new F379 gene family.
We have also characterized the genomic structure of
the single-copy TIC and PAX8 genes, which map within
400 kb of the fusion site, and functional copies of CHLRI,
SNRPA1, and PGMS genes. The 2qFus paralogs of these genes
are pseudogenes. In addition, the 2qFus fusion site contains
one of at least 53 RPL23A-processed pseudogenes in the
human genome; some arose via retrotransposition of

processed mRNA, others were propagated via segmental du-
plications.

RESULTS

Gene Content of the Fusion Region and
Paralogous Segments

Figure 1 summarizes the gene content of the 614-kb region
surrounding the fusion site, which is marked by two head-to-
head arrays of degenerate telomere repeats. Over 360 kb of the
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Figure 1 Gene content of sequences at the 2gq13-q14.1 fusion site and paralogous regions. Each line corresponds to sequence from a different
chromosomal region. For the 68-kb region immediately surrounding the fusion site, only sequences with homology to genes are shown. Locations
in parentheses are tentative (see below) and based on FISH, hybrid panel analysis, and the human genome assembly (Fan et al. 2002). The blocks
on 9p11.2 may derive from 9q13. The large arrows indicate the state of each gene in each chromosomal location (e.g., full-length, partial, or
disrupted ORF; see legend in figure) and point in the predicted direction of transcription relative to the genomic sequence. They are not drawn
to scale. Bent black arrows indicate the genes for which transcriptional activity has been documented by us or others (see text). The exons of the
11 genes or pseudogenes identified in the 2qFus sequence are drawn to scale in the bottom line. As the 2qFus copies of PGM5 and ACR are partial
genes, the exons for these genes are drawn to scale on the lines for 9913 and 22qter, respectively. Details of sequence identity and chromosomal
mapping data of homologous sequence blocks are provided in Fan et al. 2002. Solid lines indicate the extent of sequence coverage of avail-
able clones in the regions of interest as of March 1, 2002. Red solid lines indicate the regions with >95% average identity to 2qFus sequence.
Red dotted lines indicate adjoining regions with no available sequence, but that were shown by PCR to be homologous to 2gFus (Fan et al. 2002).
Different colors are used to indicate divergent sequence, with solid lines indicating the extent of contiguous sequence coverage, and dot-
ted lines indicating either unavailable sequence or sequence in (non)overlapping clones that lack homology to any of the other segments
shown. Orientations indicated in parentheses are tentative. In the bottom section, short lines extending from the gene arrows indicate flanking
homology to 2qFus (red) or among each other (gray); the full extent of homology is not indicated. Gene arrows without protruding lines are
sequences of PCR products (Mah et al. 2001). The GenBank accessions for sequences shown are 22qter (AC002055, AC002056), 9p11.2-A
(AL512605), and 9p11.2-B (AL445925) (tentative; one or both may derive from 9q13, see Fan et al. 2002), 9q13 (AL161457, AL353608,
AL353616), 9pter (AL356244, AL449043), 2q11.2-A (AC008268), 2q11.2-B (AC009238), 19pter (AL627309, tentative; Fan et al. 2002), 12pter
(AC026369), 12p11 (AC008013), 12p13-A (AC009533), 12p13-B (AC092821), 15qter (AF282022/796310 and AC023024 (SNRPAT)), 16pter
(284812), Xqter (AJ271736/M57752), 17911 (AF001689), and 2qFus (AC016683, AC016745, AC017074, AL0O78621). All are finished sequence
except AC092821.
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region is duplicated elsewhere in the genome (Martin et al.
2002; Fan et al. 2002). Only the sequences on either end of
the contiguous sequence are unique to 2qFus. The region sur-
rounding the telomere-repeat arrays is a medley of small
blocks of sequence that are duplicated on seven or more chro-
mosomes, primarily near telomeres (Fan et al. 2002). Sur-
rounding this complex region are much larger duplicated seg-
ments shared by 2qFus and one to three other genomic loca-
tions. These larger paralogous blocks range in size from 20 kb
to over 168 kb, and they are 96% to 99% identical to 2qFus
sequence (Martin et al. 2002; Fan et al. 2002). The accompa-
nying paper provides information on the assembly of these
paralogous segments, their chromosomal localization, and
their evolutionary history (Fan et al. 2002).

At least 11 known genes have homology to sequences
within the 614-kb region surrounding the fusion site (Fig. 1).
Only two genes, TIC and PAXS8, are single-copy. The other
nine are duplicated in at least one other location in the ge-
nome. Our analyses of the genomic organization and tran-
scriptional activity of the multicopy genes are described in the
following sections. The RAS oncogene family genes RABL2A
(2qFus) and RABL2B (22qter), which were described and
shown to be expressed by Wong et al. (1999), and the acrosin
(ACR) gene, which was shown earlier to be intact on 22qter
and truncated in 2qFus (Bailey et al. 2002; Martin et al. 2002),
are not discussed further here. Tables of the sequences at the
intron-exon boundaries of the multiexon genes are included
in Supplementary Table 3, available online at http://
www.genome.org. Gene coordinates are given with respect to
the 614-kb 2qFus contiguous sequence (available as a FASTA
file at http://www.fhcrc.org/labs/trask/subtelomeres/
index.html), as the current practice of trimming bacterial ar-
tificial chromosome (BAC) sequences to minimize overlap re-
dundancy in final GenBank entries renders ambiguous coor-
dinates given with respect to the actual full-length BAC
sequences.

Cobalamin Synthetase W Domain (CBWD) Genes

Each of the segmental duplications on chromosome 2qFus,
9pter, 9q13, and 9p11.2 contains a CBWD gene. The paralogs
on 2qFus and 9pter were identified previously from genomic
sequence (Martin et al. 2002), but neither was evaluated for
transcriptional activity. Cobalamin synthetase W (COBW) is
an intronless gene isolated from Pseudomonas denitrificans,
which encodes a 354-amino-acid cobalamin (vitamin B12)-
synthesis protein (Crouzet et al. 1991). Three of the human
CBWD paralogs (CBWD1, CBWD2, CBWD3 in 9pter, 2qFus,
and 9q13, respectively) encompass 59 kb (nucleotides
275125-332999 in 2qFus) and encode an 1188-bp open read-
ing frame (ORF) composed of 15 exons (Figs. 1 and 2). Of the
395 amino acids in the predicted human protein sequences,
~50% are similar and ~27% are identical to the Pseudomonas
protein (M62866). Available sequence for the 9p11.2-A block
covers only exons 7-15, but this portion contains an in-frame
stop codon (named CBWD4P, for COBW domain-containing
four pseudogenes) (Fig. 2).

As expected from the recent origin of these paralogous du-
plications (Fan et al. 2002), the mouse genome contains only
one COBW-like gene; it maps to mouse chromosome 19 within
a region that contains orthologs to both 9q13 and 9pter.

No two of the human CBWD paralogs are identical (Fig.
2). The maximal difference is between 9pter and 9q13 (1.2%
and 2% at nucleotide and amino-acid levels, respectively).

The sequence conservation of the three intact human CBWD
genes indicates that they are under selective pressure for func-
tion. Overall, the coding exons are 0.4% -0.7% more con-
served than the 5’ and 3’ flanking noncoding portions of the
duplicated segments.

At least two CBWD paralogs, on 9pter and 2qFus, are
transcriptionally active. The kidney cDNA BC005996 and a
1275-bp EST contiguous sequence assembled from three pla-
cental ESTs (see Fig. 2 legend) are identical to CBWD]I, indi-
cating that the 9pter locus is transcriptionally active.
AF212253, an 1131-nucleotide transcript isolated from the
adrenal gland, appears to be an alternatively spliced form
lacking exons 9 and 10 transcribed from 9pter (only 3 nucleo-
tide differences). We assembled another cDNA sequence from
eight PCR products that we amplified from human fetal brain
cDNA (AF452722). This sequence spans the ORF, and its best
match is the 2qFus paralog (4 nucleotide and 3 amino-acid
differences in 1188 nucleotides/395 amino acids). Assuming
that these are allelic polymorphisms, we conclude that the
2qFus copy, CBWD2, is also transcribed. Another full-length,
1680-nucleotide cDNA derived from human fetal brain,
AF257330 (Shi et al. 2001), most closely matches copies on
9pter and 2qFus at the nucleotide level (6 nucleotide differ-
ences each), but is more similar to 9pter than 2qFus at the
amino-acid level (2 vs. 4 amino-acid differences). It is not
clear if these differences are SNPs among 9pter alleles or if
they represent yet another paralog in the genome.

FOXD4-Like Genes

One FOXD4-like gene resides in each of the four 2qFus-
paralogous segments (Figs. 1 and 3). These genes are members
of a large family of transcription factors with highly con-
served 100-amino-acid DNA-binding forkhead domains (Lai
et al. 1991). Forkhead proteins regulate embryonic develop-
ment (Ruiz i Altaba et al. 1993) and act as oncogenes when
overexpressed (Li and Vogt 1993). In 1994, Pierrou et al. iden-
tified a 318-bp partial human cDNA sequence (U13223) with
high homology to the forkhead domain and named it
FREACS for forkhead related activator 5 (Pierrou et al. 1994).
This gene was recently renamed FOXD4 (Kaestner et al. 2000).
Larsson et al. (1995) assigned this gene to the pericentromeric
region of chromosome 9 by PCR analysis of a hybrid panel
and FISH, although FISH signals were also seen on chromo-
some 2. Our sequence analyses indicate that the U13223
cDNA instead derives from 9pter, and that three other poten-
tially functional FOXD4 genes reside in 2qFus (nucleotides
336513-337739), 9q13, and 9p11.2. These three genes are as-
signed the names FOXD4L1, FOXD4L3, and FOXD4L2, respec-
tively. The similarity among the human FOXD4 genes (97.7%
to 98.9% identity at the nucleotide level) correlates with the
overall homology among the four segmental duplications
that generated them (Fan et al. 2002).

All four FOXD4 paralogs are predicted to encode single-
exon ORFs of =408 amino acids with conserved amino ter-
mini, including the highly conserved forkhead domain (Fig.
3). A TATA box and a transcription start site lie 189 and 160
nucleotides, respectively, upstream of the predicted transla-
tion start site in all four genes (data not shown). A poly-A
signal sequence, AATAAA, can be found 544-697 nucleotides
downstream of the stop codon in each gene (data not shown).
Despite these similarities, two frameshift-causing mutations
make the carboxy-terminal portions (after amino acid 292) of
the predicted human proteins grossly different (Fig. 3; Supple-
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Figure 3 (A) Comparison of predicted amino-acid sequence of cDNA and paralogous genomic copies of forkhead FOXD4-like genes. FOXD4,
FOXD4L1, FOXD4L3, and FOXD4L2 represent human forkhead domain-containing genes from 9pter, 2qFus, 9913, and 9p11.2, respectively,
derived from BAC sequences. Foxd4 is an orthologous mouse forkhead protein (fkh-2, X86368). All genes are single-exon. AF452723 and
AF452724 are cDNA sequences we generated by PCR from human heart Marathon-Ready cDNAs. U13223 is a published 318-bp partial human
FOXD4 (FREACS5) cDNA (Pierrou et al. 1994). Blue residues are identical to the mouse Foxd4 protein; black residues differ from it. The underlined
region indicates 100-amino-acid conserved forkhead DNA-binding domain. The locations of the 1-bp and 53-bp deletions relative to mouse Foxd4
are indicated; each causes a frame shift. Red stars indicate both stop codons. An alignment of the corresponding nucleotide sequences and
locations of primers used in our analysis are in Supplemental Figure A (available online at http://www.genome.org). (B) Summary of the putative
protein structures of human FOXD4-like subfamily. Colors indicate homologous regions at the amino-acid level. Light blue blocks regions are =49%
identical to mouse Foxd4. Green blocks are conserved forkhead domains (=96% amino-acid identity). References for transcriptional activity are a
(Kaestner et al. 1995); b (Pierrou et al. 1994); others, present study. The sequence containing FOXD4L2 is tentatively assigned to 9p11.2 based
on FISH results (Fan et al. 2002), but may derive from 9q13.

Genome Research 1667
www.genome.org



Fan et al.

mental Fig. A, available online at http://www.genome.org). A
1-bp deletion after amino acid 292 changes the reading frame
of the copies in 9pter, 9q13, and 9p11.2 relative to that in
2qFus. Further on, a 53-bp deletion after amino acid 363 in
2qFus and 349 in 9pter alters their reading frame relative to
the other two human versions. We resequenced these genes
from overlapping PCR products amplified from BACs representing
the four FOXD4 loci and a chromosome-2 hybrid line and con-
firmed the accuracy of the publicly available sequence (data not
shown). Using primers flanking the 53-bp deletion, we also ampli-
fied two PCR products differing by ~53 bp from a chromosome-9
hybrid line, thereby confirming the presence of both long and
short FOXD4-like forms on this chromosome (data not shown).

The mouse genome appears to contain only one Foxd4
gene, for which a transcript has been identified from embry-
onic tissue (X86368, previously called fkh-2) (Kaestner et al.
1995). Like its human orthologs, the mouse Foxd4 protein is
encoded by a single-exon gene. It maps to mouse chromo-
some 19B. Overall, the mouse gene is ~79% to ~82% identical
to the human genes at the nucleotide level, but the level of
identity varies across the gene (Fig. 3; Supplemental Fig. A,
available online at http://www.genome.org). The human
paralogs are remarkably similar to the mouse gene within the
297-bp/99-amino-acid forkhead domain (92.3-93.3% identity
at the nucleotide level and 96-99% identity at the amino-acid
level). In contrast, the human genes have only ~65% nucleo-
tide identity and ~49% amino-acid identity to the mouse gene
in the amino-terminal region preceding of the forkhead do-
main because of a combination of single nucleotide changes
and insertions or deletions (10 or 11 involving from 1-12 bp,
8 of which cause frameshifts). The mouse and human genes
show ~70% nucleotide identity and 52-56% amino-acid iden-
tity in the region between the forkhead domain and amino
acid 292. After this point, only the proteins encoded by 2qFus and
9pter are homologous to the mouse protein, and then only partly
so. The 2qFus gene lacks the 1-bp deletion after amino acid 292
and is therefore homologous to the mouse protein up to the 53-bp
deletion. As FOXD4 in 9pter has both the 1-bp and 53-bp dele-
tions, the carboxl terminus of its predicted protein product is read
in the same frame as the mouse product. Except for these two
partial homologies to the predicted mouse protein, the carboxyl
termini of the human paralogs are not similar to the carboxyl ter-
mini of any known forkhead-domain protein.

The nucleotide changes that have occurred in the fork-
head domain since divergence of the mouse and human or-
thologs are highly biased for synonymous changes (34-39
synonymous changes/100 synonymous sites vs. 1-3 nonsyn-
onymous changes/100 nonsynonymous sites). Ka/Ks ratios of
0.022-0.074, a sign of strong purifying selection, are obtained
when the human sequences are compared with the mouse se-
quence in the forkhead domain. We observe the signature of
milder purifying selection in the less conserved 84-amino-acid
region between the forkhead domain and the first frameshift-
causing deletion (Ka/Ks ~0.6, human genes relative to mouse).

So far, we have evidence that at least two of the human
FOXD4 paralogs are transcriptionally active. As noted above,
the 9pter paralog is identical at the nucleotide level to the
partial FOXD4 (FREACS) cDNA sequence published by Pierrou
et al. (1994) (Fig. 3; Supplemental Fig. A, available online at
http://www.genome.org). Because Pierrou and coworkers had
shown FOXD4 to be expressed at high levels in heart and
skeletal muscle and at low levels in other tissues examined by
Northern blot analyses (Pierrou et al. 1994), we performed
PCR analyses on ¢cDNA from heart tissue in order to detect

1668 Genome Research
www.genome.org

transcription of the 2qFus paralog. As this is a single-exon
gene, genomic contamination was a concern, so we situated
our FOXD4L1-specific primers so as to flank the 53-bp dele-
tion. The genome contains at least two short and two long
forms, but we detected only the short 2qFus-like form in the
cDNA (only one SNP is found between the amplified cDNA,
submitted as AF452723, and the 2qFus genomic sequence in
1227 nucleotides compared; Supplemental Fig. A, available
online at http://www.genome.org). The SNP causes an amino-
acid change in the forkhead domain at position 179 (Fig. 3),
making this cDNA sequence identical to mouse Foxd4 within
the forkhead domain at the amino-acid level. We also de-
signed sets of PCR primers to specifically amplify transcripts
in heart tissue derived from each of the FOXD4-like loci on
chromosome 9 and confirmed the transcriptional activity of
the 9pter paralog (submitted as AF452724). Transcripts of the
9p11.2 or 9q13 copies were not detected in this tissue, despite
the use of a primer situated within the 53-bp region retained
in these two genes and deleted from the other two. It remains
possible that these genes are expressed in other tissues.

Phosphoglucomutase-Related Protein (PGM5) Genes
Segmental duplications generated three partial copies of
PGMS from the intact locus in 9q13. PGMS (also called PGM-
RP) was originally cloned as a transcript from a human uterus
c¢DNA library and mapped to 9cen-9q13 by Moiseeva et al.
(1996). Edwards and colleagues (1995) had earlier demon-
strated a broad tissue expression pattern and duplication of
PGMS5 sequence around the centromere of chromosome 9.
With the availability of the draft human genome assembly,
the intact gene can now be assigned to 9q13. The gene spans
172 kb and encodes an 11-exon, 507-amino-acid ORF. The
cDNA sequenced by Moiseeva et al. matches the 9q13 ge-
nomic sequence with 100% identity. Because this large gene
spans two breakpoints of homology between 9q13 and other
loci (Fig. 1), PGMS5 copies on 9p11.2-B, 9pter, and 2qFus are
truncated (9p11.2-B has 5’ UTR and first 6 exons; 9pter and
2qFus [nucleotides 379272-400554] have 5’ UTR and first 2
exons). In addition, the start codons in both the 2qFus and
9pter copies have mutated from ATG to ACG. The mouse
PGMS5 ortholog maps to chromosome 19, and the predicted
mouse and human proteins are 97% identical.

Retina-Specific F379 Genes

The multicopy region near the fusion site contains one of at
least eight copies of F379 in the human genome. F379s are
retina-specific transcripts of unknown function that were
identified recently by Mah and colleagues (2001). They iden-
tified a full-length 3-exon cDNA of 1188 bp, which is pre-
dicted to encode an 85-amino-acid protein. Five other tran-
scripts with slightly different nucleotide sequences were iden-
tified in retina cDNA libraries or public EST databases, and
eight F379 paralogs were identified by PCR analyses of hybrid
panel DNAs (Mah et al. 2001). We confirmed the existence
of F379 genes on chromosomes 2, 3, 6, 9, 12, 15, 19, and
20 by hybrid-panel PCR using primers immediately flank-
ing the F379 gene in the 2qFus sequence (Fan et al. 2002).
BAC genomic sequences are available for four of these F379
paralogs, that is, those on 2qFus (nucleotides 414983-
415581), 9pter, 12pter, and 19pter, which appear to have
been generated by segmental duplications among subtelo-
meres (Fig. 1). We confirmed the chromosomal location of
each sequenced BAC by FISH (data not shown). Mah et al.
(2001) also ascribe F379 sequences to chromosome 22
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(ALO78621), 10 (AL135795), and 21 (AC073186, now
AL627309), but none of these locations is consistent with the
hybrid-panel results. These chromosome assignments reflect
erroneous mapping information in GenBank entries or earlier
drafts of the human genome. The first two genomic clones
cross the fusion site on chromosome 2. AC073186 contains
no chromosome-specific DNA, but most likely represents a vari-
ant form of the subtelomeric region of 19p (Fan et al. 2002).

F379 transcripts identical to the genomic copies assigned
to 2qFus, 9pter/19pter, 3, and 15 have been identified so far
(in total, four distinct genes) (Mah et al. 2001) (Fig. 1). Given
the frequency of subtelomeric exchanges, however, the chro-
mosomal distribution of F379 variants in the individuals from
which transcripts were obtained may differ from that in the
individuals whose DNA was used for the human genome se-
quencing project and the prototypic individual represented in
the hybrid panel (Linardopoulou et al. 2001). As expected
from their subtelomeric location, F379 genes are polymorphic
in number. FISH with an F379-specific probe identifies 10 or
23 copies in the genomes of two tested individuals (data not
shown). F379 copies were polymorphically present in these
individuals on 1pter, Sqter, 8pter, and 11pter, which are lo-
cations not identified by the hybrid-panel analysis, and
20qter. If a mouse ortholog of F379 exists, it has not yet been
sequenced by public or Celera efforts.

CHLRI Genes

A multicopy segment on the centromere-proximal side of the
2q fusion site (nucleotides 43718-438686) contains one of
many incomplete copies of CHLRI in the human genome
(Fig. 1). CHLR1 is a homolog of yeast Chl1, which is a member
of the DEAD/DEAH family of DNA and RNA helicases and is
critical for proper chromosome transmission in mitosis (Ger-
ring et al. 1990). Two human transcripts, CHLR1 and CHLR2,
differing by 1.6% at the nucleotide and 2.6% at the predicted
protein levels, were cloned previously by Amann and cowork-
ers and mapped by FISH to chromosome 12p11 and/or 12p13
(Amann et al. 1996, 1997).

Our analyses indicate that CHLRI sequences have been
caught up in two series of segmental duplications. At least
three complete copies of the gene were generated by duplica-
tion of a >30-kb segment shared by AC008013, AC009533,
and AC092821, which map to chromosomes 12p11, 12p13
(A), and 12p13 (B) in the draft genome assembly, respectively
(Fig. 1). AC008013 has 34 kb and =63 kb in common with
ACO009533 and AC092821, respectively (98.1% identity).
These three genes each contain 26 exons spanning ~25 kb, but
only the copy assigned to 12p11 appears to encode an intact
OREF. It is nearly identical to the transcript of Amann et al.
(U33833) (4 nucleotide/1 amino-acid differences in 2721
nucleotide/906 amino-acid compared). The other two contain
a 1-bp, frameshift-causing deletion (one in exon 19 and the
other in exon 25). A rearranged portion of CHLRI has also
been propagated among many subtelomeric locations as part
of another segmental duplication (Fig. 1). Available genomic
sequences of these copies from 2qFus, 15qter, 16 qter, 19pter,
and Xqter (Fig. 1) share =3.5 kb, at 97.5%-98.5% nucleotide
identity, encompassing CHLR1 exons 18 and 22-25 and the 3’
UTR. In all these copies, 1286 bp containing exons 19-21
have been deleted and replaced with a 40-bp segment not
present in any of the full-length copies. PCR analyses of a
hybrid panel and FISH analyses (Fan et al. 2002) (Brown
et al. 1990) indicate that there are at least five additional cop-

ies in the genome, on chromosomes 3, 6, 9, 20, and Y. Copy
number and chromosomal location of these partial CHLRI
genes, like F379, vary among individuals (Brown et al. 1990).

Remarkably, the human genomic location containing
CHLR2 has not been sequenced yet. All available genomic
copies differ from this transcript (U33834) by 1.3% or more
(=29 nucleotides in 2202).

Ribosomal Protein L23A (RPL23A)-Like

Processed Pseudogenes

One of >50 copies of processed RPL23A pseudogenes in the
human genome resides in 2qFus (nucleotides 449035-
449489). The functional, intron-containing RPL23A gene was
isolated and mapped to human chromosome 17q11 previ-
ously (Fan et al. 1997). This group also estimated the existence
of 30-40 other pseudogenes in the human genome (Fan et al.
1997). We can now find a total of 53 RPL23A pseudogenes in
sequenced BAC and cosmid clones (Supplemental Table 1,
available online at http://www.genome.org). Every human
chromosome except 15 and Y appears to have been a recipient
of at least one RPL23A pseudogene. Each is intronless and
spans ~471 bp. All but five have incurred mutations that dis-
rupt the original ORFs, and all are likely to lack promoter
sequences. These pseudogenes represent 42 independent ret-
rotransposition events—cross_match analysis detects no sig-
nificant homology between the clones in sequences flanking
the pseudogenes. This high number of processed pseudogenes
is not unusual for genes encoding ribosomal proteins and is
presumably a consequence of their ubiquitous transcription
at high levels (Davies et al. 1989).

Two of the retrotransposed pseudogenes were propa-
gated further as part of segmental duplications. One pseudo-
gene duplicated as part of a larger block (of up to 67 kb) to at
least 10 locations distributed on 10 chromosomes (Supple-
mental Table 1, available online at http://www.genome.org).
All six of the copies mapped by sequence assembly or FISH are
located in subtelomeric (or 2qFus) regions. These duplicates
were created over period of several million years, as they are
now 95%-98.6% identical. A second RPL23A pseudogene
propagated to at least three locations as part of a much smaller
segmental duplication (901-924 bp) (Supplemental Table 1,
available online at http://www.genome.org). These duplications
are only 90%-91% identical and therefore appear to be the re-
sult of duplication events that predated hominid divergence.

Small Nuclear Ribonucleopolypeptide Al (SNRPAI)
Gene and Processed Pseudogenes

A 768-bp ORF within the 2qFus sequence homologous to
22qter (nucleotides 495164-495931) is 98% identical to
X13482, a SNRPA1 cDNA (Sillekens et al. 1989) (Fig. 1).
SNRPA1 is a small ribonucleoprotein constituent of the U2
snRNP particle (Sillekens et al. 1989). The 22qter paralog has
two 1-bp frameshift-causing deletions. Both the 2qFus and
22qter copies are processed pseudogenes—a multi-exon
SNRPA1 gene is found in RP11-299G20 (AC023024). The
1054-bp SNRPA1 cDNA spans 9 exons and 13.5 kb of se-
quence in this clone, with 99.9% identity (data not shown). A
SNRPA1 EST contiguous sequence made up of AL522821,
BI089073, AL522987, BG828833, and BE738305 is 100% iden-
tical to this genomic sequence (data not shown). We mapped
RP11-299G20 to 15qter (15926.3) by FISH and confirmed its
location by PCR analysis of the hybrid panel (data not shown).
We conclude that the processed pseudogenes originated by a
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retrotransposition from 15qter, followed by segmental duplica-
tion between chromosome 22 and the ancestor of 2qFus.

The mouse and human SNRPA1 genes define a disrup-
tion in conserved synteny: The mouse gene maps to chromo-
some 7 where it is surrounded by genes whose human or-
thologs map to 15q11-q12, not 15qter (http://www.jax.org).
The human SNRPA1 gene differs from the mouse orthologs
(AF230356) by a 3-bp (1-amino-acid) deletion and 66 nucleo-
tide changes that lead to only 7-amino-acid differences
(Supplemental Fig. B, available online at http://
www.genome.org). Strong purifying selection has acted on
the mouse and human genes: The Ka:Ks ratio is 0.04. The pro-
cessed pseudogenes in 2qFus and 22qter also have low Ka:Ks
ratios when compared with the mouse gene (~0.06), indicating
that insufficient time has elapsed to completely erase the signa-
ture of past purifying selection on these pseudogenes.

Single-Copy Genes TIC and PAX8

Two single-copy genes, TIC and PAXS, reside in the centro-
mere-proximal portion of the 2qFus region. A TIC transcript
from peripheral blood mononuclear cells was mapped distal
of the interleukin-1 cluster and dubbed TIC, for telomeric of
interleukin-1 cluster (U63127; T.P. Klenka, R. Herbst, and
M.J.H. Nicklin, unpubl.). Comparison of the transcript to
2qFus genomic sequence now shows that the gene comprises
16 exons and spans 19 kb (nucleotides 19714-38672). We
detect six SNPs, leading to four predicted amino-acid changes,
between the cDNA and genomic sequences within the 3171-
bp ORF. A second partial TIC cDNA sequence (AK023421)
differs from U63127 and 2qFus genomic sequence by 6 and 5
nucleotide changes in 2028 bp compared, respectively. Be-
cause we find no other TIC-like sequences in the genome by
PCR analyses of a monochromosomal hybrid panel or data-
base mining, we conclude that these are allelic differences (or
sequencing errors). As far as we are aware, no function has
been ascribed to TIC, but the predicted protein has homology
to yeast SEC7, which is required for membrane traffic from
the Golgi apparatus (Achstetter et al. 1988), and mammalian
proteins with SEC7 domains are positive regulators of ADP-
ribosylation factor (ARF) GTPases (Chardin et al. 1996; Mayer
et al. 2001).

The PAXS8 gene spans 60 kb of the proximal single-copy
region near the fusion site (nucleotides 55790-115650). PAX8
was cloned previously from a human kidney carcinoma cell
line (L19606), mapped to 2q12-q14, and shown to be alter-
natively spliced (Kozmik et al. 1993, 1997). PAX8 codes for a
paired-box homeotic protein, which is a transcription factor
associated with congenital hypothyroidism, thyroid hypopla-
sia, and kidney development (Macchia et al. 1998; Torban and
Goodyer 1998). Newly available genomic sequence indicates
that the gene has 11 exons, not 10 as originally reported
(Kozmik et al. 1993). We also detect one SNP, which causes no
amino-acid change, in the 1353-bp ORF by comparing the
¢DNA and genomic sequence.

DISCUSSION

Our genomic investigations of the chromosome-2 fusion site
have illuminated the complex and dynamic history of se-
quences in this region. Segmental duplications involving
2qFus-paralogous sequences have multiplied seven genes.
Two to seven or more copies of these genes are now present in
the human genome. 2qFus-related sequences have also been
the target for two retrotransposed pseudogenes (of RPL23A
and SNRPA1) that have functional and nonfunctional relatives
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elsewhere in the genome. Segmental duplications were respon-
sible for multiplying some of these pseudogenes further.

The existence of genes in the 2qFus-paralogous segments
supports the idea that duplications are an important evolu-
tionary process for functional change (Nei et al. 1997). Of the
32 genes belonging to the gene families associated with seg-
mental duplications of the fusion region (excluding processed
pseudogenes), 14 are transcriptionally active; six more appear
to be capable of encoding functional proteins and may be
transcribed in tissues or at developmental stages not yet ex-
amined; and 12 are pseudogenes with partial or disrupted
ORFs. The fate of these duplicated genes is therefore consis-
tent with the birth-and-death model for gene evolution (Nei
etal. 1997). The relatively high fraction of potentially functional
genes could reflect the action of purifying selection on the du-
plicates and/or the relative young age of some of these duplica-
tions (1% —4% overall divergence; Fan et al. 2002). Both our
transcriptional assays and measurements of Ka/Ks ratios, how-
ever, indicate that many of these genes encode functional pro-
teins. Some duplicates may have maintained the original gene’s
function, but increased the effective dosage. In other cases, the
new copies might have evolved to take on new functions.

As far as we are aware, the CBWD genes in 2qFus and
paralogous blocks are the first known eukaryotic homologs of
the cobalamin synthetase W gene. Martin et al. (2002) recog-
nized that these genes were multicopy; we demonstrate here
that at least two paralogs are transcriptionally active. It will be
important to conduct biochemical studies to determine if
they function in the synthesis of vitamin B12 as they do in
Pseudomonas and whether the paralogs have adopted distinct
tissue-distribution patterns and/or functions in humans.

We are especially intrigued by the striking differences
among the predicted carboxyl termini of the FOXD4 paralogs,
which contrast with the extremely high conservation of their
forkhead domains. Gross carboxy-terminal diversity is typical
for other FOXD proteins, possibly to convey cell-type specific
functions (Kaestner et al. 2000). So far, we can find transcripts
from heart tissue corresponding to two paralogs. We will be
curious to learn whether the varied FOXD4 forms have
adopted cell-type specific functions or if the carboxyl termini
are unimportant for the function of these proteins.

Because forkhead genes are key regulators of embryogen-
esis and tumorigenesis (Kaufmann and Knochel 1996), muta-
tions in one or more of the FOXD4 genes identified here could
lead to human disease. Mutations in other forkhead genes
cause specific human diseases, including glaucoma (FOXC1)
(Nishimura et al. 1998), lymphodema-distichiasis syndrome
(FOXC2) (Fang et al. 2000), and a speech and language disor-
der (FOXP2) (Lai et al. 2001). The mouse Foxd4 ortholog is a
candidate gene for the mouse mdf (muscle-deficient) muta-
tion, which is characterized by nervous tremors and degen-
eration of the hindlimb muscles (Blot et al. 1995; Poirier et al.
1998). Because functional orthology need not correspond to
genomic orthology, any of the human FOXD4 paralogs is a
candidate for a role in analogous defects in humans.

The genes we describe here are embedded in regions with
extensive homology to each other. Such regions are highly
susceptible to ectopic recombination events that can result in
gross chromosomal rearrangements (Ji et al. 2000; Samonte
and FEichler 2002; Stankiewicz and Lupski 2002). These rear-
rangements could disrupt or alter the dosage of any of the
genes described here, leading to an abnormal phenotype. It
will therefore be worthwhile to test for such alterations in
the genes identified in this study as potential candidates for
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human diseases linked to the ancestral fusion site or paralo-
gous blocks. Moreover, normal variation in the sequence,
copy number, and/or chromosomal context of these genes,
such as the subtelomerically located retina-specific F379 tran-
scripts (Mah et al. 2001) and olfactory receptor genes (Mefford
et al. 2001), may contribute to phenotypic differences among
healthy individuals.

METHODS

Database Mining and Sequence Analyses

The assembly, validation, and chromosomal mapping of ge-
nomic sequences analyzed for this report are described in the
accompanying manuscript (Fan et al. 2002). Homologous se-
quences were obtained and analyzed by BLASTN, BLASTP, and/
or BLASTX (Altschul et al. 1997) (http://www.ncbi.nlm.nih.gov/
BLAST/) or cross_match (http://www.genome.washington.edu/
phrap_documentation.html), and percentage identities
calculated as described elsewhere (Fan et al. 2002). Multiple se-
quence alignments were performed using ClustalW 1.8 (http://
searchlauncher.bcm.tmc.edu/multi-align/multi-align.html).
We used Diverge to calculate Ka/Ks ratios with addition for satu-
ration levels of mutation for pairs of genes (S. Olsen, http://
www.accelrys.com/support/bio/genhelp/) (Li et al. 1985; Li 1993).

PCR Analyses of Monochromosomal Hybrid Panel
and BAGCs

We amplified specific segments from various chromosomes
isolated in monochromosomal hybrid cell lines and BAC
clones by PCR (80-100 or 5-10 ng DNA/reaction, respectively)
to validate sequences obtained from GenBank. The primers are
available on our Web site (http://www.fhcrc.org/labs/trask/
subtelomeres/index.html) and listed in Supplemental Table 2,
available online at http://www.genome.org. The PCR reaction
conditions are described elsewhere (Fan et al. 2002).

Fluorescence In Situ Hybridization (FISH)

The chromosomal locations of BACs and a 6-kb PCR product en-
compassing a F379 gene was performed as described elsewhere
(Fan et al. 2002). The F379 probe was generated from P1
RMCOMPO13 (Trask et al. 1998) using primers given in Supple-
mental Table 2 (available online at http://www.genome.org) and
the Boehringer-Mannheim Expand Long PCR System.

PCR of Marathon-Ready cDNA

Human brain and heart Marathon-Ready cDNAs (Clontech,
Palo Alto, CA) were assayed for expression of specific genes.
The PCR reactions contained 5 pL of Marathon-Ready cDNA,
250 uyM dNTPs, 10 uM gene-specific primer (Supplemental
Table 2, available online at http://www.genome.org) and
adapter primer, and 1 pL Advantage 2 Polymerase Mix (Clon-
tech). Cycling conditions were 94°C for 30 sec, 30 cycles of 5
sec at 94°C and 2 min at 68°C, followed by 5 min at 70°C.

DNA Sequencing

Excess dNTPs and primers were removed from DNA produced
by PCR amplification with 2 U/uL of shrimp alkaline phos-
phatase and 10 U/pL of exonuclease I (Amersham, Piscataway,
NJ) to 5 pL of PCR product, or by purifying 20 uL of PCR product
through Sephacryl 300 spin columns (Sigma). Bulk PCR prod-
ucts were sequenced with Ready Reaction Big-dye terminator
PRISM kits with AmpliTaq FS (Perkin Elmer). Sequencing prim-
ers were the same as those used for PCR amplification.
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