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The Evolutionary Origin of Human Subtelomeric Homologies—or Where
the Ends Begin
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The subtelomeric regions of human chromosomes are comprised of sequence homologies shared between distinct
subsets of chromosomes. In the course of developing a set of unique human telomere clones, we identified many
clones containing such shared homologies, characterized by the presence of cross-hybridization signals on one or
more telomeres in a fluorescence in situ hybridization (FISH) assay. We studied the evolutionary origin of seven
subtelomeric clones by performing comparative FISH analysis on a primate panel that included great apes and Old
World monkeys. All clones tested showed a single hybridization site in Old World monkeys that corresponded to
one of the orthologous human sites, thus indicating the ancestral origin. The timing of the duplication events varied
among the subtelomeric regions, from ~5 to ~25 million years ago. To examine the origin of and mechanism for
one of these subtelomeric duplications, we compared the sequence derived from human 2q13—an ancestral fusion
site of two great ape telomeric regions—with its paralogous subtelomeric sequences at 9p and 22q. These paralogous
regions share large continuous homologies and contain three genes: RABL2B, forkhead box D4, and COBW-like.
Our results provide further evidence for subtelomeric-mediated genomic duplication and demonstrate that these
segmental duplications are most likely the result of ancestral unbalanced translocations that have been fixed in the
genome during recent primate evolution.

Introduction shared homologies are <2 kb in length and suggest the
occurrence of frequent exchanges among all telomeres
(Flint et al. 1997). The proximal subdomain is com-
prised of much longer segments (10-40 kb) of shared
sequence homologies from fewer chromosomes (Flint et
al. 1997), which indicates recent duplications of this
domain. These recent duplications could be the result
of unbalanced translocations occurring between telo-
meres during primate evolution.

We recently reported a second-generation set of
unique BAC, PAC, and P1 human telomere clones lo-
cated within 500 kb of the end of each chromosome
arm (Knight et al. 2000). In the course of the devel-
opment and characterization of these unique clones, a
number of nonunique genomic clones were also iden-
tified from the subtelomeric region, characterized by the
presence of cross-hybridization signals on multiple telo-
meres in a FISH assay. Genomic clones containing such
shared sequence homologies can be characterized as be-
ing derived from the proximal or distal subtelomeric
domains on the basis of their hybridization pattern:

The end of every human chromosome is capped with
3-20 kb of tandemly repeated TTAGGG sequences
(Moyzis et al. 1988). Immediately adjacent to the ter-
minal simple sequence repeat are 100-300 kb of DNA
comprised of sequence homologies shared between dis-
tinct subsets of chromosomes, referred to as the “sub-
telomeric region” (Brown et al. 1990). Unique, chro-
mosome-specific DNA is located proximal to this sub-
telomeric region.

Previous sequence analysis of three human subtelo-
meric regions suggested a structure comprised of two
distinct subtelomeric domains, which are separated by a
boundary element comprised of degenerate (TTAGGG),
repeats and putative-origin-of-replication consensus se-
quences (Flint et al. 1997). The distal subdomain lies
adjacent to the (TTAGGG), sequence and is characterized
by a mosaic of short segments of shared sequence ho-
mologies from many different chromosomes; these
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clones from the proximal domain generally show strong
cross-hybridization on two to three telomeres, whereas
clones from the distal domain show weaker cross-hy-
bridization on many additional telomeres.

Further investigations of subtelomeric sequence ho-
mologies may shed light on recent gene and genomic
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Table 1

Proximal Subtelomeric Clones
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Cognate Cross-Hybridization

Telomere  Subtelomeric Clone(s) (Marker)? Pattern Human Draft Sequence Equivalent®

2q cos 2003* (yRM2003) 8p RPCI11-91]19, RPCI11-115B2, RPCI11-47F2, and RPCI11-18D5

4p BAC 136B17* (AFMAO060ZES) 1p RPCI1-296G16 and RPCI11-460119

4q BAC 204M23* (TYAC18 ) 4p RPCI11-565A3

8p BAC 131N4* (TEL8P069), 1p CTA-366D10, RPCI11-139L10, RPCI11-18D5, RPCI11-47F2,
BAC 57M17 (131N4-T7), RPCI11-112904, and CTA-344E3
and PAC 63M14* (VIJ2205)

22q cos c202* (RABL2B) 2q13 Cosmid n94H12, n1G3

9p BAC 305]7* (VI]J2039) 2q13, 9 pericentromeric ~ RPCI11-143M1 and RPCI11-174M15

9q BAC 120H19 (VIJ2241) 10p, 16p, 18p RPCI11-424E7

10p BAC 100E1 (TEL10P62) 9q, 16p, 18p ND

12p BAC 8M16 (TYAC14) 6p, 20q RPCI11-28313 and RPCI11-467M14

17p BAC 282M15 (TEL17P80) 11p, 16p BAC536F19

* Asterisks (*) indicate clones used for primate panel FISH analysis.

> ND = not determined.

duplication events that maintain large segments of in-
terchromosomal sequence homologies. Previous studies
have defined three classes of segmental duplication: in-
trachromosomal (Ji et al. 2000), pericentromeric, and
subtelomeric (the last two classes have also been col-
lectively referred to as “transchromosomal” by Eichler
[2001]). However, the mechanism behind the generation
of subtelomeric duplications remains to be elucidated.

In the present study, we examined the hypothesis that
subtelomeric genomic duplications result from ancestral
unbalanced translocation events. The evolutionary or-
igin of seven proximal subtelomeric clones was studied
using FISH. In addition, to determine the mechanism
of subtelomeric duplication, we analyzed the “break-
point” sequence—defined as the transition between the
homologous region and the chromosome-specific se-
quence—from one of these subtelomeric duplications,
which included the human chromosomal region 2q13.
The human 2q13 region is the ancestral fusion site of
the telomeric regions of two great ape chromosomes
(Iido et al. 1991). The ancestral subtelomeric sequences
at human 2q13 were previously shown to be homolo-
gous to 9p (Lese et al. 1999) and 22q (Ning et al. 1996;
Wong et al. 1999). It has been proposed that sequence
exchanges occur among nonhomologous chromosomes
within the subtelomeric regions (Flint et al. 1997; Pryde
et al. 1997). The dynamic nature of the subtelomeric
region makes it difficult to analyze the origin of sub-
telomeric sequences. However, the interstitial position
of the two ancestral subtelomeric regions at 2q13 makes
them unlikely to interact with other subtelomeric se-
quences. Therefore, this region provides a “molecular
fossil” for the study of the evolution of the subtelomeric
sequences. Finally, to determine whether these subtelo-
meric sequence duplications are involved in the creation
of gene families, we examined the level of gene ho-
mology within these duplicated regions.

Material and Methods

Isolation of Genomic Clones

Human genomic clones were identified by PCR screen-
ing of a PAC or BAC library (Incyte Genomics PAC
library [RPCI-1]; Incyte Genomics BAC library [Incyte
Genomics Release I]). Genomic clones were isolated us-
ing the markers shown in table 1. The primer sets for
previously unpublished markers are 131N4-T7-F (5'-
TGACAGCATTGCTAAGTGCC-3) and 131N4-T7-R
(5-ATGCTGTGTTTCTGCGAATG-3).

The Primate Panel

Five nonhuman primate cell lines were used in the
present study. Lymphoblastoid cell lines were used for
three great ape species: chimpanzee (Pan troglodytes),
gorilla (Gorilla gorilla), and orangutan (Pongo pyg-
maeus). Two Old World monkey species were used: a
fibroblast cell line (GM03446) was used for macaque
(Macaca fascicularis), and a lymphoblastoid cell line was
used for baboon (Papio hamadryas). Lymphocytes or
lymphoblast cell lines from karyotypically normal hu-
mans were used. Metaphase cells were obtained and
slides prepared following standard procedures.

FISH

Genomic clones were labeled using a standard nick
translation reaction with either directly labeled nucleo-
tides (Spectrum Orange and Spectrum Green; Vysis) or
indirectly labeled nucleotides, biotin and digoxigenin,
which require detection after hybridization with Avi-
din—fluorescein isothiocyanate and anti-digoxigenin-
rhodamine, respectively (Boehringer Manheim). Labeled
genomic probes were hybridized to metaphase spreads
from humans and the other primates. At least 10 cells



974

were analyzed using direct microscopic visualization
and digital-imaging analysis. Chromosome identification
was achieved by inverted 4,6-diamidino-2-phenylindole
(DAPI) staining.

Sequence Analysis

Sequence information was obtained from the clones
used in the present study, either by end sequencing or
by sample sequencing, where DNA from the clones was
first digested with EcoRI, then the resulting fragments
were subcloned into pBluescript IT KS- (Stratagene) and
were sequenced with T3 and T7 primers. BLASTN se-
quence-similarity searches were performed against the
nr (nonredundant) and htgs (high-throughput genomic
sequences) divisions of GenBank, to look for equivalent
clones in the Human Draft Sequence.

BLASTN sequence-similarity searches were also per-
formed to look for paralogous sequences among the
2q13, 9p, and 22q subtelomeric regions. Contigs in un-
finished sequences were ordered using the Pipmaker pro-
gram (Schwartz et al. 2000), on the basis of its paral-
ogous sequences.

When a BAC clone was not completely sequenced, the
individual contigs were joined without filling the gap (i.e.,
force joined). In some cases, the gaps in the sequence were
filled by PCR using primers designed on both sides of the
gaps. The primers used are 480gap1F (5-~AGCCCAGAA-
AACCACAGAGG-3'), 480gap1R (5-GAGAAATCACT-
GTCCTCTGC-3'), 480C16gap3F (5-GCACTGATACT-
CTTTCCTTC-3'), 480C16gap3R (5-GAGCATGTTTT-
GAAGAGGTAG-3'), 480C16gap4F (5-GGCAGACAA-
AGAGGGTATGG-3), and 480C16gap4R (5-CTGCAT-
GCACATGTATGCAT-3)).

Ten nanograms of RPCI11-480C16 BAC DNA were
used as PCR template. PCR product was purified using
the QIAquick PCR purification kit (Qiagen) and was
sequenced on both strands with BigDye Terminator
chemistry, following a standard protocol (Applied Bio-
systems). Sequences from BAC clones covering the same
subtelomeric region were assembled into a single se-
quence through use of Sequencher 4.1 (Gene Code Cor-
poration). Sequence similarities among paralogous re-
gions were analyzed using the PipMaker program
(Schwartz et al. 2000). To estimate the overall percentage
of similarity between two paralogous regions, repetitive
elements were first identified and eliminated using
RepeatMasker program (RepeatMasker Web Server).
The unique sequences were then aligned using the Blast
2 sequence program (Blast 2 Sequences Web site). The
percent similarity was calculated using the formula
L(number of matched bases)/L. + number of indels x
100 (Horvath et al. 2000).

The Nix program (Nix Application Web site) was
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used to search for genes and possible open reading
frames within the subtelomeric sequences. The Clus-
talW multiple alignment program (Clustal W Web site)
was used to compare the putative gene sequences in
the paralogous regions. Primers were designed to ver-
ify the divergence of the sequences between two chro-
mosomes. The primers used are 2-22bkF (§-TCTTC-
CAAGGCCTAAAAGCC-3'), ACRexon3F (5-ACCT-
GGCTTACCTTGTGCCC-3'), 2-22bkR (5'-GACCA-
TGGAGTCAGTAATGAC-3'), 2gbpR (5-CCCCTA-
CCTGTGTTCTCTTC-3'), 9pbpR (5-CCCATACAG-
TGAAGGCATTAC-3), 2q9pbpF (5-GGGGCGAGG-
ATTACACCTAC-3'), 2q13UF (5-TTTGCTACTCT-
CTCCACACCTG-3'), 2qcenUF (5-GGTGATTCTT-
CCACAGGCAC-3'), and 2qdupR (5-ATGGATTCA-
TCTGTTCCTCC-3').

DNAs from monochromosomal hybrid cell lines for
chromosome 2 (GM11712), chromosome 9 (GM10611),
and chromosome 22 (GM13258) were used as templates
for PCR. DNAs from monochromosomal hybrid cell
lines for chromosome 1 (GM13139), chromosome 3
(GM11713), and chromosome 4 (GM11687) were used
as negative controls. All monochromosomal hybrid cell
lines are available from the Coriell Cell Repository.

Results

Identification of Proximal Subtelomeric Domain Clones

Table 1 lists the human proximal subtelomeric domain
clones that were identified in the course of the present
study and the markers used to isolate them. Random
short sequences were obtained from these clones, and
BLAST searches were performed to identify their cor-
responding regions in the Human Draft Sequence. All
clones show hybridization to the cognate telomere and
cross-hybridization to one to three additional telomeres.

FISH Analysis of Proximal Subtelomeric Domain
Clones

Proximal subtelomeric clones were used for compar-
ative FISH studies. FISH analysis was performed on
metaphase spreads from human and other members of
the primate panel, including chimpanzee, gorilla, orang-
utan, macaque, and baboon.

As shown in figure 1, BAC 136B17 from human 4p
hybridizes to chromosomes 4p and 1p in human but
shows only a single signal in the region orthologous to
4p in chimpanzee and all other species tested. Figure 2
summarizes the results from the analysis of additional
subtelomeric duplications. BAC 204M23 shows similar
results to those of BAC 136B17: in human, this clone
hybridizes to the short- and long-arm telomeres of chro-
mosome 4, but it only shows one signal in all other
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Figure 1
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Results of FISH for BAC 136B17 (from human chromosome 4p) on selected members of the primate panel. In human (A), this

clone hybridizes to the 4p telomere (large arrows) and to the 1p telomere (small arrows), with the signal intensity being greater on chromosome
4p. Only one hybridization signal (large arrows) is observed for this clone in chimpanzee (B) and macaque (C), both of which correspond to
the region orthologous to the human 4p telomere. Similar results were obtained for gorilla, orangutan, and baboon.

primates examined. Since these two clones showed du-
plicated signals only in human and not in the other pri-
mates, these duplications most likely occurred after the
divergence of humans from the great apes, <3-5 million
years ago.

All other duplications were present in chimpanzee and
thus arose >5 million years ago. The results for BAC
305]7 and cosmid ¢202 are discussed in more detail in
the “Ancestral Subtelomeric Regions at Human Chro-
mosome 2q13” subsection. Cosmid 2003, a clone de-
rived from a 2q telomere half-YAC, showed only a single
hybridization signal in orangutan and Old World mon-
keys, but a duplication from 8p to the orthologous re-
gion of human 2q occurred in gorilla, chimp, and hu-
man. In gorilla, other hybridization signals were ob-
served in addition to the 2q and 8p orthologous sites.
PAC 63M14 and BAC 131N4 showed a single hybrid-
ization signal only in Old World monkeys. Duplications
of sequences orthologous to the human 8p telomere oc-
curred after the divergence of the great apes from the
Old World monkeys. In human, both BAC 131N4 and
PAC 63M14 hybridize to chromosomes 1p and 8p; how-
ever, in most other species examined, these clones
showed multiple signals in addition to the two signals
observed in human.

As shown in figure 2, for all clones examined, the
origin of the duplicated segment could be traced back
to a single telomere in Old World monkeys, which cor-
responded to one of the human orthologous sites. The
timing of the duplication event varied among the dif-
ferent subtelomeric regions examined, and some pri-
mates were more prone to the occurrence of additional
duplication events.

Ancestral Subtelomeric Regions at Human
Chromosome 2q13

Human chromosome 2 originated from a fusion be-
tween two great ape acrocentric chromosomes (PTR12
and PTR13) (Yunis and Prakash 1982; Ijdo et al. 1991;
Wienberg et al. 1994; Kasai et al. 2000). Figure 3 shows
the site of the telomere-to-telomere fusion in humans,
at 2q13 (Ijdo et al. 1991). The q arm ancestral centro-
mere is localized at 2q21 and was inactivated after the
fusion event that resulted in a single stable chromosome
(Baldini et al. 1993).

We have previously shown by FISH that genomic
clones from the 9p and 22q telomeres share sequence
homology with the ancestral telomere region at 2q13 in
humans (Ning et al. 1996; Lese et al. 1999; Wong et al.
1999). In the present study, to determine the timing of
these duplications during primate evolution, FISH anal-
ysis was used with human probes from 9p and 22q on
metaphase cells from other primates.

BAC CITB-HSP-C 305]7 contains the half-YAC vec-
tor-insert junction sequence derived from the chromo-
some 9p telomere, and in humans it hybridizes to the
9p telomere, the pericentromeric region of chromosome
9, and 2q13, as shown in figure 4A (Lese et al. 1999).
Figure 4B shows results in chimpanzee, where BAC
305]7 hybridizes to the telomere that is orthologous to
human 9p; to the short-arm side of the centromere of
the human 9 ortholog; to the short arm of the chim-
panzee chromosome 12 telomere, which is orthologous
to the human 2q13 telomere fusion site; and to other
telomeric regions. Since only a single signal is present
near the centromere of chromosome 9, this sequence was
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Clone HSA PTR GGO PPY OWM
BAC 136B17 1p/4p 4p 4p 4p 4p
BAC 204M23 4p/dq 4q 4q 4q 4q
BAC 30517 2q13/9p/9 pericen. 2q13/9p/9p11 + other' 9% 9p 9p
cos 2003 2q/8p 2q/8p 2q/8p + other 8p 8p
cos ¢202 22q/2q13 22q/2q13 22q/2q13 + other' 22q 22q
PAC 63M14 1p/8p 1p/6q/8p + other’ 8p/6q + other' 6q/8p 8p
BAC 131N4 1p/8p 1p/8p + other’ 1p/8p + other” 1p/8p + other’ 8p

Figure 2

Summary of FISH results from seven human genomic clones tested on the primate panel. The evolutionary lineage between the

primates tested is depicted above the table; the molecular time scale used is adopted from Kumar and Hedges (1998) and is indicated in millions
of years (Myr). For all clones, the chromosomal localization for FISH hybridization is listed by reference to the human ortholog. The hybridization
signal was observed at the telomere region of each chromosome, unless otherwise noted. HSA = human; PTR = chimpanzee; GGO = gorilla;
PPY = orangutan; OWM = Old World monkeys (macaque and baboon); pericen. = pericentromeric. Clones listed as having “other” hy-
bridization signals indicate that additional hybridization signals were observed that were characterized by number of signals and chromosomal
position, as indicated by the following superscripts: 1 = two telomere regions; 2 = one telomere region; 3 = three telomere regions and one

interstitial region; and 4 = three telomere regions.

duplicated to the other side of the chromosome 9 cen-
tromere after the divergence of chimpanzee from human,
which results in the pericentromeric signals observed in
human (figs. 4A and 5). For gorilla, orangutan, and Old
World monkeys, hybridization signals were observed
only at an interstitial site on the human chromosome 9
ortholog (fig. 4C, 4D, and 4E, respectively). These in-
terstitial signals can be explained by the fact that the
chromosome 9 ortholog in these species is acrocentric
(Yunis and Prakash 1982; Wienberg et al. 1992). As
shown in Figure SA, a pericentric inversion must have
occurred after the divergence of the gorilla from the
hominoid lineage, to form a metacentric chromosome,
as seen in chimpanzee and human. The inversion relo-
cated the interstitial sequence to the telomeric region,
followed by a duplication to one side of the centromere.
By an unbalanced translocation event, the 9p subtelo-
meric region was then duplicated to the telomere of the
short arm of chimpanzee chromosome 12, which cor-
responds to the ancestral telomere site at 2q13 in hu-
mans (fig. SB).

To examine the timing of the duplication from the
telomere of 22q to 2q13, we used a human cosmid FISH
probe, ICRFc106C202, which contains the 22q genomic
region from the end of the acrosin gene to the proximal
subtelomeric domain (Ning et al. 1996; Wong et al.

1997). The results are outlined in figure 2. In human,
ICRFc106C202 hybridizes to the 22q telomere and
cross-hybridizes to 2q13 (Ning et al. 1996). A similar
hybridization signal pattern was observed in chimpan-
zee; cosmid ¢202 hybridizes to the orthologous site of
the human 22q telomere and to the short arm telomere
of chimpanzee chromosome 13, which is orthologous to
the human 2q13 telomere fusion site. In gorilla, weak
hybridization signals are present, in addition to the or-
thologous human 22q telomere and 2q13 sites. How-
ever, in orangutan and Old World monkeys, the hybrid-
ization signal is found only at the telomere of the human
22q ortholog. These results suggest that the 22q se-
quence is the ancestral copy; it was likely duplicated to
the short arm of a great ape chromosome after the di-
vergence of orangutan from the hominoid lineage.

Sequence Analysis of the Ancestral Subtelomeric
Regions at 2q13

As shown in figure 3, the 2q13 ancestral telomere fusion
site is flanked by two subtelomeric regions. While the
proximal region is homologous to the 9p subtelomeric
region, the subtelomeric region at the distal side of the
fusion site is homologous to the subtelomeric region on
chromosome 22q. To compare the size of the homologous
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Figure 3 The genomic region of the ancestral telomere fusion site at human 2q13. An idiogram of human chromosome 2 is shown at
the top. An expanded physical map is shown below the idiogram, with distance in kilobases from the telomere fusion site (indicated by the
“0” point). The BAC contig that covers the region is shown by blackened rectangles under the chromosome. The physical maps of chromosome
22q (from GenBank accession number NT011526; Dunham et al. 1999) and chromosome 9p are shown below the chromosome 2q13 region,
for comparison. On the distal side of the fusion site, the subtelomeric region is homologous to the 68-kb subtelomeric region at 22q, as
represented by the rectangular pattern in both chromosomes 2 and 22. Two genes, RABL2A and RABL2B, are within these homologous regions
on chromosomes 2 and 22, respectively. The “breakpoint” of this homologous region is within the acrosin (ACR) locus on chromosome 22q.
The telomeric repeat (TTAGGG), is represented by a solid gray box at the end of chromosome 22 and chromosome 9. Chromosomes 2 and
9 share ~189 kb of homologous subtelomeric sequence (indicated by a checker pattern on both chromosomes). The dashed lines at the telomere
of chromosome 9 show a 58-kb region that is not covered by any BAC clones. Two genes, FKHL9 and COBW-like (COBWL), as well as a
partial PGMS, are duplicated on chromosomes 2 and 9. Proximal to the ancestral subtelomeric domain on chromosome 2, a 100-kb region
(marked by diagonal lines) is duplicated at 2q11.2 (marked by the box with diagonal lines above the clones RPCI11-34G16 and RPCI11-

440D17).

region of 2q13 to that of the subtelomeric region of
22q, the RABL2A gene (GenBank accession number
AF095351), which is within the ancestral subtelomeric
domain of 2q13 and has an almost identical paralog on
22q (RABL2B; Wong et al. 1999), was used to search the
GenBank database for a clone from 2q13. One completely
sequenced BAC clone (RPCI11-3951.14 [GenBank acces-
sion number AL078621]) was found to contain the
RABL2A locus. This clone spans the end-to-end fusion
site of the two great ape chromosomes, as is evident by
the degenerative head-to-head arrays of telomeric repeats
(TTAGGG), at nucleotide positions 108305-109115 and
flanking telomere adjacent repeat 1 sequences, which are
usually found adjacent to the (TTAGGG), telomeric re-
peat (Wilkie et al. 1991). As shown in figure 3, the second
half of the RP11-395L.14 sequence (nucleotide positions
110495-176734) shares strong homology with the 22q
subtelomeric sequence (cosmid n94h12 [GenBank acces-

sion number AC002056] and cosmid n1G3 [GenBank
accession number AC002055]) (Dunham et al. 1999).

Since the end of the 2q13 ancestral subtelomeric se-
quence in RP11-395L14 is still homologous to the 22q
sequence, another GenBank database search was per-
formed to identify sequence overlapping with RPCI11-
395L.14. Sequence from BAC RPCI11-432G1S5 (GenBank
accession number AC017074) overlaps with the RPCI11-
395114 sequence and contains the “breakpoint” of this
homologous subtelomeric region. The “breakpoint™ se-
quences, defined as the transitional sequences between
the homologous subtelomeric sequences and sequences
unique to different chromosome ends, were determined
by aligning the 2q and 22q subtelomeric sequences against
each other. The breakpoint is located between exons 3
and 4 of the acrosin gene (ACR) on chromosome 22q,
which is 68,681 bp from the 22q telomere (fig. 3).

To confirm that the breakpoint sequence is truly where



978

Am. ]J. Hum. Genet. 70:972-984, 2002

Figure 4

Hybridization of BAC CITB-HSP-305]7 to various primate metaphase cells. In human (A), strong hybridization is visible at the

9p telomere (large arrows) and the pericentromeric region (small arrows) of chromosome 9. A weaker hybridization signal is present at 2q13
(arrow heads). In chimpanzee (B), hybridization signals are present at the sites orthologous to the human 9p telomere (large arrows), 9p11
(small arrows), and 2q13 (arrow heads). Additional hybridization signals were observed in chimpanzee, to two telomeric regions. In gorilla
(C), orangutan (D), and macaque (E), only a single hybridization signal (large arrows) is observed, at an interstitial site that is orthologous to

the human 9p telomere.

the divergence of the two subtelomeric sequences oc-
curs—rather than an artifact resulting from misassembly
of sequence contigs in the BAC clones covering the ho-
mologous region—PCR primers (2-22bkF, ACRexon3F,
and 2-22bkR) were designed on both sides of the break-
point sequence, and DNAs from monochromosomal hy-
brid cell lines were used as templates for PCR. There
are no repetitive elements in the 2q- and 22q-unique

sequences; therefore, it is unlikely that the duplication
of this ancestral subtelomeric region is due to a repetitive
element-mediated translocation.

The 22q subtelomeric and 2q13 ancestral subtelo-
meric regions share 98.8% overall sequence similarity.
To determine whether any change has occurred in these
paralogous regions since the ancestral duplication, a dot
plot of this 68-kb region was generated by the PipMaker
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Proposed sequence of duplication of the 9p subtelomeric sequence. The sequence of changes is indicated by the arrows, proceeding

from the top to the bottom of the figure. A, In gorilla (GGO), the human 9p subtelomeric sequence is within an interstitial region of the
orthologous chromosome. A pericentric inversion relocated this sequence to the subtelomeric region, as in human (HSA) and chimpanzee (PTR).
This 9p subtelomeric region is partially transposed to the centromere of PTR 11 (HSA 9). In human, the copy at the chromosome 9 centromere
is further duplicated around the pericentromeric region. B, Duplication of 9p subtelomeric sequence to PTR 12 through a translocation event
between the telomeres. Two great ape chromosomes (PTR 12 and PTR 13) fused to form human chromosome 2, which fixed this subtelomeric

sequence at an interstitial position.

program. Figure 6A demonstrates that these regions
share continuous homology from the breakpoint to the
end of chromosome.

To construct a physical map covering the ancestral sub-
telomeric region that is homologous to the 9p telomere,
a GenBank database search was performed to screen for
genomic clones overlapping with the first half of RPCI11-
395114 (nucleotide positions 1-110494). The results are
summarized in figure 3. Three BAC clones from 2q13 (the
first half of RPCI11-395L14, RPCI11-480C16 [Gen-
Bank accession number AC016745], and RPCI11-65112
[GenBank accession number AC016683]) were assembled
into a single sequence of 439,061 bp. The first 36 kb
contain a distal subtelomeric domain, which shares dis-
continuous homology with sequences at many other chro-
mosome ends. However, pairwise alignment shows that
this distal subtelomeric domain shares no homology with
the 22q subtelomeric domain. In addition, degenerative
telomeric repeat (TTAGGG), sequences are not present
at the boundary between the distal and proximal domain.
The proximal domain of this ancestral subtelomeric re-
gion is homologous to that of chromosome 9p. Figure 3
shows a 350-kb BAC contig at the subtelomeric region
of 9p. The breakpoint of the homologous subtelomeric
region between 2q13 and 9p is at nucleotide position
189490 of 2q13 or nucleotide position 130178 of the Ip
sequence contig.

The sequence that is unique to 2q after the breakpoint
contains no repetitive elements. However, an Alu sequence
was found adjacent to the 9p breakpoint. Since the 2q
breakpoint does not contain an Alu element, it is unlikely

that the duplication between the 2q13 ancestral subtelo-
meric and 9p subtelomeric sequence is a result of repeti-
tive element-mediated translocation. Primers (2qbpR,
2q9pbpE, and 9pbpR) were designed from the putative
breakpoint sequence, to verify the position of the diver-
gence between the chromosome 2 and 9 sequences. When
the primers specific for the 2q breakpoint (2qbpR/
2q9pbpF) were used for PCR, the reaction that used chro-
mosome 9 monochromosomal hybrid DNA as a template
showed a product. Further sequence analysis showed that
this chromosome 2 breakpoint sequence matches chro-
mosome 9 BAC clones located at the centromeric
region (RPCI11-403A15 [GenBank accession number
AL445925], RPCI11-87H9 [GenBank accession number
AL353763], RPCI11-284A21 [GenBank accession num-
ber AC025021], and RPCI11-88118 [GenBank accession
number AL161457]), which show discontinuous ho-
mology to the 9p subtelomeric sequence.

The sequence similarities between the chromosome 2
breakpoint and the chromosome 9 centromeric region
were confirmed independently by FISH. Figure 7 shows
FISH using a probe for RPCI11-480C16, from the 2q13
region; hybridization signals are present in the chro-
mosome 9 pericentromeric region, at the 9p telomere,
and at 2q13 and 2q11.2. This FISH hybridization pat-
tern was examined more closely through use of sequence
analysis. A complex sequence-rearrangement pattern
was identified at the breakpoint region between the 2q
ancestral subtelomeric and 9p subtelomeric sequence.
Proximal to the 2q13 ancestral subtelomeric region, at
nucleotide positions 216098-317838, the sequence is
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Figure 6 A dot plot comparison between the homologous subtelomeric sequences of the 2q13 and 22q regions (A) and the distal

subtelomeric domains of 22q and 4p (GenBank accession number Z95704) (B). The subtelomeric 22q sequence contains the acrosin gene (ACR;
the last two exons are included), a minisatellite repeat 3'AR, a processed pseudogene U2 snRNP specific polypeptide A (U2snRNP), and the
RABL2B gene. All exons are highlighted in yellow, and other sequences are in gray. The degenerative (TTAGGG), repeat sequence, which marks
the boundary of the proximal and distal subtelomeric domains, is highlighted in pink.

duplicated to 2q11.2. A 357,785-bp sequence, which is
assembled from BACs RPCI11-34G16 (GenBank acces-
sion number AC008268) and RPCI11-440D17 (Gen-
Bank accession number AC009237), covers the 100-kb
duplicated sequence at 2q11.2 (fig. 3). The telomeric
breakpoint of the ancestral subtelomeric region is be-
tween two L1 repetitive elements, whereas the duplicated
region at 2q11.2 is within an L1 and a MER90 element.
No repetitive element is found at the centromeric break-
point for either of the duplicated regions, and no known
or predicted genes are present within the duplicated se-
quence. This intrachromosomal duplication was con-
firmed independently by PCR through use of primers
2q13UE, 2qcenUF, and 2qdupR.

Gene Duplications within the 9p Subtelomeric and
2q13 Ancestral Subtelomeric Regions

Three previously identified genes, phosphoglu-
comutase 5 (PGMS [GenBank accession number
NM_021965] or PGMRP [GenBank accession number
L40933]), forkhead box D4 (FKHLY9 [GenBank acces-
sion number U13223]) and a protein similar to co-

balamin synthesis protein/P47K (COBW-like [Gen-
Bank accession number AF257330]) are within the
homologous proximal subtelomeric regions. Both paral-
ogous sequences on 2q and 9p contain a degenerate pro-
moter, an incomplete exon 1, and a complete sequence
of exon 2 of phosphoglucomutase 5, which spans 39-63
kb from the telomere. Since both paralogous sequences
do not contain a functional copy of PGMS, PGMS is
likely located in the pericentromeric region (Edwards et
al. 1995).

At nucleotide positions 103042-103674 of the 2q se-
quence, an intronless gene is predicted that shares 95%
protein similarity to a partial human FKHLY sequence
(Larsson et al. 19935). Since the members of the forkhead
gene family share a high degree of protein homology, it
is not clear whether this forkhead box gene on 2q would
have the same function as its chromosome 9 paralog.
The third gene on the homologous proximal subtelo-
meric domain is a COBW-like protein. Fifteen exons
cover nucleotide positions 109130-165069 of the 2q
sequence. This 2q gene shares 98% protein similarity
with its 9p paralog.
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Figure 7 Hybridization of BAC RPCI11-480C16 to a human
metaphase cell. Two hybridization signals are observed on human 2q:
one at 2q13 (large arrows) and one at 2q11.2 (small arrows). Hy-
bridization signals are also observed in the chromosome 9 pericen-
tromeric region (arrow heads). The inset shows enlargements of the
chromosome 2 and 9 homologs; the capture time for the Spectrum
Orange signal was increased, to show the hybridization signal at the
9p telomere (yellow arrow).

Discussion

The subtelomeric regions of human chromosomes exhibit
a dynamic nature. Shared regions of homologies exist be-
tween different subsets of chromosomes, allowing the op-
portunity for mispairing between nonhomologous chro-
mosomes (van Deutekom et al. 1996; Overveld et al.
2000). In the present study, we used FISH and sequence
analysis to examine the subtelomeric regions of selected
chromosomes in humans and members of a primate panel,
to determine the evolutionary origin of subtelomeric
shared sequence homologies and the mechanism by which
subtelomeric duplications occur.

FISH analysis was used to study the origin and timing
of subtelomeric-mediated duplications. All duplicated
subtelomeric sequences in human were present at a sin-
gle orthologous site in Old World monkeys, represented
by macaque and baboon. These results demonstrate that
these subtelomeric duplications occurred relatively re-
cently, <25 million years ago, after the divergence of
the great apes and Old World monkeys. Although all
duplicated subtelomeric sequences in human were only
present at a single orthologous site in Old World mon-
keys, the timing of the duplications differed, ranging

981

from ~5.5 to ~23.3 million years ago; two duplications
occurred after the divergence of Old World monkeys
from the great apes, two occurred after the orangutan
diverged from the remaining hominoids, one occurred
after the gorilla diverged from chimpanzee and human,
and two occurred after the divergence of chimpanzee
and human. These results suggest that subtelomeric du-
plications have occurred recently at multiple time points
during higher-primate evolution.

Interestingly, some species showed additional dupli-
cations (indicated by cross-hybridization) not observed
in humans. In particular, chimpanzee and gorilla have
gone through multiple cycles of duplication/transloca-
tion events, suggesting continued instability after a re-
cent evolutionary rearrangement. Further investigations
could examine why these species’ genomes seem more
prone to this type of duplication or tolerate the dupli-
cations more easily.

Subtelomeric-mediated duplications represent one
class of several recently described mechanisms for seg-
mental duplications. By means of FISH (Cheung et al.
2001) and in silico (Bailey et al. 2001) analysis, it has
been estimated that 5.4%-10.6% of the human genome
shares a high level of sequence homology with other
paralogous regions. These segmental duplications can
be divided into three classes: intrachromosomal, peri-
centromeric, and subtelomeric. Intrachromosomal du-
plications are those that occur within the same chro-
mosome. These duplicons, which share strong sequence
homology, flank the critical regions of many microde-
letion and microduplication syndromes. The timeline
for this class of segmental duplication varies, from >20
million years ago for the Prader-Willi/Angelman syn-
drome deletion region (Christian et al. 1999) to ~6-7
million years ago for the CMT1A-REP repeats (Kiyo-
sawa and Chance 1996; Keller et al. 1999; Inoue et al.
2001), which are involved in the microduplication and
deletion that cause Charcot-Marie-Tooth neuropathy
type 1A and hereditary neuropathy with liability to
pressure palsies, respectively (Reiter et al. 1996).

Pericentromeric- and subtelomeric-mediated dupli-
cations involve nonhomologous chromosomal regions.
Horvath et al. (2000) proposed a two-step model for
the dispersal of mosaics of duplicated segments among
multiple pericentromeric regions. The first step is a pro-
cess called “transposition seeding,” where genomic seg-
ments from different chromosomal origins were trans-
posed to an ancestral pericentromeric region. This
process is estimated to have occurred ~5-10 million
years ago, around the time of the divergence of the
human, chimpanzee, and gorilla lineages. In the second
step, called “pericentromeric exchange,” large blocks of
mosaic duplicated segments were duplicated to the per-
icentromeric regions of other nonhomologous chro-
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mosomes. These duplication events are relatively recent,
since they are only seen in human (Horvath et al. 2000).

The mechanism for subtelomeric duplications differs
from that observed in the pericentromeric region. Cryp-
tic subtelomeric chromosomal rearrangements are
known to occur frequently in humans. It is estimated
that subtle subtelomeric rearrangements account for
7.4% of patients with unexplained moderate-to-severe
mental retardation (Knight et al. 1999). Therefore, it is
possible that, during evolution, small unbalanced trans-
locations occurred at a high enough frequency to con-
tribute to the diversity of the subtelomeric regions. If a
cryptic unbalanced translocation did not have a detri-
mental effect, it could have been fixed in the population
during recent primate evolution, providing a mechanism
for the creation of these segmental duplications. Our
sequencing analysis of the breakpoint sequences in the
2q13 ancestral region supports this hypothesis, since the
translocations that occurred to create this region do not
appear to use a specific mechanism, such as that used
in repetitive element-mediated rearrangements.

Because of a recent duplication, the 2q13 subtelo-
meric sequence shares strong homology with its ances-
tral copy at 22q. The continuous strong homology at
the distal subtelomeric domain (distal to the degener-
ative TTAGGG repeat; fig. 6A) is unexpected. Distal
subtelomeric domains usually share discontinuous ho-
mology with many different chromosomes (fig. 6B)
(Flint et al. 1997). Since telomeres are clustered at the
nuclear envelope to form a “chromosomal bouquet”
during zygotene in meiosis (Scherthan et al. 1996,
2000), it is proposed that the discontinuous homology
is a result of exchanges of sequences among nonhomolo-
gous chromosomes within the bouquet formation (Flint
et al. 1997; Pryde et al. 1997). Since the 2q ancestral
subtelomeric sequence is within an interstitial position
and, therefore, is unlikely to move to the chromosomal
bouquet during meiosis, the sequence exchanges among
other nonhomologous chromosomes and 22q should
interrupt the continuous homology between these two
duplicated subtelomeric sequences. Our data, however,
suggest that the 22q distal subtelomeric domain has not
been changed since its duplication to the human 2q13
site, which occurred ~6.7-8.2 million years ago (Kumur
and Hedges 1998), after the divergence of the orangutan
from the rest of the hominoid lineage. Since the pub-
lication by Flint et al. (1997), sequence information
from additional subtelomeric regions has become avail-
able, and more sequence analyses are needed to deter-
mine whether the proximal/distal domain structures are
common to every subtelomeric region or to only a subset
of telomere regions.

Segmental duplications at subtelomeric regions in-
crease gene copy number. Recently, transcription was
reported in an olfactory-receptor gene (OR-A) that is
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localized in many subtelomeric regions (Linardopoulou
et al. 2001). The paralogous sequence we studied at the
2q13 ancestral subtelomeric region also contains func-
tional genes. The duplication of the 22q subtelomer-
ic sequence created a functional paralog of RABL2B
(RABL2A) at 2q13. Two acrosin-gene exons are also
duplicated in the ancestral subtelomeric region. The
shuffling of exons by chromosome rearrangements may
create new genes with novel functions (de Souza et al.
1996; Viale et al. 1998; Courseaux and Nahon 2001;
Inoue et al. 2001). However, since no exon is predicted
within 28 kb of the chromosome 2 unique sequence
proximal to the subtelomeric sequence translocation
breakpoint, it is unlikely that the translocation of the
acrosin-gene exons generated a novel gene.

In the present study, we found that the region that is
homologous between the 9p subtelomeric region and
the 2q ancestral subtelomeric region contains two
known genes, FKHL9 and COBW-like. From our FISH
results with BAC 305]7 and those of Larsson et al.
(1995), we conclude that it is possible that more copies
of these two genes exist within the pericentromeric re-
gion of chromosome 9, since additional FISH hybridi-
zation signals were observed in this region.

The ultimate goal of the Human Genome Project is to
fully sequence 23 pairs of human chromosomes, from
one telomeric end to the other. Recently, a link was made
between the telomeres of each chromosome arm and the
draft human genome sequence (Riethman et al. 2001).
These data provide invaluable resources for physical
mapping at human telomere regions. In the present study,
we have characterized homologous regions between dif-
ferent telomeres and have demonstrated that ancestral
unbalanced translocations are one mechanism for the cre-
ation of subtelomeric duplications. Additional targeted
efforts are necessary to examine other subtelomeric
regions, to gain a complete understanding of the dynamic
nature of the telomeric regions of human chromosomes.

Note added in proof.—Since submission of this man-
uscript, the timeline of the duplication at 22q/2q13 sub-
telomeric region has been reported (Bailey et al. 2002).
The results match those reported in the present article.
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