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Mapping and Initial Analysis of Human
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Physical mapping data were combined with public draft and finished sequences to derive subtelomeric sequence
assemblies for each of the 41 genetically distinct human telomere regions. Sequence gaps that remain on the
reference telomeres are generally small, well-defined, and for the most part, restricted to regions directly adjacent to
the terminal (TTAGGG])n tract. Of the 20.66 Mb of subtelomeric DNA analyzed, 3.01 Mb are subtelomeric repeat
sequences (Srpt), and an additional 2.1l Mb are segmental duplications. The subtelomeric sequence assemblies are
enriched >25-fold in short, internal (TTAGGG)n-like sequences relative to the rest of the genome; a total of 114
(TTAGGG)n-like islands were found, 55 within Srpt regions, 35 within one-copy regions, 1l at one-copy/Srpt or
Srpt/segmental duplication boundaries, and 13 at the telomeric ends of assemblies. Transcripts were annotated in
each assembly, noting their mapping coordinates relative to their respective telomere and whether they originate in
duplicated DNA or single-copy DNA. A total of é97 transcripts were found in 15.53 Mb of one-copy DNA, 76
transcripts in 2.11 Mb of segmentally duplicated DNA, and 168 transcripts in 3.01 Mb of Srpt sequence. This overall
transcript density is similar (within ~10%) to that found genome-wide. Zinc finger-containing genes and olfactory
receptor genes are duplicated within and between multiple telomere regions.

[Supplemental material is available online at www.genome.org. Detailed maps, subtelomeric assemblies (FASTA
format), and transcript annotations are also available at our laboratory Web site (http://www.wistar.

upenn.edu/Riethman.]

Telomeres are extraordinarily dynamic chromosomal structures.
They are essential for genome stability and faithful chromosome
replication and mediate a host of key biological activities, includ-
ing cell cycle regulation, cellular aging, movements and localiza-
tion of chromosomes within the nucleus, and transcriptional
regulation of subtelomeric genes (Blasco et al. 1999; Feuerbach et
al. 2002). Specialized functions involving telomeric and subtelo-
meric DNA have evolved in a wide range of eukaryotes; for ex-
ample, frequent subtelomeric gene conversion provides diversity
for surface antigens in Trypanosomes (McCulloch et al. 1997),
and rapidly evolving subtelomeric gene families confer selective
advantages for closely related yeast strains (Carlson et al. 1985).

A conserved, (TTAGGG)n tract forms the DNA component
of each chromosome terminus in humans (Moyzis et al. 1988). A
specialized enzyme called telomerase can lengthen the telomere
repeat motif by adding on motif-specific nucleotides in a DNA
template-independent manner (Morin 1989). However, both
telomerase-associated and telomerase-independent pathways for
maintaining (TTAGGG)n repeats exist; the major telomerase-
independent pathways are recombination based, sometimes in-
volve coamplification of subtelomeric sequences along with the
simple repeat tracts found at chromosome termini (Murnane et
al. 1994; Bryan et al. 1995; Lundblad and Wright 1996; Henson
et al. 2002) and can generate very long and heterogeneous
stretches of (TTAGGG)n-containing repeats (Rizki and Lundblad
2001; Henson et al. 2002). Transcription of subtelomeric genes
can be regulated by (TTAGGG)n tract length (Baur et al. 2001)
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and by subtelomeric repeat content and abundance, possibly by
contributing specific sequence elements necessary for local si-
lencing (Fourel et al. 1999; Pryde and Louis 1999) or by providing
extended homology regions required for somatic pairing and het-
erochromatin formation (Donaldson and Karpen 1997).

Subtelomeric DNA, along with pericentromeric chromo-
some regions, are preferential sites of segmentally duplicated
DNA. Estimated to comprise ~5% of the human genome, this
class of low-copy repeat DNA is characterized by very high
sequence similarity (90% to >99.5%) between homology tracts,
and variable, but often very large tract lengths (1 kb to >200 kb).
These large homology segments have complicated mapping and
sequencing efforts, and caused a disproportionate number of as-
sembly errors in the initial working draft sequence of the human
genome. Segmental duplications can predispose associated chro-
mosome segments to genetic instability and have been con-
nected with several genetic diseases (Bailey et al. 2001). Evolu-
tionarily recent duplicative transposition of these large DNA
tracts has led to the generation of new gene families and to the
formation of fusion transcripts with potentially new functions
(Bailey et al. 2002). In this study, we define segmental duplica-
tions occurring in more than one subtelomeric region “subtelo-
meric repeats,” and refer to all others simply as segmental dupli-
cations.

Large variant alleles of many human subtelomeric regions
exist, and are believed to consist entirely of subtelomeric repeats
(Wilkie et al. 1991; Macina et al. 1994, 1995; Trask et al. 1998;
Mefford and Trask 2002). For example, Wilkie et al (1991) found
that three alleles varying in length up to 260 kb exist at the 16p
telomere. Trask et al. (1998) examined the structure and genomic
distribution of a cosmid-sized block of segmentally duplicated
subtelomeric DNA. They found that this block was consistently
present at the 3q, 15q, and 19p telomeres in humans, was vari-
ably distributed at an additional subset of human telomeres, but
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was present in a single copy in nonhuman primate genomes.
Similar studies have demonstrated more recently that the evolu-
tion of most primate subtelomeric regions has involved multiple,
lineage-dependent duplications in recent evolutionary time
(Martin et al. 2002; van Geel et al. 2002). The duplications have
colonized many individual human subtelomeric regions in a
variable fashion since the divergence of human and primate lin-
eages.

A complete reference sequence for each human subtelomere
region is an essential starting point for analysis of their function
and evolution. Here, we report the mapping and initial analysis
of a complete set of subtelomeric sequence assemblies. Com-
prised of both draft and finished public sequence accessions
available as of August 1, 2003, the draft fragments are properly
ordered and the assemblies are positioned relative to the respec-
tive telomere. These properties permit a comparison of subtelo-
meric sequence organization at each of the separate human telo-
meres, and the proper placement of transcripts relative to sub-
telomeric sequence elements and terminal (TTAGGG)n tracts.

RESULTS AND DISCUSSION

Preparation and Mapping of Subtelomeric Assemblies
Subtelomeric clones and sequence accessions that were identified
and connected to telomeres previously (Riethman et al. 2001)
were used in this study to nucleate the assembly of new and more
complete subtelomeric draft/finished sequence contigs for these
regions. Most of the sequence used in these assemblies (>98%)
was acquired by the IHGSC as part of the finishing phase of the
Human Genome Project, from clones contributed by our lab as
well as from clones identified independently in the chromo-
some-specific projects and mapped relative to telomeres in our
lab. Each sequence assembly is oriented from telomeric end
(nucleotide position 1) to centromeric end. Maps and tables de-
scribing in detail the YAC, BAC, and cosmid clones supporting
the sequence assemblies for each subtelomere region are pro-
vided as Supplemental material available online at www.
genome.org (Suppl. Table 1; Suppl. Figs. 1ptel-Xqtel). Most of the
subtelomeric sequences were ultimately derived from BAC
sources (see Suppl. Table 1); ~1.6 Mb (7.7%) of the assembled
sequence was derived solely from half-YACs.

Figure 1 summarizes the present status of sequence comple-
tion for each subtelomeric region. Finished or draft sequence
extends to the terminal (TTAGGG)n tract of reference sequences
for 19 telomeres (2p, 4p, 7q, 8p, 8q, 9p, 9q, 10q, 11p, 11q, 15q,
16p, 17p, 17q, 18p, 18q, 21q, Xp/Yp, Xq/Yq). For four of these
(8p, 9q, 11p, 16p), the completed reference sequence is that of
the smallest of several polymorphic allelic variants (each variant
differs in size by hundreds of kilobases). It is important to note
that the current reference sequence for a given telomere region
represents only one of several possible subtelomeric variants in
the population for many of the telomeres (see Table 1). The vari-
ant regions appear to be comprised largely or wholly of segmen-
tally duplicated subtelomeric sequences (Wilkie et al. 1991; Trask
et al. 1998; Bailey et al. 2002).

Assemblies mapping to <20 kb or between 20 and 70 kb
from the respective telomere are available for most of the remain-
ing telomeres (Fig. 1). One telomere (20q) is marked by a se-
quence assembly that extends from single copy into a subtelo-
meric repeat region, but the size of this subtelomeric repeat re-
gion has not been determined. The five telomeres from the
p-arms of the acrocentric chromosomes, which contain mainly
repetitive DNA, were not characterized as part of this study. Half-
YAC:s recovered from these regions, although somewhat unstable
mitotically, are currently being used to characterize sequences
contained in these heterochromatic telomere regions.

@ =0kb

@ < 20kb

@ < 20-70kb
O = unk, srpt

Figure 1 Telomere sequence gaps. Distance from terminal (TTAGGG)n
tract to the subtelomeric sequence assemblies for each telomere is indi-
cated. (Blue dot) Subtelomeric assemblies adjoin terminal (TTAGGG)n
tract for a reference telomere; (green dot) subtelomeric assemblies end
within 20 kb of the terminal (TTAGGG)n tract; (magenta dot) subtelo-
meric assemblies end between 20 and 70 kb from the terminal
(TTAGGG)n tract; (yellow dot) a half-YAC clone has not been identified,
the sequence assembly for this telomere extends from single-copy DNA
into the subtelomeric repeat region, but the size of the subtelomeric
repeat region has not been determined. (Black rectangles) The five telo-
meres from the p-arms of the acrocentric chromosomes, which contain
mainly repetitive DNA unstable in yeast and bacteria, were not charac-
terized as part of this study.

Sequence Organization of Subtelomeric DNA

The overall sequence organization of each subtelomeric assembly
was evaluated initially in terms of subtelomeric repeats, segmen-
tal duplications, satellite sequences, and internal (TTAGGG)n—
like sequence content. First, a BLAST-able database of the sub-
telomeric assemblies was created; Srpt sequences were defined as
any nonself sequence match >90% identity within the subtelo-
meric sequence database. Second, sequence comparisons be-
tween the subtelomeric assemblies and public databases were
used to define additional homology segments; segmental dupli-
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cations were defined as nonself sequence matches in the NR or quence Detection (WSSD) Database (Bailey et al. 2002) detects
HTGS databases, but absent in the Srpt database, that were >90% both subtelomeric repeat regions and segmental duplications,
identity and >1 kb in length. The Whole Genome Shotgun Se- and was used to add segmental duplication regions where those

Table 1. Summary of Subtelomeric Assemblies

Distance to Srpt region Seg dups One-copy region Internal Evidence for Large-scale

Tel telomere (kb) (kb) (kb) (kb) gaps (kb) tel linkage® variation®
1p 15 286 23 191 0 RARE, Srpt Hi
1q 10 15 87 301 97 RARE, Srpt Lo
2p 0 45 0 455 0 RARE, Srpt Lo
2q 16 107 0 393 0 RARE, Srpt Lo
3p 10 0 66 434 0 Srpt unk
3q 50 127 63 310 0 Srpt unk
4p 0 27 31 442 0 RARE, Srpt unk
4q 10 127 266 107 0 Srpt Hi
5p 70 53 72 375 0 RARE, Srpt unk
5q 20 189 24 287 0 RARE, Srpt Lo
6p 5 106 98 296 0 RARE, Srpt Hi
6q 3 159 65 276 0 RARE, Srpt Lo
7p 34 113 0 377 10 RARE, Srpt Hi
79 0 2 0 498 0 RARE, Srpt Lo
8p 89 (A) 244 0 256 0 RARE, Srpt Hi

0 (B) RARE, Srpt

3O Srpt
8q 0 7 0 493 0 RARE, Srpt Lo
9p 0 40 154 306 0 RARE, Srpt unk
9q unk (50), (A) 135 0 365 0 Srpt Hi

0 (B) Srpt Hi
10p 14 74 3 423 0 Srpt unk
10q 0 89 25 386 0 RARE, Srpt Hi
11p 150 (A) 137 2 361 0 RARE, Srpt Hi

0 (B) RARE, Srpt Hi
11q 0 0 55 445 0 Srpt unk
12p 16 42 0 458 0 Srpt Hi
12q 60 0 0 500 0 RARE, Srpt Lo
13q 15 15 0 385 100 RARE, Srpt Lo
14q 7 1 499 0 0 RARE, Srpt Hi
15q 0 117 62 321 0 Srpt Lo
16p 152 (A) 38 6 456 0 RARE, Srpt Hi

0 (B) RARE, Srpt Hi
16q 5 150 26 324 0 Srpt Hi
17p 0 29 17 407 47 RARE, Srpt unk
17q 0 44 0 456 0 RARE, Srpt unk
18p 0 103 19 378 0 RARE, Srpt Lo
18q 0 5 0 495 0 RARE, Srpt Lo
19p 11 208 0 292 0 RARE, Srpt Lo
19q 5 17 0 483 0 Srpt Hi
20p 105 (A) 0 0 500 Srpt unk

55 (B) 0 Srpt unk

20q unk (50) 55 0 445 0 Srpt Hi
21q 0 26 5 469 0 RARE, Srpt Lo
22q 20 20 60 380 40 Srpt unk
Xp/Yp 0 0 115 385 0 PPGE, Srpt unk
Xq 0 30 76 394 0 PFGE, Srpt unk
Yq 0 30 195 225 50 PFGE, Srpt unk

*Where designated, mapping experiments using a site-specific cleavage method (RARE cleavage; Riethman et al. 1997) have been done to
demonstrate colinearity of the half-YAC insert DNA with the cognate telomere. In the absence of RARE cleavage data, the presence of subtelomeric
repeats adjacent to terminal (TTAGGG)n sequences in a half-YAC clone is taken as strong evidence for proximity to the telomere; this has been borne
out by the RARE cleavage experiments carried out so far. The BAC clones used to mark two telomeres for which no half-YAC coverage exists (5p and
20q) were identified by their subtelomeric repeat-sequence content, the presence of an internal telomere repeat sequence, and their localization to
the telomeric end of a distal contig in the Global BAC map. The cosmid used to mark the telomere of 19q contains subtelomeric repeats and an
internal telomere repeat sequence, and forms the telomeric terminus of the 19q metric physical map (http://greengenes.linl.gov/genome/). On the
basis of the known sequence organization of other telomeres, only additional subtelomeric repeat sequence is likely to reside distal to the subtelo-
meric repeat segments contained in these clones, although the possibility of single-copy DNA distal to them cannot be formally excluded at present.
PTelomeres with a frequency of >10% large variant alleles in the small populations sampled are considered to have Hi polymorphism in the context
of this paper, and those with <10% large variant alleles are considered to have Lo polymorphism. For the telomeres not listed, no molecular data
are available with respect to large-scale variations and the available FISH data are inconclusive with respect to potential large-scale variation. The
polymorphism frequencies detected by FISH are minimum numbers, as detection depends upon the variable presence/absence of only one specific
FISH probe at the telomere. The size(s) of the polymorphisms cannot be determined by FISH, but are assumed to be at least the size of the probe
used (on the basis of similar FISH signal intensities at all sites). Data on polymorphic telomeres are from Riethman, unpubl. results; Wilke et al. (1991);
lido et al. (1992); Cook et al. (1994); Macina et al. (1994, 1995); Martin-Gallardo et al. (1995); Reston et al. (1995); Monfouilloux et al. (1998); Trask
et al. (1998); van Overveld et al. (2000).
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sequences were not already identified by the BLAST analysis de-
scribed above; for the most part, the regions identified by WSSD
were consistent with our analyses, although each method missed
a small percentage of the duplications. Finally, satellite-related
and (TTAGGG)n-related sequences were identified using the
high-sensitivity RepeatMasker parameters. TAR1 and SUBTEL are
telomere-associated satellite sequences identified by RepeatMas-
ker (other telomere-associated repeat sequences identified in the
literature are components of the Srpt fraction of subtelomeric
DNA). Each of these sequence elements are delineated on Figure
2; the total sizes of Srpt and segmental duplication within each
assembly are indicated in Table 1.

The bulk of Srpt sequences are confined to the most distal
regions of the subtelomere (Fig. 2), although there are several
examples (2p, 2q, Sp, 7p, 8p, and 12p) where, in addition to a
terminal block of Srpt, there are additional smaller segments in-
terspersed within the adjacent one-copy DNA and segmentally
duplicated DNA. Several of the incompletely sequenced telo-
meres lack Srpt in the assembled sequence (Table 1); because
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Srpts were identified in the half-YACs derived from these telo-
meres, a small Srpt region confined to close to the terminal
(TTAGGG)n is anticipated for these telomeres. Segmental dupli-
cation blocks were often found adjacent to Srpts, but displayed a
highly variable pattern of content and distribution at each chro-
mosome end (Fig. 2; Table 1). Overall, 14.6% of the 20.66 Mb of
subtelomeric DNA analyzed was comprised of Srpt and 10.2% of
segmentally duplicated DNA, for a total of 24.8% segmental du-
plications of both types. Genome-wide, an estimated 5% of ge-
nomic DNA is believed to contain segmentally duplicated se-
quences (Bailey et al. 2002), indicating a fivefold enrichment of
segmentally duplicated DNA in the subtelomeric regions ana-
lyzed. The nucleotide sequence similarity of duplicons in both
the Srpt and segmental duplications varied from 90% to >99%,
and occurred in sequence blocks that often, but not always, had
sharply defined boundaries; more extensive comparative analysis
of these regions and related sequences in nonhuman primate
species (e.g., see Fan et al. 2002; Martin et al. 2002) are required
to investigate their origin and evolution in detail.

Interstitial (TTAGGG)n-like sequence
distribution was examined because of its
potential role in subtelomeric recombina-
tion and telomere healing (Mondello et al.
2000; Azzalin et al. 2001; Ruiz-Herrera et al.
2002), and its hypothesized role as a bound-
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ary element for subtelomeric DNA compart-
ments (Flint et al. 1997b). All significant Re-

peatMasker matches to the simple repeats

(TTAGGG)n and (CCCTAA)n were counted
as telomere-like sequence islands. A total of

2p 114 matches were found within the subtelo-

meric sequence assemblies. The 5'-3’- ori-
entation of the G-rich strand of the repeat is

2q normally toward the telomere in the

(TTAGGG)n tracts at the ends of chromo-
somes. Most of the telomere-like sequence

3p islands followed this strand orientation

(106/114 islands). Thirteen (TTAGGG)n is-
lands corresponded to the beginning of ter-

3q

minal (TTAGGG)n tracts at the 2p, 4p, 7q,
9p, 10q, 11q, 16p, 17q, 18p, 18q, 21q, Xp/
Yp, and XqYq telomeres; these were ex-

4p

cluded from analysis of the interstitial, telo-
mere-like sequence islands described below.

4q The 5'-3' (TTAGGG) orientation of indi-

vidual islands is indicated by the direction
of the arrows representing the sequence is-

5p lands in the telomere diagrams (Fig. 2).

The 101 internal (TTAGGG)n-like se-
quence islands were analyzed in greater de-

3q

N~

tail as shown in Figure 3. The sizes of

(TTAGGG)n-like sequence islands (x-axis),
number of occurrences for a given size of
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(TTAGGG)n tract (y-axis), similarity of
(TTAGGG)n-like sequence islands to a per-
fect (TTAGGG)n tract (percent Divergence),
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and location of (TTAGGG)n-like sequence
islands within the subtelomeric sequence
organization as defined above (Srpt, one-

copy, and boundary) are indicated in Figure
3. The internal subtelomeric (TTAGGG)n-
like sequence islands ranged in size from 24

to 823 bp; most were in a rather tight size
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Figure 2. (Continued on next page)

range of 151-200 bp. Those shorter than
this size tended to be in one-copy sequence
regions, those longer in Srpt sequence. The
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boundary (TTAGGG)n islands ranged from 57 to 257 bp in size.
There were 55 (TTAGGG)n-like sequence islands in Srpt, O in
Segmental duplications, and 35 in one-copy regions. Eleven
(TTAGGG)n-like sequence islands were at boundaries (two at SD/
Srpt, nine at Srpt/one-copy). Four (TTAGGG)n-like islands that
occurred at the allele boundaries were within the internal Srpt
regions of long subtelomeric alleles (and were counted as such for
this analysis), but mapped to the precise coordinates of the ter-
mini of shorter alleles for these same telomeres (8p, 9q, 11p, 16p;
see Fig. 2). This suggests that the longer alleles of these telomeres
might have been formed by simple addition of a terminal sub-
telomeric sequence segment to a pre-existing telomere.

A comparison of the number of interstitial (TTAGGG)n-like
islands found in subtelomeric DNA with those found genome
wide shows that, in a normalized comparison (occurrences per
20.66 Mb), (TTAGGG)n-like islands are highly enriched (>25-
fold) in subtelomeric regions. In addition, they tend to be both
longer and more similar to perfect (TTAGGG)n tracts in subtelo-
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meric DNA compared with elsewhere in the genome (Fig. 3).
From an evolutionary perspective, this suggests that most subtelo-
meric interstitial (TTAGGG)n tracts have arisen more recently
than those found elsewhere in the genome, have originated via a
separate mechanism than (TTAGGG)n islands found elsewhere
(e.g., see Azzalin et al. 2001), or are under some selective pressure to
maintain similarity to (TTAGGG)n (Flint et al. 1997b).

GC Content and Interspersed Repeat Composition of
Subtelomeric Sequence Assemblies
RepeatMasker (Smit and Green, RepeatMasker at http://
ftp.genome.washington.edu/RM/RepeatMasker.html) was used
to analyze the sequences for interspersed repeats and for GC con-
tent. The summary results of this analysis are shown in Figure 4,
and the detailed breakdown is given in Supplemental Table 2.
When taken as a whole, the subtelomeric one-copy regions had
an elevated GC content (47.9%), whereas Srpt and segmentally
duplicated regions had a slightly elevated GC content (44.0%
and 43.0%, respectively), relative to the ge-
nome-wide average of 41.6%. However,
there were wide fluctuations in GC content
at individual telomeres, ranging from
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62.5% GC content of the one-copy region
of 1p to 37.5% GC content in the one-copy
region of 3p (see Supplemental Table 2);
several of the most GC-rich subtelomere re-
gions contained one or more clusters of G-
rich minisatellites. Similarly, interspersed
repeat content, taken as a whole, did not
display dramatic biases relative to the ge-
nome-wide averages (Fig. 4), but very large
subtelomere-specific biases and sometimes
strand biases were seen in LINE, SINE, LTR,
and DNA repeat content (see Supplemental
Table 2). However, no universal patterns of
interspersed sequence composition
emerged that clearly distinguish subtelo-
meric DNA from other regions of the hu-
man genome.

Transcript Content of

Subtelomeric Assemblies

Transcripts were annotated in each subtelo-
meric assembly, noting their mapping coor-
dinates relative to their respective telomere,
and whether they originate in duplicated
DNA or single-copy DNA. We used a data-
base of unique transcripts representing each
Unigene cluster (Schuler 1997; ftp://
ftp.ncbi.nih.gov/repository/UniGene/;
Hs.seq.uniq.Z file available from the Uni-
gene build available July 1, 2003 containing
transcript sequences representing ~124,000
Unigene clusters) for our initial annotation.
Repeat-masked subtelomeric assemblies
were analyzed by BLAST, and transcripts
with matches >50 bp with 85% or greater
identity were collected and parsed into a
second database. Each transcript within this
candidate database was compared with its
cognate unmasked subtelomeric assembly
using the program Spidey (Wheelan et al.
2001). Those with >95% sequence identity
over at least 50% of the transcript length
were displayed on the Genotator browser
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(Harris 1997) and examined individually using Blixem (Sonn-
hammer and Durbin 1994). The same set of transcripts was
displayed on the UCSC browser (Kent et al. 2002). The single
transcript with the best nucleotide sequence match over the
greatest proportion of the transcript in a given segment of the
sequence was annotated. The complete set of transcripts with
their corresponding coordinates within each subtelomere assem-
bly, their percent identity within the matching sequence, and
the proportion of the transcript covered by matching bases, is
summarized in Table 2 and detailed in Supplemental Table 3.

A total of 941 subtelomeric transcripts were annotated in this
manner, 697 from one-copy genomic regions and 244 from seg-

Cc

mentally duplicated DNA and subtelomeric repeat DNA. Overall,
the subtelomeric region is slightly enriched in Unigene transcripts
(48 transcripts/Mb) relative to the genome-wide average (41 tran-
scripts/Mb). The enrichment of transcripts in subtelomeric DNA is
consistent with earlier studies, (Saccone et al. 1993; Flint et al.
1997a,b), although there is a great deal of variation in transcript
concentration from telomere to telomere (Table 2).

Fifteen percent of the transcript matches localizing to one-
copy regions either had apparent disruptions in their predicted
ORFs or varied significantly (>1% in high-quality parts of the se-
quence) from the corresponding genomic sequence. These were
designated “possible pseudogenes” (see Supplemental Table 3).
However, given the frequency of sequence er-
rors in the EST and mRNA database, as well as
the draft nature of parts of the assemblies,
these numbers are likely to change as experi-
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. 1997b; Mah et al. 2001; Fan et al. 2002). In
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ample, genomic Srpt loci that encode par-
\ 25 tial transcripts in a particular reference se-
P~ quence might have cognate, unsequenced
& variant loci in the human population that
\ A —) encode full transcript sequences. Similarly,
I g g 20a ESTs obtained from subtelomeric regions of
& some individuals will necessarily have pre-
0 T ) y 21q cise sequences slightly different from those
i in the reference sequences if the EST was
transcribed from a variant subtelomere seg-
| — T g I Jym=) 22q ment absent in the current assembly. Fi-
@cﬁ'”\ nally, transcribed pseudogenes, as well as
had noncoding transcripts can clearly have im-
[ - I I b) Y Xp/Yp portant biological roles, and it is important
& to catalog them where found. A great deal
¥ Boundary < of additional, detailed work is required to
L ~ v | R T Xqa sort through each of the potential gene/
efc’ Ghﬁ"‘)\“‘m‘ssa\ o pseudogene families embedded in Srpt and

S Eor®® ¢y Boundary < . . .
— == = = segmentally duplicated DNA to identify the
< — ' == I _— O Y genomic origins of particular transcripts
| } } } } I kb and to determine whether/what fraction of
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Figure 2 Sequence organization of subtelomeric assemblies. The terminal fragment of each
chromosome arm that contains a subtelomeric sequence assembly is depicted. (Yellow) Single-
copy DNA; (green) segmentally duplicated DNA unique to a single subtelomere region; (blue)
segmentally duplicated subtelomeric repeat DNA; (magenta) unsequenced subtelomeric DNA.
Each black arrow within the rectangles depicts a single (TTAGGG)n-like sequence, with the arrow
pointing in the 5’ to 3’ direction for the G-rich strand. The position of satellite sequences detected
by RepeatMasker software is indicated above each telomere diagram. The positions of the shortest
reference alleles for the 8p, 9q, 11p, and 16p telomeres are indicated by a black line segment
terminating with an arrow beneath the sequence assemblies for these telomeres.

proteins. Therefore, at this early stage, we
think it is prudent to annotate all of the
transcript matches to properly lay the
groundwork for more detailed analyses.
Supplemental Table 3 identifies each of
these transcripts, and Tables 3A and 3B
summarize the subset of transcripts in du-
plicated DNA that correspond to named
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genes. Cross-boundary transcripts (Table 3B) contain part of a
sequence from a duplicated genomic segment and part from a
one-copy segment, or parts from a segmental duplication and
from a subtelomeric repeat. These transcripts might represent
transcribed pseudogenes generated by juxtaposition of progeni-
tor transcript segments, or might generate new functionalities by
virtue of exon shuffling upon duplication (Bailey et al. 2002; Fan
et al. 2002); they include transcripts for an F-box protein, for a
Zinc finger-containing protein, and for many unknown potential
proteins (see Supplemental Table 3 for full list). It will ultimately
be essential to acquire complete finished sequences for each dis-
tinct allele of each subtelomeric region in order to identify and
analyze these genes and gene families, and to deconvolute the
many instances of overclustered Unigenes and mRNAs derived
from separate but highly similar duplicated genomic DNA frag-
ments.

Subtelomeric gene families with members having nucleo-
tide sequence similarity in the 70%-90% level include the im-
munoglobulin heavy-chain genes (found at 14q), olfactory recep-
tor genes [one-copy regions of 1q, 5q, 10q, and 15q as well as
previously characterized subtelomeric repeat DNA (1p, 6p, 8p,
11p, 15q, 19p, and 3q; Trask et al. 1998)], and zinc-finger genes
(4p, 5q, 8p, 8q, 12q, 19q). Transcripts for multiple members of
these gene families were found within many of the individual
subtelomeric regions (see Supplemental Table 3). The abundance
of gene families in subtelomeric regions is a common feature of
most eukaryotes, and may reflect a generally increased recombi-
nation and tolerance of subtelomeric DNA for rapid evolutionary
change.

Transcripts positioned closest to the telomere represent
genes with the highest susceptibility to telomere deletions, rear-

TTAGGG repeats in human

rangements, and hypothesized position effects mediated by telo-
mere (TTAGGG)n tract shortening and/or altered telomeric het-
erochromatin. Both the dosage (in the case of Srpt transcripts)
and the true position of many of these genes relative to the telo-
mere will be allele dependent, changing with different subtelo-
meric repeat composition and organization. Nonetheless, current
data permit us to identify some representatives of most Srpt gene
families, and nearly all of the most distal one-copy genes. The
named one-copy transcripts closest (within 100 kb) of the telo-
meric end of each assembly are shown in Table 4. These distal
one-copy transcripts, along with the Srpt and segmental dupli-
cation transcripts described above, should comprise the segment
of the human transcriptome most susceptible to telomere trun-
cations, rearrangements, and telomere-associated position ef-
fects.

METHODS

Preparation of Subtelomeric Assemblies
and Subtelomeric Maps

Each subtelomeric assembly was prepared by DNA sequence
comparison of finished sequence accessions, draft sequence ac-
cession pieces, and half-YAC (Riethman et al. 1989; Kvaloy 1993)
and cosmid end sequences (Riethman et al. 2001) from a given
subtelomeric region. We extended the size of each subtelomeric
region centromerically to include 500 kb of DNA, making use of
public clone contigs and sequence overlaps of clones adjacent to
the initial contig. Draft sequences were broken into their com-
ponent pieces and imported along with all finished sequences
into a telomere-specific Sequencher file containing all half-YAC-
derived sequences and cosmid contig end sequences available.
Finished sequences for each telomere were used preferen-
tially in the assemblies, with draft se-
quence fragments added as necessary to
extend the assemblies. We used all or
parts of NCBI assemblies from Build 34
first, then patched in draft sequences

* S not included in the assembly. In regions

% Divergence in which NCBI Build 34 was inconsistent

" _ =0--10 With our mapping data, we used indi-
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Figure 3 Characteristics of Interstitial (TTAGGG)n-like sequences in subtelomeric assemblies.
(TTAGGG)n-like sequences detected using RepeatMasker were classified according to origin within the
defined subtelomeric sequence classes (Subtelomeric repeat, blue; single-copy, yellow; boundary,
magenta; none were found within Segmental Duplications), similarity to a perfect (TTAGGG)n se-
quence (percent divergence), the length of the (TTAGGG)n tract (x-axis), and the number of occur-
rences for each size class (y-axis). The short black histograms show the distribution and relative
abundance of nonsubtelomeric (TTAGGG)n hits in the human genome (627 hits in 3098 Mb of DNA,
including an unusual cluster of 166 hits in a 9-Mb region of Yq11.22-Yq11.23), normalized to the

20.66 Mb of subtelomeric DNA analyzed for comparison.
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assembly. A string of 100 Ns were placed
between nonoverlapping, but adjacent
draft sequence fragments. By use of the
mapping data associated with the half-
YAC-derived cosmid contigs, it was pos-
sible to uniquely orient and position
most draft-sequence fragments. Subse-
quent comparison of each subtelomeric
assembly against itself using Pattern-
Hunter software (Ma et al. 2002) re-
vealed no instances of what appeared to
be assembly generated duplications in
the sequence.

We did not make any special effort
to trim high-quality overlapping se-
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Table 2. Summary of Subtelomeric Transcripts

Total Total Total Known Known Known

Srpt SD one-copy Total Srpt SD one-copy Total
1ptel 18 2 23 43 5 1 6 12
1qtel 2 13 15 4 4
2ptel 15 15 2 2
2qtel 1 27 28 8 8
3ptel 2 8 10 2 2
3qtel 11 4 16 31 4 4 8
4ptel 1 1 14 16 2 2
4qtel 5 7 2 14 2 1 3
Sptel 4 5 12 21 1 5 6
Sqtel 8 18 26 3 7 10
6ptel 4 3 14 21 3 2 5
6qtel B 4 16 23 1 3 3 7
7ptel 9 20 29 2 2 4
7qtel 17 17 1 1
8ptel 14 15 29 B 0 B
8qtel 28 28 9 9
Iptel 6 18 8 32 2 3 5
9qtel 6 5 11 2 2 4
10ptel 16 16 4 4
10qtel 6 29 35 1 12 13
11ptel 6 34 40 3 17 20
11qtel 2 4 6 1 1 2
12ptel 2 17 19 5 5
12qtel 27 27 11 11
13qtel 12 12 4 4
14qtel 12 12 1 1
15qtel 8 1 4 13 3 1 4
16ptel 8 29 37 3 14 17
16qtel 9 19 28 5 9 14
17ptel 2 17 19 1 0 1
17qtel 1 21 22 1 1 2
18ptel 4 3 10 17 1 5 6
18qtel 20 20 5 5
19ptel 14 16 30 5 9 14
19qtel 2 40 42 15 15
20ptel 22 22 6 6
20qtel 30 32 13 13
21qtel 1 1 17 19 6 6
22qtel 1 5 35 41 14 14
Xp/Yptel 3 6 9 1 3 4
Xqtel 5 1 1 7 1 1
Yqtel 5 2 7 1 1 2
Total 168 76 697 941 52 13 214 279

PctID >95%. Coverage >50.

quence fragments (other than at the ends of overlapping draft
fragments that were clearly error prone), but rather used the con-
sensus from such overlap regions as our subtelomeric assembly.
An N was placed in consensus positions, in which overlaps pro-
duced an ambiguous base (i.e., a SNP or a sequence error). Spe-
cific accessions as well as NCBI Build 34 contigs used in assem-
bling each subtelomere sequence are indicated in Supplemental
Table 1.

Analysis of Subtelomeric Sequence Composition
and Organization

The sequence composition and organization of each subtelo-
meric assembly was analyzed in the following manner:

1. RepeatMasker (Smit and Green (http://ftp.genome.washington.
edu/RM/RepeatMasker.html) was used to detect interspersed
and satellite repeat sequences, as well as the simple repeat
(TTAGGG)n and overall GC content. The high-sensitivity set-
ting (which requires a minimum match of 8 and a minimum
score of 250) was used.

. Each repeat-masked subtelomeric assembly was used to query

the NR, htgs, EST, and GSS divisions of GenBank (August 1,
2003).

. Tandem Repeats were identified using Tandem Repeats Finder
(Benson 1999).

. GC content was determined and graphed using a sliding win-
dow of 500 bp.

. A database comprised of all of the subtelomeric assemblies was
prepared and queried with each individual subtelomeric as-
sembly using BLAST (Altschul et al. 1997) to identify subtelo-
meric repeat sequences (Srpt).

. To detect genes and potential genes, each masked assembly
was used to query the NCBI database of sequences represen-
tative of Unigene clusters (Schuler 1997; Aug 1, 2003 data-
base). Matches were mapped back to the unmasked assembly
using Spidey (Wheelan et al. 2001) to generate gene models
based upon these sequences.

The output of each of these analyses was consolidated on a single
interactive Genotator (Harris 1997) browser to permit conve-
nient visual displays of the different sorts of analysis for each
region. BLAST hits displayed on Genotator were analyzed at the
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Table 3A. Named Transcripts in Srpt DNA

Tel Cov Id Transcript Accession
1p 91.8 100 similar to GLP_26_54603_52153 (LOC345824), mRNA XM_299071
1p 83.04 98 similar to bA476115.3 (novel protein similar to septin) (LOC339493) XM_290927
1p 55.26 96 similar to capicua (Drosophila) homolog (LOC343085) XM_291399
1p 100 96 similar to B-tubulin 4Q (LOC348841), mRNA XM_300862
3q 100 100 similar to B-tubulin 4Q (LOC348841), mRNA XM_300862
3q 100 100 similar to FSHD Region Gene 2 protein (LOC351585), mRNA XM_302081
3q 55.26 96 similar to capicua (Drosophila) homolog (LOC343085), mRNA XM_291399
4q 100 929 double homeobox, 4 (DUX4), mRNA NM_033178
4q 100 97 tubulin, B polypeptide 4, member Q (TUBB4Q), mRNA NM_020040
5q 83.04 98 similar to bA476115.3 (novel protein similar to septin) (LOC339493) XM_290927
5q 55.26 96 similar to capicua (Drosophila) homolog (LOC343085), mRNA XM_291399
6p 83.04 98 similar to bA476115.3 (novel protein similar to septin) (LOC339493) XM_290927
6p 55.26 96 similar to capicua (Drosophila) homolog (LOC343085), mRNA XM_291399
6q 100 98 similar to 60S ribosomal protein L23a (LOC284315), mRNA XM_209109
7p 100 98 similar to capicua (Drosophila) homolog (LOC350883), mRNA XM_301212
8p 83.04 98 similar to bA476115.3 (novel protein similar to septin) (LOC339493) XM_290927
9p 100 99 CXYorf1 pseudoautosomal region gene (CXYorf1), mRNA XM_088704
9q 97.14 97 similar to tubulin, B, 2, clone IMAGE: 4873024, mRNA BC014971
10q 100 100 similar to double homeobox, 4; double homeobox protein 4 (LOC347758) XM_300253
11p 100 99 ligand-binding protein RYD5 (RYD5), mRNA NM_145651
11p 83.04 98 similar to bA476115.3 (novel protein similar to septin) (LOC339493) XM_290927
11p 100 95 similar to capicua (Drosophila) homolog (LOC350883), mRNA XM_301212
15q 100 100 CXYorf1 pseudoautosomal region gene (CXYorf1) mRNA XM_088704
15q 100 99 similar to seven transmembrane helix receptor (LOC163201), mRNA XM_092071
16p 99.17 100 Hs interleukin 9 receptor (IL9R), transcript variant 2, mRNA NM_176786
16p 100 98 CXYorf1 pseudoautosomal region gene (CXYorf1), mRNA XM_088704
16q 97.14 99 Similar to tubulin, B, 2, clone IMAGE:4873024, mRNA BC014971
16q 55.26 97 similar to capicua (Drosophila) homolog (LOC343085), mRNA XM_291399
16q 83.04 97 similar to bA476115.3 (novel protein similar to septin) (LOC339493) XM_290927
17p 100 100 ligand-binding protein RYD5 (RYD5), mRNA NM_145651
17q 100 96 similar to GLP_26_54603_52153 (LOC345824), mRNA XM_299071
18p 97.14 97 similar to tubulin, B, 2, clone IMAGE:4873024, mRNA BC014971
19p 100 100 similar to seven transmembrane helix receptor (LOC163201), mRNA XM_092071
19p 83.04 97 similar to bA476115.3 (novel protein similar to septin) (LOC339493) XM_290927
19p 55.26 96 similar to capicua (Drosophila) homolog (LOC343085), mRNA XM_291399
Xq 100 98 CXYorf1 pseudoautosomal region gene (CXYorf1), mRNA XM_088704

Table 3B. Named Cross-Boundary and Segmental Duplication Transcripts

Tel Region Cov Id Transcript Accession
2q x-bndry 83.04 29 similar to bA476115.3 (novel protein similar to septin) (LOC339493) XM_290927
4p x-bndry 99.18 98 similar to zinc finger protein 208, clone MGC:41929 BC043151
5p x-bndry 100 99 arylhydrocarbon receptor repressor (AHRR), mRNA NM_020731
5p x-bndry 98.61 98 programmed cell death 6 (PDCD6), mRNA NM_013232
6p x-bndry 97.43 99 dual specificity phosphatase 22 (DUSP22), mRNA NM_020185
7p x-bndry 83.04 97 similar to bA476115.3 (novel protein similar to septin) (LOC339493) XM_290927
8p x-bndry 71.74 29 F-box only protein 25 (FBXO25), mRNA NM_012173
10q x-bndry 100 100 similar to olfactory receptor MOR103-5 (LOC347752), mRNA XM_301226
11p x-bndry 89.29 97 outer dense fiber of sperm tails 3 (ODF3), mRNA NM_053280
16p x-bndry 100 100 polymerase (RNA) Il (DNA directed) polypeptide K, 12.3 kD (POLR3K) NM_016310
16p x-bndry 99.17 100 axin 1 (AXINT), transcript variant 1, mRNA NM_003502
16q x-bndry 98.37 99 PR domain containing 7 (PRDM7), mRNA NM_052996
17p x-bndry 99.7 929 double C2-like domains, B (DOC2B), mRNA NM_003585
17p x-bndry 99.61 929 rabphilin 3A-like (without C2 domains) (RPH3AL), mRNA NM_006987
21q x-bndry 100 100 disco-interacting protein 2 (Drosophila) homolog (DIP2), mRNA NM_015151
22q x-bndry 98.99 29 acrosin (ACR), mRNA NM_001097
Xp/Yp x-bndry 100 100 short stature homeobox (SHOX), transcript variant SHOXa, mRNA NM_000451
Xq x-bndry 99.17 100 interleukin 9 receptor (IL9R), transcript variant 2, mRNA NM_176786
Xq x-bndry 100 100 similar to transient receptor potential cation channel, subfam C, mem 6 XM_066809
Xq x-bndry 99.5 100 synaptobrevin-like 1 (SYBL1), mRNA NM_005638
Xq x-bndry 100 99 sprouty homolog 3 (Drosophila) (SPRY3), mRNA NM_005840
4q SD 100 98 FSHD region gene 1 (FRG1), mRNA NM_004477
5p SD 99.96 99 succinate dehydrogenase complex, subunit A, flavoprotein (Fp) (SDHA) NM_004168
6q SD 99.08 100 programmed cell death 2 (PDCD2), transcript variant 2, mRNA NM_144781
6q SD 100 100 proteasome (prosome, macropain) subunit, B type, 1 (PSMB1) NM_002793
6q SD 98.88 98 TATA box binding protein (TBP), mRNA NM_003194
9p SD 100 100 forkhead box D4 (FOXD4), mRNA XM_095746
9p SD 98.85 98 3’ similar to gb:M83088 PHOSPHOGLUCOMUTASE (HUMAN) H12280

9p SD 99.33 98 similar to COBW-like protein, clone IMAGE:5287337, mRNA BC043420
14q SD 97.75 100 similar to immunogloblin heavy-chain variable region, clone MGC:45495 BC032733
Xp/Yp SD 100 100 protein phosphatase 2A 48 kD regulatory subunit (PR48), mRNA NM_013239

Yq SD 74.59 98 B melanoma antigen variant d (BAGE1) mRNA AF527552
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Figure 4 Sequence composition of subtelomeric assemblies. The GC percent and major interspersed
repeat sequence composition of the subtelomeric assemblies are shown. The interspersed repeat
classes were calculated independently for each strand, and the genome-wide averages were calculated

from NCBI Build 34 of the human genome.

sequence level using Blixem (Sonnhammer and Durbin 1994).
For regions in which transcript density was high, Spidey outputs
were also downloaded onto the UCSC genome browser (Kent et
al. 2002) to more easily compare multiple related transcripts

across a given region.
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