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Short blocks of telomeric-like DNA (Interstitial Telomeric Sequences, ITSs) are found far from chromosome ends. We
addressed the question as to how such sequences arise by comparing the loci of 10 human ITSs with their genomic
orthologs in 12 primate species. The ITSs did not derive from expansion of pre-existing TTAGGG units, as described
for other microsatellites, but appeared suddenly during evolution. Nine insertion events were dated along the
primate evolutionary tree, the dates ranging between 40 and é million years ago. Sequence comparisons suggest that
in each case the block of (TTAGGG), DNA arose as a result of double-strand break repair. In fact, ancestral
sequences were either interrupted precisely by the tract of telomeric-like repeats or showed the typical modifications
observed at double-strand break repair sites such as short deletions, addition of random sequences, or duplications.
Similar conclusions were drawn from the analysis of a chimpanzee-specific ITS. We propose that telomeric sequences
were inserted by the capture of a telomeric DNA fragment at the break site or by the telomerase enzyme. Our
conclusions indicate that human ITSs are relics of ancient breakage rather than fragile sites themselves, as previously
suggested.

[Supplemental material is available online at www.genome.org. The nucleotide sequences reported in this work have

been submitted to GenBank under accession nos. AY512975-AY513061 and AY585870-AY5858575.]

The telomeres of vertebrate chromosomes are composed of ex-
tended arrays of the TTAGGG hexamer (McEachern et al. 2000).
The specialized enzyme telomerase performs the synthesis of
telomeres using as a template a complementary oligoribonucleo-
tide, which is associated to the catalytic protein moiety (Greider
1996; Harrington 2003; Cech 2004). The presence of the telo-
meric repeats at the chromosome ends is essential for ensuring a
correct functioning of telomeres and for the maintenance of
chromosome integrity and stability (Blackburn 2001). In several
species, including humans and other primates, repetitions of the
TTAGGG unit, called interstitial telomeric sequences (ITSs), have
been observed also inside the chromosomes away from the ter-
mini (Meyne et al. 1990; Azzalin et al. 1997; Ruiz-Herrera et al.
2002, 2004).

Whereas the relationship between the sequence organiza-
tion of telomeres and their function is clear, the presence of
telomere-like sequences inside chromosomes is far from being
understood. We have initially approached this problem by ana-
lyzing the sequence organization of the interstitial telomeres pre-
sent in the human genome with the purpose of understanding
the basis for their creation. In a previous study (Azzalin et al.
2001) we reported that, in the human genome, more than a
hundred intrachromosomal telomeric arrays composed of more
than four TTAGGG repeats are present; we then grouped them in
three classes: (1) subtelomeric ITSs, composed of extended tan-
demly oriented arrays containing many degenerate units; (2) fu-
sion ITSs in which two stretches of telomeric repeats are oriented
head-to-head; (3) short ITSs composed of few tandemly oriented
TTAGGG repeats.

“Corresponding author.

E-MAIL giulotto@ipvgen.unipv.it; FAX 39 0382 528496.

Article and publication are at http://www.genome.org/cgi/doi/10.1101/
gr.2778904. Article published online ahead of print in August 2004.

1704 Genome Research
www.genome.org

The three classes derive from different mechanisms. It is
likely that the degenerate repeats of subtelomeric ITSs (class 1)
arose from recombination events involving chromosome ends.

Fusion ITSs (class 2) originate from end fusion of ancestral
chromosomes and appear to be very rare in the human genome
because only the previously described fusion ITS from Chromo-
some 2q13 (Ijdo et al. 1991) was found in our search.

More intriguing results were obtained from the analysis of
50 short ITSs (class 3), which allowed us to propose that they
probably arose from the repair of DNA double-strand breaks oc-
curring in the germ line during evolution (Azzalin et al. 2001). In
fact, several short ITSs interrupt precisely the consensus sequence
of known dispersed repetitive elements such as SINEs or LINEs;
moreover, some short ITSs were flanked by direct repeats of 7 to
43 nt, suggesting that the ITSs with this particular configuration
were inserted during the repair of staggered breaks. Similar con-
clusions were reached after the analysis of ITSs isolated from the
Chinese hamster genome (Faravelli et al. 2002).

In mammals, one of the main mechanisms for the repair of
DNA double-strand breaks is the nonhomologous end-joining
(NHE]) pathway, which is carried out by a multiprotein apparatus
comprising, among others, the Ku heterodimer, the DNA-PK
catalytic subunit, the homolog of the MRE11-RADS0-NBS1 Sac-
charomyces cerevisiae complex, the DNA ligase IV, and the XRCC4
and Artemis proteins (Valerie and Povirk 2003). The primary
function of this apparatus is the recognition of the free ends
arising from the break; because double-strand breaks often pro-
duce frayed ends, these have to be processed before joining, lead-
ing to deletions or insertions (Smith et al. 2001). Although the
DNA ends produced by breakage are structurally and functionally
different from the telomeric ends, some of the mentioned pro-
teins can bind and act on both structures (Chan and Blackburn
2002; de Lange 2002).

In the work presented here, we used an evolutionary ap-
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proach to test our hypothesis that short A 32186 32247 B 7ss16 75456
ITSs deriVe from the repair Of double_ HSA CCCAGCTCAAGETTAGCET [TAGGGT] SETAGGAAGCGTAN ’Bﬂ CCCCCTATTTAACTCTTA [GGGTTA] SGTAAGGCTSTTCC
PPA CCCAGCTCAAGGTTAGGET [TAGGGT] SGTAGGAAGCGTAR PPA CCCCCTATTTAACTC--- -----= GTAAGECTGTTCC
strand breaks; we analyzed the sequence o 660 cCCAGCTCARGTTTAGGST TAGGGT] SGTAGGAAGCATAA PTR CCCCCTATTTAACTC--- ------ GTAAGGCTGTTCC
organization of 22 loci orthologous to PEY COCAOGTCAGRGR: ~cnon nrsses ~GTAGGARGCGTAA GO0 COCCCTATTTAACTC--~ ---=-= GTAAGGCTGTTCC
. . . PCR CACAGGTCAGGGT---=--= ====== -GTAGGAAGCGTGA PPY CCCCCTATTTAACTC--- ------ GTAARGECTETTCC
human short ITS in 12 primate species. PAN CCCAGETCAGCGT---=-= ====== ~GTGGGARGCGTAR HLA CCCCCTATTTAATTC--= ====== GTAAGGCTGTCCC
One chimpanzee ITS was also analyzed MMU CCCAGGTCAGCMT - - === ===m== - GTGGGAAGCGTAR
using the same approach. The com- &
parison of the sequences flanking each i
) A Ancestral sequence
ITS allowed us to confirm our starting S
hypothesis as well as to provide an l =
evolutionary dating of the events lead-
ing to the insertion of the telomeric re- S— —
— A ——
peats.
Teomerase /\ (TTAGGG)n ds
fragment capiure
RESULTS == s ——
We selected 22 sequences out of the . —
>100 short ITSs present in the human e
L} olymerasc
genome. We also included in our study >
one chimpanzee ITS that is absent in the —
human genome. =
Primer pairs for the sequences
flanking the 22 selected human ITSs |
were used to amplify genomic DNA from =
great apes (Pan troglodytes, PTR, common G
chimpanzee; Pan paniscus, PPA m IS locus
‘b ! 4 . , Pygmly without modification -
chimpanzee; Gorilla gorilla, GGO, go- of Banking sequences ="
rilla; Pongo pygmaeus, PPY, Bornean or-

angutan); gibbons (Hylobates lar, HLA,
white-handed gibbon; Hylobates klossii,
HKL, Kloss’ gibbon); Old World mon-
keys (Papio anubis, PAN, olive baboon;
Presbytis cristata, PCR, leaf-monkey; Ma-
caca mulatta, MMU, rhesus macaque;
Cercopithecus aethiops, CAE, vervet mon-
key); and New World monkeys (Calli-
thrix jacchus, CJA, common marmoset;
Callicebus moloch, CMO, dusky titi). A
similar analysis was carried out with the chimpanzee ITS. Of the
22 human loci, 16 were considered informative because, for each
of them, specific PCR products could be obtained in at least three
nonhuman primates. The chimpanzee locus was also informa-
tive. The PCR products were sequenced and the orthologous se-
quences were aligned.

Six human ITS loci were found in all the examined species;
therefore, their insertion dates before Catarrhini/Platyrrhini di-
vergence (data not shown). For nine human ITS loci and for the
chimpanzee locus, comparison of the sequences in the different
primates allowed us both to date the insertion of the telomeric
array during evolution and to propose a molecular mechanism
underlying the phenomenon (Fig. 1A,B; Fig. 2A,B,C,D,F,G; Fig.
3A,B). For another locus, the sequence comparison allowed us to
propose a mechanism for ITS insertion but not to date the inser-
tion event (Fig. 2E). A short portion from the sequence of these
10 human loci and of the chimpanzee locus is reported in the
Figures 1-3. The inserted telomeric arrays are shown in red. Oc-
casional mismatches in the telomeric array (less than 1 mismatch
every 12 bp) were observed but are not reported in the figures.
The identity values of the sequences flanking the ITSs in all the
primates (data not shown) are very high, comprised between
88% and 99%, and are substantially in agreement with their phy-
logenetic distance.

The sequences of the 10 human loci and of the chimpanzee
locus were grouped in four sets according to the proposed models
for the insertion of the telomeric repeats. In all four models, the
proposed initiating event is a DNA double-strand break. A de-

Figure 1

Interstitial telomeric-like repeat insertion without modification of the flanking sequences.
(A,B) Two examples of this type of insertion. A short portion of the DNA sequence of the ITS loci in
different primate species is shown. (HSA) Homo sapiens; (PPA) Pan paniscus; (GGO) Gorilla gorilla; (PPY)
Pongo pygmaeus; (HLA) Hylobates lar; (PCR) Presbytis cristata; (PAN) Papio anubis; (MMU) Macaca
mulatta. The inserted nucleotides are shown in red. In the locus presented in A, the ITS is present in
human, chimpanzee, and gorilla and absent in the more distant primates; the ITS presented in B is
human-specific. (C) A model for this type of insertion. The telomeric repeats (red boxes) are inserted
at a blunt double-strand break site either by the telomerase enzyme or via the capture of a double-
stranded telomeric fragment. The human ITS locus in A is the AL033381 sequence from Chromosome
6p24; in B the AC039056 sequence from 15q14.

scription of the analyzed sequences and the basis for their group-
ing is presented below.

IT Insertion Without Modification of the

Flanking Sequences

The human AL033381 sequence (Fig. 1A), located on Chromo-
some 6p24, contains a 39-bp TTAGGG array (from nucleotide
32196 to nucleotide 32234) and does not show any peculiar fea-
ture in the region flanking the ITS. The telomeric array was pres-
ent in HSA (Homo sapiens), PPA, and GGO, while absent in PPY,
PCR, PAN, and MMU. A GT dinucleotide, which is part of the
telomeric hexamer, was contained in the ancestral sequence at
the 5'-end of the insertion. The flanking sequences are highly
conserved in all primates analyzed. These data strongly suggest
that the ITS was inserted after the divergence of PPY from the
Homo/Pan/Gorilla group and before GGO divergence, which is
~7-14 million years ago (Mya; Fig. 4; Goodman 1999).

The ITS in the human AC039056 sequence (Fig. 1B), located
on Chromosome 15q14, is composed of a 34-bp telomeric-like
array (from nucleotide 75468 to nucleotide 75501). Also, this
sequence does not show any remarkable feature in the ITS flank-
ing regions. This ITS appears human-specific, because it was not
found in any nonhuman primate. Consequently, the insertion
took place after the chimpanzee/human divergence, which oc-
curred ~6 Mya (Fig. 4, Goodman 1999).

In both cases, a similar event has probably occurred, as out-
lined in Figure 1C; the sudden appearence of a stretch of telo-
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A 157363 157438
HEA TTAGAGCTATTACAAGCTTAGATATCTATOTGAT [AGGGTT] £--=c-cmccsncocmcconoccosasomooccosnnananas
FPA TTAGAGCTATTACAAGCTTAGATGTGTATGTGAT [AGGGTT]4-------m-mmmeman
PTR TTAGAGCTATTACAAGCTTAGATOTGTATGTGAT [AGGGTT] 4= ==ccoccmancaooas
GGO TTAGAGCTATTACAAGCTTAGATGTGTATOTAAT [AGGETT] == ==--=xsmmm=mmn=
HLA TTAGAGCTATTACAAACTTAGATGTGTATGTEAT [AGGETT] 4 -~ m o= = o mmm e et ceeae
L TTAGAACTATTACARGCTTAGATGTGTATGCGA - CAATCCATTCAGACATAAATATGGAACCATGARATTGCAAAT TGCARG
PAN TTAGATCTATCACAAGCTTAGATGTGTATGTGA- CAATCCATTCAGACATAAATATGGAACCATTAAATTGCAAATTGCANG
MMU TTAGAACTATCACAAGCTTAGATGTGTATGTGA- - CAATCCATTCAGACATAANTATGGAACCATTAAATTGCAAATTGCANG
CAE TTAGAACTATTACAAGCTTAGATGTCTATGTGA- ------ CAATCCATTCAGACATAAATATGGAACCATTGAATTGCAAATTGCAAG
B 1s2031 182512
ESA ACGTATCTATGTATTAATCCATTTTCATACTGCTAGAGT [TAGGGT]S----------====-=c==u- TAATT..[|. TATCAGTATACAAG
FFA ATGTATCTATGTATTAATCCATTTTCATACTGCTAGGGT [TAGGGT] == -nnnnmnn -~TANTT..J|
FTR ATGTATCTATGTATTAATCCATTTTCATACTGCTAGGOGT [TAGGGT]S=ccxnmanasan = ~TAATT..[.TATCAGTATACAAG
880 ATGTATCTATSTATTAATCCATTTTCATACTGCTAGBET [TAGGET] 5- - cmmmmmm e s -~TAATT..J|
PPY ATGTATCTATOTATCAATCCATTTTCATACTGOTAGEST [TAGGGT] v nn e ana --TAATT. | TATCAGTATACAAG
PCR ATATATCTATITATTAATCCATTTTCATACTGCTAGGET [TAGGET] 5-n--mmmnmmnm --TARTT. [ TATCAGTGTGCAAG
o PAN AIGTATCTATITATTAATCCATTTTCATACTGCTAGGGT [TAGGAT) §- - - -- - - =< - oo - TCATT..||.T-TCAGTGTCCAAG
CMO ATGTATCTATGTAGTAGTCCGTTTECATACTACTAG- -~ ~----- ARAGAACTACCTGAGACTGAGTAATT. || TATCAGTGTCCAAG
C ca24a D 35144 39085
’HSR AGCTECAGEGTTAG [GETTAG] S ’HSA AAAGTECTETEATTAGESTT [AGGETT] 5-AGGCATGAGT
FPA c PPA AAAGTGCTGEGATTA----- ------- CAGGCATGAGC
PTR PFTR AAAGTGCTGGGATTA===== ======= CAGGCATGAGC
GGO 3GO mumr:rcg:xrrn ———————————— CAGGCATGAGT
PPY HEL AAAATGOTGGGATTA----= ======= CABGCATGAGC
HEL PAN AAAGTGCTGEGATTA----- =----=-= CAGGCATGAGC
cHMo MMU AAAGTGCTGGGATTA- - === ======= CAGGCATGAGC
CJIA
-
E a7 4032 4105
HEA GEGTEGEGEEGETT [AGGETT]E GECTGCAGCA-GCTCTAACCTA [GEGTTA] 8 GGCTGE-G
PPA OGGTGGGGGTT [AGGGTT]6 --- GACTECAGCARGCTCTARCCTA [GGGTTA] § GGCTGG-G
PTE GGEGTEEGEETT [AGGETT]6 - GECTECAGCAAGCTCTAACCTA [GEGTTA] 10GGCTEG-G
660 GGYTOGEGETT [AGGGTT] 6 - GACTGCAGCA-GOTCTAACCTA [GGGTTA] ¢ GGCTGG-G
PAN GSGTGGG&ETT [ageETT] 2 GACTECAGCA-GCTCTAMCCTA [GEETTA] § GEACTEE-G
MMU GCGTGORGGTT [AGGOTT]3 =ssevesss GOCGECAGCOGG= s = s nnann =esmnn GGCTGGCE
CIA GGGTGAAGETT [AGGATT]1l-s-=ssssssmznasnsa GacT
ﬂﬂﬁim-— ———— CETGACCTTGGECGASGCGECT
LTR element consensus
G 27548 27381
HEA ACTTAAAGCOCTATATGATATTCTA-AAR===sssasscsssssmsamanssssnsnssnsns MIGITTTGCTTCTGCACTAGCCATACAR
PPA ACTTAAAGCTCTATATGACA- - CTACTAAGTATTGCTAAG [|_CATAACTACAT (AGGGTT) 3 AGGGTTTGCTTCTGCACTAGTCATTCAA
PTR ;mrum@c‘uﬂ'ra.\a\- - CTACTAAGTATTGCTAMG || _CATAACTACAT (AGGGTT) 6 AGEETTTECTTCTGCACTAGTCATACAR
G0 ACTTAMGCTCTATATGATATTCOTA-AAA- === == =ssccmccsomcmsmssmmmsmsssans AGGETTTACTTCTGCACTAGCCATACAR
PPY ACTTAAAGCTCTATA-GATATTCTA-AAA----=---crccer s s s s e e e = mﬂaﬁramm‘g{:&m}u}ccﬂtm
HLA ACTTAAAGCTCTATA-GATATTCTA-AAA-<=sccccsoancenomemmanennmnmannnnn AGGGTTTGCTTCTACACTAGCCATACAR
MMU ACTTAARGCTCTATACGAG -TTCTA-AAA -~ === === - === mmmmemmmmmmmmmmmmmn AGEGTTTECTTCTGCATTAGCCATACAA
H 1
Ancesiral « Ancestral —
seuence _ sequence .
DSB and DSB and insertion
sequence of rundom sequence
lowss
ﬂ —
e— —
ITS locus l ITS locus l
with delet S R
af Manking of Munking  co— < —
sequences S SEgUEnces
(A,B,C,D,E) (F,G)
Figure 2 Interstitial telomeric-like repeat insertion with flanking sequence deletion or insertion.

(A,B,C,D,E) Five examples of ITS insertions accompanied by deletions of flanking sequences. The dates
of insertion of these ITS vary between 6 and 25-40 Mya. (F,G) The interstitial telomeric repeats appear
together with a random sequence. The repeat in G is very recent, being present only in chimpanzees.
The inserted telomeric repeats are shown in red, the deleted nucleotides in blue, and the inserted
random nucleotides in green. The ITS shown in Bis inserted within an LTR/THE1D element (thin yellow
lines), which is inserted inside an LTR/MLT1C element (thick yellow lines). (H,l) Models for these types
of insertion (deleted sequences: blue boxes; telomeric repeats: red boxes; inserted random nucleotides:
green boxes). (HSA) Homo sapiens; (PTR) Pan troglodytes; (PPA) Pan paniscus; (GGO) Gorilla gorilla;
(PPY) Pongo pygmaeus; (HLA) Hylobates lar; (HKL) Hylobates klossii; (PAN) Papio anubis; (PCR) Presbytis
cristata; (MMU) Macaca mulatta; (CAE) Cercopithecus aethiops; (CMO) Callicebus moloch; (CJA) Calli-
thrix jacchus. (A) The human ITS locus is the AL354723 sequence from Chromosome 9p22; (B)
AF216808, Chromosome 8p12; (C) AC009054, Chromosome 16q22; (D) AC025982, Chromosome
3925; (E) AF236882, Chromosome 7q36; (F) AC005032, Chromosome 7g36. (G) The chimpanzee ITS

locus is the BS000043 sequence from chimpanzee Chromosome 22.
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meric repeats at a given point in evolu-
tion suggests a mechanism whereby
DNA ends are produced in the germ line
by a double-strand break; during joining
of the broken ends, TTAGGG repeats are
inserted either directly by telomerase or
via the capture of a double-stranded
telomeric repeat fragment. No modifica-
tion of the flanking sequences was ob-
served in the human locus containing
the ITS compared with the ancestral lo-
cus, suggesting that the repair process
occurred either at a blunt double-strand
break or at staggered break that was
filled in on one side and blunted on the
other side.

Deletion and ITS Insertion at

Break Site

The human AL354723 sequence (Fig.
2A), located on Chromosome 9p22, con-
tains a 37-bp telomeric array (nucleo-
tides 157,396-157,432); the flanking re-
gions do not show any particular fea-
ture. Specific amplification fragments
from PPA, PTR, GGO, HLA, PCR, PAN,
MMU, and CAE were sequenced. Se-
quence comparison showed that the hu-
man ITS was conserved in great apes
(PPA, PTR, and GGO) and in the gibbon
HLA but absent in Old World monkeys
(PCR, PAN, MMU, and CAE). A 42-bp se-
quence following the 3'-end of the telo-
meric array is present in Old World
monkeys but missing in the human and
ape genomes. Very likely a unique event
generated the ITS insertion and the 42-
bp deletion, and occurred in the great
apes/gibbons ancestor, ~18-25 Mya (Fig.
4; Goodman 1999). The number of telo-
meric repeats appeared to vary in the dif-
ferent species. In this respect, however,
it is worth noticing that variations in ITS
repeat number among different human
individuals has been reported for several
ITS loci (Mondello et al. 2000). Variabil-
ity in ITS repeat number among differ-
ent species (see also below) is therefore
not unexpected.

The human AF216808 sequence
(Fig. 2B), located on Chromosome 8p12,
contains a 36-bp TTAGGG repeat array
(nucleotides 182,863-182,898) inserted
within an LTR/THE1D element (thin yel-
low lines at the bottom of Fig. 2B); the
LTR/THE1D sequence is inserted, in
turn, inside an LTR/MLTI1C element
(thick yellow lines). Using a primer pair
external to the MLT1C element, we am-
plified and sequenced the genomic DNA
from HSA, PPA, PTR, GGO, PPY, PCR,
PAN, and CMO. Figure 2B shows the
alignment of the relevant portion of the
sequenced fragments; the human se-
quence organization is conserved in all
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species except the most distant one, the New World monkey
CMO, which contains only the first three nucleotides (TAG) of
the array. Conversely, in all the other species, a 23-bp fragment,
belonging to the LTR/THE1D element and present in CMO, is
missing. Hence, the insertion of the telomeric array must have
occurred simultaneously with the loss of the 23-bp fragment.
Most likely, the insertion of the THE1D transposon inside a pre-
existing MLT1C element is ancestral. Subsequently, after Catar-
rhini and Platyrrhini divergence (22-40 Mya; Fig. 4), the telo-
meric repeat was inserted and, at the same time, the 23-bp frag-
ment was deleted.

The human AC009054 sequence (Fig. 2C) is located on
Chromosome 16q22 and contains an exact 41-bp telomeric array
(nucleotides 64,198-64,238); the flanking sequences do not
show any particular feature. The orthologous loci from PPA, PTR,
GGO, PPY, HKL, CMO, and CJA lack the telomeric array and
contain five additional nucleotides at the 3'-end of the ITS. An
AGGG tetranucleotide, in frame with the telomeric array, is
present in the ancestral sequence at the 5’-end of the insertion.
Most likely, also in this case, the insertion event occurred con-
currently with a deletion, after the chimpanzee/human diver-
gence (Fig. 4).

The human AC025982 sequence

(Fig. 2D), which maps on Chromosome 4 622

HEA TACCAC

the intervention of telomerase or by the capture of a telomeric
fragment as described in Figure 1C.

Random Sequence Addition and ITS Insertion at
Break Site
The human sequence AC005032 is located on Chromosome
7q36.3 and contains a 50-bp ITS (Azzalin et al. 2001) extending
from nucleotides 4051 to 4100 (Fig. 2F). The orthologous se-
quences from PPA, GGO, PAN, and MMU showed the presence of
the telomeric array. In the New World monkey CMO, the ITS and
an unrelated 8-bp sequence 5’ to the ITS are absent. These results
suggest that in the Catarrhini ancestor, after divergence from
Platyrrhini (25-40 Mya; Goodman 1999), a double-strand break
was repaired with the mechanism illustrated in Figure 2H: a ran-
dom sequence is added to one end of the break site and telomeric
repeats are then inserted.

After a search of ITS loci in the P. troglodytes genome (PTR),
we identified the BSO00043 sequence, which contains a recent
insertion (Fig. 2G); in fact, the telomeric repeat is present only in

773
COCAGAA

TETETCTCT

PTR TACCACATL

TTGCACT CCCAGAA

325, contains a 41-bp telomeric repeat e

(nucleotides 39,092-39,132) inserted  Pory racen

within an Alu element. Analysis of HEL TGCHE

HLA TECCAC
the orthologous sequences in PPA, PTR,
GGO, HKL, PAN, and MMU showed
that the ITS is human-specific and that
a TTA trinucleotide, in frame with the
telomeric insert, is present in the ances- e

tral sequence. In all the nonhuman  pHur TACANTTCARACT

. PCR TACAATTCARACT
primates, however, an extra C nucleo- PAN TACARTTCAARACT
H ’ : MMU TACAATTCARAC
tide at the 3'-end of the telomeric array prosifas kb
was found. Thus, in this case, the inser-

tion event occurred within a repetitive C

element, interrupting exactly its consen-
sus sequence except for the 1-bp dele-
tion.

The last example of this group (Fig.
2E; sequence AF236882) shows an ITS,
located by FISH on 7q36 (Azzalin et al.
2001) consisting of a 53-bp telomeric ar-
ray (nucleotides 876-928). The ITS is
present, although with different num-

bers of repeats, in all the analyzed pri- :“-: = e
mates: PPA, PTR, GGO, PAN, MMU, and
CJA. This ITS interrupts an LTR element | UNA Polymernee |
that is very conserved in all species and
contains a GGG trinucleotide at the site l
of the insertion. However, sequence e S w—
— T R —

alignement with the LTR consensus
showed an 18-bp deletion at the 3'-end
of the telomeric array. These data sug-
gest that the insertion-deletion was al-
ready present in the ancestor of Catar-
rhini and Platyrrhini, that is, >40 Mya

Ancestral

duplication
of Munking sequences

l Ligas:
TS KOS W 0 ey e
e S < I —

£ — T —
1 Staggervd DSE
_
—

Telomuruse /\

|

ATTAGG o ds
Fragment joining

(Fig. 4; Goodman 1999). Figure 3

Interstitial telomeric-like repeat insertion at staggered double-strand break sites. (A,B) Two

All the ITS insertion events de-
scribed in Figure 2, A to E, probably arose
through a mechanism like the one
shown in Figure 2G: a double-strand
break accompanied by the loss of adja-
cent sequences is repaired through the
insertion of a telomeric array either by

examples of telomeric repeat insertions associated with flanking sequence duplications. The inserted
telomeric nucleotides are shown in red and the direct repeats flanking the insertion are shaded in blue;
the direct repeats flanking the AluY transposon are boxed. (C) A staggered double-strand break can
give rise to a duplication by a gap-filling mechanism (telomeric arrays: red boxes; direct repeats: light
blue boxes). (HSA) Homo sapiens; (PTR) Pan troglodytes; (PPA) Pan paniscus; (GGO) Gorilla gorilla; (PPY)
Pongo pygmaeus; (HLA) Hylobates lar; (HKL) Hylobates klossii; (PAN) Papio anubis; (PCR) Presbytis cris-
tata; (MMU) Macaca mulatta; (CAE) Cercopithecus aethiops. (A) The human ITS locus is the AF237881
sequence from Chromosome 2q31; (B) AC026696, Chromosome 5q14.
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7 6 gered double-strand break occurs in the

ALO033381 (1A)
AF236881 (3A)

MYA  germ line, and, during repair, a telo-
:ggz;g;: 33 meric array is inserted; the ITS, similarly
ACOS9%20D) to what is depicted in Figure 1C, can be
introduced either through the synthesis

Hominidse | Homo/Pan/Gorilla

| Bsooooss 26y —ppa  Of telomeric repeats by telomerase, or by
_EPTR the insertion of a double-stranded telo-

meric fragment. According to this
model, the direct repeats are generated

GGO

PPY by filling of the single strand gaps deriv-
—HKL ing from the separation of the staggered

Group
AL354723 (2A)  [(Great Apes
AF236881 (3B)
AF216808 (2B) Hylobatidae (Gibbons)
AC005032 (2F)
Catarrhini
AF236882 (2E) Cercopithecidae (Old World monkeys)

L, ends.

s DISCUSSION

I:FCR The relationship between the sequence

Plathyrrhini (New World monkeys)

paN  Organization of telomeres and their
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Figure 4 Phylogenetic tree of primates. The time of insertion of each one of the 11 telomeric repeats
is marked on the phylogenetic tree. Each ITS locus is indicated by its accession number. The figure

number relative to each locus is indicated in parentheses.

the two chimpanzee species PTR and PPA. Similarly to the hu-
man AC005032, a 76-bp DNA fragment was introduced together
with the ITS in the ancestral sequence (Fig. 2I).

IT Insertion at Staggered Double-Strand Break Site

The human sequence AF236881 isolated from Chromosome
2q31 (Azzalin et al. 2001) is characterized by a peculiar organi-
zation (Fig. 3A). A 67-bp telomeric array interrupts a 397-bp LTR
element and is flanked on each side by a 43-bp direct repeat
(shaded in blue in Fig. 3A) containing only two mismatches; the
43-bp sequence is present only once in the LTR consensus. The
ITS and the 43-bp repeat are conserved in PTR and GGO. Con-
versely, in PPY, HKL, and HLA, the LTR consensus sequence was
not interrupted: no trace of telomeric array and only one copy of
the 43-bp sequence are found. On the basis of these observations,
we propose that a single hit accounts for the insertion of the
telomeric sequence and for the duplication of the 43 nucleotides.
The insertion-duplication event occurred after the split of the
human/chimpanzee/gorilla ancestor from PPY, that is, between 7
and 14 Mya (Fig. 4, Goodman 1999).

A similar organization was found in the human sequence
AC026696, located on Chromosome 5q14. This locus contains a
41-bp telomeric array extending from nucleotides 59,378 to
59,418. The ITS interrupts a 303-bp AluY element and is flanked
on each side by a perfect 15-bp direct repeat (shaded in blue in
Fig. 3B). The AluY consensus contains only one copy of the 15-bp
sequence. The AluY element at this locus (nucleotides 59,222-
59,591), in its turn, is flanked on each side by an 11-bp direct
repeat (boxed in Fig. 3B), which marks the transposition event.
The orthologous sequences of great apes (PPA, PTR, GGO, PPY)
and of the gibbon HLA showed the same overall organization.
Conversely, in PCR, PAN, MMU, and CAE, the AluY element,
including the inserted telomeric array, is missing and only one
copy of the 11 bp is present. Therefore, ~18-25 Mya (Fig. 4; Good-
man 1999), the AluY sequence was inserted creating the 11-bp
target duplication; at the same time or “soon” after, the telomeric
array was inserted inside the AluY element, generating the 15-bp
direct flanking repeat.

The ITSs shown in Figure 3, A and B, were probably gener-
ated by the same mechanism, as outlined in Figure 3C. A stag-
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Lcja of their possible function and of the mo-
lecular events leading to their occur-
rence. One proposed reason for the ex-
istence of ITSs is the telomeric fusion of
ancestral chromosomes; however, in the
human species, ITSs generated from this
mechanism appear to be very rare (Azzalin et al. 2001). In the
human genome, more than a hundred intrachromosomal telo-
meric arrays composed of more than four TTAGGG repeats are
present, whereas tandem repeats of other hexameric units are
rare (Azzalin et al. 2001). Is the relative abundance of telomeric
repeats inside the chromosomes, that is, in a position totally
unrelated to the function for which they have evolved, of any
significance?

In the present paper, we have reported a detailed character-
ization of 10 ITSs found in the human genome and of one ITS
found in the chimpanzee genome. We have determined the ap-
proximate date of their evolutionary occurrence and, from the
analysis of their flanking sequences, we have derived four model
mechanisms that explain the origins of these particular sequence
elements. These models imply a double-strand break as the pri-
mary causal event and can be considered as modifications, in-
volving the intervention of telomerase or telomerase products, of
the canonical nonhomologous end-joining (NHEJ) process.

According to these models, the telomeric hexamers were
introduced either directly by the telomerase enzyme or by the
insertion of a blunt-ended, double-stranded telomeric sequence.
In the first case, the enzyme uses a 3'-end of the break as a primer
to synthesize the G-rich strand of a stretch of telomeric
hexamers; a DNA polymerase synthesizes the second strand, and
a ligase restores the integrity of the double helix. In the second
case, one may suppose that a preexisting (TTAGGG),, fragment is
transposed at the site of breakage in a way resembling the capture
of filler DNA during NHE] (Roth et al. 1991; Liang et al. 1998; Lin
and Waldman 2001). We can suppose that all these transactions
take place with the contribution of several proteins that are de-
puted to the recognition of the break and maintenance of a close
contact between the broken ends.

The ITSs described in Figure 1 were inserted without any
modification of the flanking sequences, whereas the ITSs de-
scribed in Figure 2, A to E, share a common pattern of insertion,
that is, the addition of telomeric repeats coupled with the loss of
flanking sequences. The size of the deletions varies from 1 to 42
nt. The loss of sequences at the break site has been described as a
frequent outcome of NHE] events (Smith et al. 2001), and is likely
due to the action of nucleases involved in end processing. The
sequence depicted in Figure 2B has a peculiar organization: the
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ITS is inserted inside a transposable element, which, on its turn,
is inserted into another transposable element. This may point
to this site as a possible hot spot for breakage. The ITSs described
in Figure 2, F and G, are interpretable as arising from the in-
sertion of a random DNA fragment coupled with the addition
of telomeric repeats. Alternatively, these ITSs could have arisen
from the direct insertion of a preformed double-stranded frag-
ment composed of the random sequence and the telomeric
array.

The sequence organization of the ITSs reported in Figure 3 is
particularly intriguing: the telomeric array are precisely inserted
between two copies of a sequence present as a single copy in the
ancestral genome. The most likely explanation for this observa-
tion is that the telomeric repeats were inserted at the sites of
staggered double-strand breaks (43 bp in the sequence shown in
Fig. 3A and 15 bp in that shown in Fig. 3B), and the duplications
were then generated upon the intervention of a DNA polymerase
(Fig. 3C). The organization of these two ITSs is surprisingly analo-
gous with those of transposable elements, whose insertion leads
to direct duplication of the target sequence.

Thus, all the insertion events described in the present work
point to the possibility that telomerase is recruited for the repair
of DNA double-strand breaks via a variation of the canoni-
cal NHE]J. Whereas the ability of telomerase to add telomeric
repeats to free 3’-ends derived from double-strand breaks in
a process known as “telomere healing” is well demonstrated
(Flint et al. 1994; Sprung et al. 1999), we provide evidence
that telomeric sequences can be inserted during joining of
two broken ends. In telomere healing, the recognition of the
3'-end by the enzyme is enhanced by the presence of a 1-5-nt
homology to the telomeric sequence. Indeed, this appears to be
the case in several of the sequences shown here: in the sequences
reported in Figures 1A, 2B-E, and 3A, the oligonucleotides GT,
TAG, AGGG, TTA, GGG, and GG, respectively, are present at the
break sites, in frame with the telomeric inserts. Because the se-
quence in Figure 2F is not informative in this respect, we can
conclude that, in six out of the 10 informative sequences, the
telomeric arrays were inserted in frame with telomeric oligo-
nucleotides present at the break site in the ancestral sequences.
This observation supports the direct involvement of telomerase,
rather than the addition of a preformed telomeric array, in the
repair process.

The proposed occasional involvement of telomerase in the
repair of double-strand breaks is not surprising; in fact, several
reports have shown that factors are shared between the telomere
maintenance and double-strand break repair machineries (Bailey
et al. 1999; Martin et al. 1999; Wei et al. 2002). It is, therefore,
conceivable that telomerase, which plays an essential role in telo-
mere maintenance and is present in germ-line cells where these
events must have occurred, may be recruited at some repair sites.
As recalled above, the double-strand break repair process via
NHE] is carried out by a multiplicity of proteins, which are geared
for recognizing the break, maintaining the ends in close contact,
processing, and finally joining them. One might surmise that
telomerase molecules are occasionally recruited and contribute
to the repair.

Because the telomeric arrays consist of tandem repetitions of
short oligonucleotides, they can be classified as microsatellites; it
has been shown that microsatellites composed of di-, tri-, or tet-
ranucleotide units appeared during evolution through the cre-
ation of a minimum number of repeat units by mutation fol-
lowed by expansion of the repeat number, probably via replica-
tion errors caused by DNA polymerase slippage. This process
appears to be very slow on the evolutionary timescale (Messier et
al. 1996). As the evolutionary evidence presented here shows,
this mechanism does not apply to ITSs: the telomeric arrays ap-

pear in one step, inserted in a preexisting and well-conserved
unrelated sequence. Hence, the mechanism for the creation of
ITSs is clearly distinct from the classical mechanism of origin of
the other microsatellites. Although we cannot exclude that some
ITSs were generated by DNA polymerase slippage, the relatively
low frequency of non-TTAGGG hexameric arrays we have ob-
served in the human genome (Azzalin et al. 2001) suggests that
the generation of hexanucleotide repeats by the classical mecha-
nism is a rare event. On the other hand, once the TTAGGG arrays
are inserted, their repeat number may be expanded, probably by
the DNA polymerase slippage mechanism; in fact, in a previous
study on three human ITS loci, we have shown that the number
of telomeric repeats is variable in the human population (Mon-
dello et al. 2000). In the present study, because only a single
sample of DNA from each species was available to us, we do not
know if intraspecific variation in repeat number is present at the
studied loci; however, it is likely that the observed interspecific
variability of repeat number at several loci is caused by DNA
polymerase slippage.

The results here presented allow an evolutionary dating
of several ITS insertion events (Fig. 4). Some insertions are
very recent (<6 Mya), the ITS being present only in the human
species (Figs. 1B and 2C,D) or in the two chimpanzee species (Fig.
2@G); two insertions occurred after the divergence of PPY from
the Homo/Pan/Gorilla group (7-14 Mya; Figs. 1A and 3A); two
insertions occurred during the evolution of Catarrhini and
took place in the great ape/gibbon ancestor (18-25 Mya; Figs. 2A
and 3B); two ITSs are present in all the Catarrhini species
analyzed and therefore were inserted 25-40 Mya (Fig. 2B,F).
The ITS shown in Figure 2E is present in all the primates tested
and is therefore very ancient; the same conclusion applies to six
other ITSs that are not presented here because the sequence re-
sults do not provide information on the mechanism generating
the insertion. In addition, the data presented in Figure 3B al-
lowed us to date the insertion of an AluY transposable element in
the primate lineage ~18-25 Mya, before the Hominidae radia-
tion.

From the results shown here, we cannot infer any particular
role of ITS insertion in the evolutionary process. Most ITSs may
simply represent junk DNA without any specific function; how-
ever, some of them could have been inserted near or within tran-
scribed regions modifying the gene expression profile. In addi-
tion, as suggested for other microsatellites, the presence of many
identical repeats could promote illegitimate recombination
events leading to genome rearrangements.

Finally, it is worth reminding that the insertions of telo-
meric repeats here described necessarily occurred in the germ line
in the course of primate evolution. ITS insertion at the repair
junctions in experimentally induced double-strand breaks in sev-
eral telomerase positive somatic cell lines has never been re-
ported. Thus, either this type of event cannot occur for unknown
reasons in somatic cells, or it is too rare to be detected in the
experimental systems so far used.

In conclusion, the data presented here confirm our starting
hypothesis that several human ITSs derive from the repair of
double-strand breaks during evolution; the evidence presented
does not allow us to ascribe any particular function to the ITSs
present in the primate genomes; rather, the intrachromosomal
telomeric arrays could simply represent “scars” marking sites of
DNA double-strand break repair events that occurred in the germ
line during evolution.

It has been suggested that ITSs are preferential sites of break-
age (Bertoni et al. 1994, 1996; Desmaze et al. 1999); the conclu-
sions derived from the present work support instead the hypoth-
esis that the short primate ITSs are relics of ancient breakage
within fragile sites rather than fragile sites themselves.
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METHODS
Source of DNA

Human genomic DNA was extracted from blood samples of
healthy individuals. Nonhuman primate genomic DNA was ex-
tracted from lymphoblastoid cell lines established from the fol-
lowing species: PPA, PTR, GGO, PPY, HLA, HKL, PAN, PCR,
MMU, CAE, CJA, and CMO.

Polymerase Chain Reaction Amplification

Genomic DNA (50-100 ng) was amplified by polymerase chain
reaction in a 25-pL total volume as previously described (Azzalin
et al. 2001). Sequences of oligonucleotide primers are reported in
Supplemental material. Reaction profiles are given in comments
to appropriate sequences deposited to GenBank. Reaction prod-
ucts were analyzed by electrophoresis on 1%-3% agarose gel, and
specific fragments were gel extracted.

Sequence Generation and Analysis

In most cases, gel-purified amplification products were directly
sequenced with both the forward and the reverse amplification
primers. Alternatively, gel-purified fragments were cloned in the
pGEM-T-easy vector (Promega) and sequenced with the M13 for-
ward and reverse primers. Sequencing was carried out using the
ABI PRISM BigDye Terminator Cycle Sequencing Kit and an ABI
PRISM 310 Genetic Analyzer automated sequencer (Perkin Elmer)
according to the manufacturer’s instructions.

To prove specificity of amplified fragments from nonhuman
primates, their DNA sequences were compared with the corre-
sponding human sequences. The RepeatMasker software at EMBL
(http://woody.embl-heidelberg.de/repeatmask/) was used to
identify known repetitive elements (such as SINEs, LINEs, mi-
crosatellites, etc.). Sequences were aligned using the Multiple se-
quence Alignment software, MultAlin (http://prodes.toulouse.
inra.fr/multalin/multalin.html).
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