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ERCC1/XPF Removes the 3� Overhang from Uncapped
Telomeres and Represses Formation of Telomeric
DNA-Containing Double Minute Chromosomes

telomeres (Takai et al., 2003; van Steensel et al., 1998).
Such uncapped telomeres activate a DNA damage re-
sponse, leading to the binding of DNA damage response
factors to chromosome ends and the induction of apo-
ptosis or senescence (Karlseder et al., 1999; Smogor-
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from the events following replicative telomere shorten-DK-5230 Odense
ing (Smogorzewska and de Lange, 2002), suggestingDenmark
that telomeres lacking sufficient TRF2 resemble criti-
cally shortened telomeres. In agreement, overexpres-
sion of TRF2 can protect very short telomeres from fu-Summary
sion and delays the onset of senescence (Karlseder et
al., 2002).Human telomeres are protected by TRF2. Inhibition

A major challenge is to determine what change in theof this telomeric protein results in partial loss of the
structure of shortened telomeres renders them nonfunc-telomeric 3� overhang and chromosome end fusions
tional and what type of signal alerts cells to this change.formed through nonhomologous end-joining (NHEJ).
One possibility is that cells respond when one or moreHere we report that ERCC1/XPF-deficient cells re-
telomeres have lost the telomeric DNA altogether (Bairdtained the telomeric overhang after TRF2 inhibition,
et al., 2003). However, the fact that TRF2 inhibition canidentifying this nucleotide excision repair endonucle-
induce a DNA damage response without detectable lossase as the culprit in overhang removal. Furthermore,
of the double-stranded DNA argues that the signal canthese cells did not accumulate telomere fusions, sug-
also involve a change in the state of the telomere rathergesting that overhang processing is a prerequisite for
than its complete disappearance (Karlseder et al., 1999;NHEJ of telomeres. ERCC1/XPF was also identified as
Takai et al., 2003; van Steensel et al., 1998).a component of the telomeric TRF2 complex. ERCC1/

Absence of the 3� telomeric overhang was recentlyXPF-deficient mouse cells had a novel telomere phe-
proposed to be the altered telomere state that inducesnotype, characterized by Telomeric DNA-containing
cells to arrest (Stewart et al., 2003). Human telomeresDouble Minute chromosomes (TDMs). We speculate
carry several hundred nucleotides of TTAGGG repeatsthat TDMs are formed through the recombination of
at their termini (Makarov et al., 1997), and this part oftelomeres with interstitial telomere-related sequences
the telomere may be crucial for telomere protection.and that ERCC1/XPF functions to repress this process.
Consistent with this view, the (partial) loss of the 3�Collectively, these data reveal an unanticipated
overhang is an early sign of telomere deprotection afterinvolvement of the ERCC1/XPF NER endonuclease in
TRF2 inhibition (van Steensel et al., 1998).the regulation of telomere integrity and establish that

A second, possibly related, change in telomere stateTRF2 prevents NHEJ at telomeres through protection
could be the opening of t loops. T loops are large duplex

of the telomeric overhang from ERCC1/XPF.
loops formed through the strand invasion of the single-
stranded telomeric overhang (Griffith et al., 1999). In

Introduction vitro, TRF2 has the ability to promote t loop formation,
suggesting that t loops may be part of the protection

Mammalian telomeres are composed of TTAGGG repeat afforded by TRF2 (Stansel et al., 2001). In the t loop,
arrays and associated proteins that function to protect the 3� overhang is tucked into the duplex part of the
and maintain the telomeric DNA. Telomere protection telomere, and this may be sufficient to protect the over-
depends on TRF2, a small dimeric protein that binds hang from degradation and prevent telomere fusion by
along the duplex telomeric repeat tract (Bilaud et al., NHEJ. Thus, loss of telomeric overhangs may be a con-
1997; Broccoli et al., 1997; reviewed in de Lange, 2002). sequence (or a cause) of t loop resolution when telo-
Inhibition of TRF2 with a dominant-negative allele meres have become very short or when TRF2 function
(TRF2�B�M) or RNAi results in immediate deprotection of is impaired.

The greatest overhang loss (�50% reduction in the
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Figure 1. Diminished G-Strand Overhang Loss in XPF-Deficient Human Cells Expressing TRF2�B�M

(A) Analysis of G-strand overhangs and telomere length. GM08437B and XP51RO-hTERT cells (from XPF patients) were infected with vector
or TRF2�B�M viruses and, after 10 days, DNA was separated on 0.7% agarose gel. IMR90-LT and C5RO-hTERT cells (both XPF proficient)
were processed in parallel as controls. Gels were first hybridized with an end-labeled (CCCTAA)4 probe under native conditions to detect the
3� G-strand overhangs or with a (TTAGGG)4 probe as a C-strand control. After quantification, the DNA was alkali-denatured in situ and
rehybridized with the same probe to detect duplex telomeric DNA. MW markers are indicated on the left.
(B) Quantitation of relative loss of G-strand overhang signal from three independent experiments. G-strand overhang signal for each DNA
sample was normalized to the signal of duplex of TTAGGG repeats determined in the same gel. The plots give the ratio (in percentage) of the
normalized overhang signal in cells expressing TRF2�B�M to the normalized overhang signal in vector control cells. The plot represents
the percentage loss of G-strand overhang signal after TRF2 inhibition. Standard deviations derived from three independent experiments
are indicated.
(C) Occurrence of anaphase bridges and lagging chromosomes in IMR90-LT and GM08437B infected with TRF2�B�M or vector control.
Anaphases were examined 10 days after infection using DAPI-stained cells.

synthesis, the overhang signal will diminish gradually Kondo et al., 1989; Sijbers et al., 1996). Although muta-
tions in ERCC1 are not found in the human population,with cell divisions, as was observed (van Steensel et al.,

1998). However, overhang loss (albeit more modest) was mouse cells lacking ERCC1 function are also UV sensi-
tive (McWhir et al., 1993; Weeda et al., 1997). In addition,also noted in cells that had sustained TRF2 inhibition

but did not progress through S phase (Smogorzewska the ERCC1/XPF endonuclease and its yeast homolog
Rad1/Rad10 play a role in processing intermediates inet al., 2002). This would suggest that there is an active

nuclease at work. Here we identify ERCC1/XPF as homologous recombination (Adair et al., 2000; Fishman-
Lobell and Haber, 1992; Ivanov and Haber, 1995; Niedern-this nuclease.

ERCC1 and XPF form a complex that functions as a hofer et al., 2001; Sargent et al., 2000; Schiestl and Pra-
kash, 1988).structure-specific endonuclease. This complex cleaves

on the 5� side of bubble structures containing damaged Here we show that ERCC1/XPF associates with TRF2
and is present at telomeres. Our data indicate thatDNA (Aboussekhra et al., 1995; Park and Sancar, 1994;

reviewed in de Laat et al., 1999; Hoeijmakers, 2001). ERCC1/XPF-deficient cells retain the telomeric over-
hang after TRF2 inhibition, identifying this complex asERCC1/XPF also cuts DNA duplexes adjacent to a 3�

single-stranded DNA flap (de Laat et al., 1998a, 1998b). the culpable nuclease in overhang processing. The per-
sistence of the overhang was accompanied by a lackPatients with hypomorphic mutations in XPF are sensi-

tive to UV, develop skin cancer, and have other symp- of telomere fusions, suggesting that the overhang per
se is sufficient to prevent telomere fusion, even whentoms of xeroderma pigmentosa (Brookman et al., 1996;
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Figure 2. Absence of Telomere Fusions in ERCC1�/� MEFs Expressing TRF2�B�M

(A) Metaphase spreads from ERCC1�/� and XPC�/� MEFs expressing TRF2�B�M and ERCC1�/� expressing either vector or TRF2�B�M. Chromo-
somes were stained with DAPI and false-colored in red. Telomeric DNA was detected by FISH with a FITC-conjugated (CCCTAA)3-containing
PNA probe (green). White arrows indicate telomere end-to-end fusions. Enlarged images are shown below.
(B) Western analysis verifying equal expression of TRF2�B�M in the infected MEFs. Forty micrograms fractionated WCE protein was probed
with anti-TRF2 (Ab#647).
(C) Summary of chromosomal abnormalities in ERCC1�/�, ERCC1�/�, and XPC�/� MEFs expressing either vector or TRF2�B�M. The numbers
are derived from two independent experiments.

TRF2 is inhibited. We also identify a role for ERCC1/ human fibroblasts (C5RO-hTERT) served as a second
control. Both control cells and XPF-deficient cells ex-XPF in protecting telomeres from recombining with

chromosome internal sites. pressed similar levels of TRF2�B�M (data not shown).
Consistent with published data, when forced to express
TRF2�B�M, the control cells showed a reduction of theResults and Discussion
G-strand overhang signal (Figures 1A and 5B). In con-
trast, cells lacking normal XPF function showed no sig-No G-Strand Overhang Loss in XPF-Deficient Cells
nificant change in the G-strand overhang signal afterAs ERCC1/XPF can cleave next to a 3� single-strand
inhibition of TRF2 (Figures 1A and 1B). This indicatesprotrusion in vitro (de Laat et al., 1998a, 1998b), it has
that ERCC1/XPF is the main nuclease that removes thethe potential to remove the G-strand overhang from
G-strand overhangs from uncapped telomeres.telomeres. To determine whether ERCC1/XPF is the

nuclease involved, we examined the fate of G-strand
overhangs in XPF-deficient human cells with diminished Absence of ERCC1/XPF Prevents Telomere Fusions

We next used ERCC1/XPF-deficient cells to ask whetherTRF2 function. Two human cell lines with severely re-
duced XPF function are available. One is transformed the G-strand overhang is sufficient to prevent telomere

fusions by NHEJ. Telomere fusions give rise to anaphasewith SV40 and the other is immortalized by hTERT
(GM08437B and XP51RO-hTERT, respectively). Both chromatin bridges that can be assessed in a quantitative

manner (van Steensel et al., 1998). Inhibition of TRF2were infected with a retrovirus expressing the TRF2�B�M

dominant-negative allele of TRF2 or the pLPC retroviral in SV40 large T immortalized IMR90 cells, which have
normal ERCC1/XPF function, resulted in up to 56% ofvector. As a control, TRF2�B�M or the pLPC vector was

introduced into IMR90 cells, transformed with SV40 the anaphase cells containing one or more chromatin
bridge (Figure 1C). This value represents a 14-fold in-large T antigen (IMR90-LT). HTERT-immortalized normal
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crease in the fraction of cells with anaphase bridges
compared to control cells. The XPF-deficient cells showed
a high basal level of anaphase bridges (16% of the ana-
phase cells had one or more chromatin bridge), perhaps
due to general genome instability in these cells. Inhibi-
tion of TRF2 increased the frequency of anaphase brid-
ges somewhat but the increase was very modest, re-
sulting in only 26% of the cells having one or more
anaphase bridge. Thus, in contrast to XPF-proficient
cultures showing a 14-fold increase in cells with ana-
phase bridges, XPF-deficient cells only showed a 1.6-
fold higher frequency of anaphase bridges in response
to TRF2 inhibition. As a control, TRF2 inhibition did not
affect the occurrence of lagging chromosomes.

The role of ERCC1/XPF in facilitating NHEJ of un-
capped telomeres was further corroborated by analysis
of telomere fusions in ERCC1�/� mouse embryo fibro-
blasts (Weeda et al., 1997). Because the two compo-
nents of this complex are codependent, cells lacking
ERCC1 have reduced levels of XPF and vice versa (Big- Figure 3. Model for Telomere Processing after Experimental Un-
gerstaff et al., 1993; Houtsmuller et al., 1999; Sijbers et capping
al., 1996; van Vuuren et al., 1993; Yagi et al., 1997). Inhibition of TRF2 due to TRF2�B�M expression is proposed to result
Immortalized ERCC1�/� MEFs and ERCC1-proficient in the opening of the t loop or failure to reform the t loop after

DNA replication, leading to the exposure of 3� G-strand overhang.control cells were infected with the TRF2 dominant-
ERCC1/XPF cleaves the 3� overhang, generating a substrate fornegative allele or a control retrovirus and then processed
NHEJ by DNA ligase IV. The product of the ligation is a dicentricfor telomeric FISH on metaphase spreads (Figure 2A).
chromosome formed through the covalent fusion of two telomeres.

The level of TRF2�B�M expression in ERCC1�/� MEFs The ERCC1/XPF involved in cleaving the 3� overhang could be either
was similar to that in ERCC1�/� and XPC�/� MEFs (Fig- recruited to the telomere by residual TRF2 or it could originate from
ure 2B). As expected, inhibition of TRF2 in wild-type the large nucleoplasmic pool of ERCC1/XPF.
control cells or XPC-deficient cells gave rise to numer-
ous chromosome end fusions with telomeric signals at
the fusion site. In these settings, approximately 30%– 3). The finding that uncapped telomeres are protected
40% of the metaphases contain one or more telomere from NHEJ when their overhangs persist further under-
fusion event (Figures 2A and 2C). In contrast, ERCC1�/� scores the importance of this part of the telomere. It
MEFs, when forced to express TRF2�B�M, did not accu- also reveals that, with regard to NHEJ, the main protec-
mulate telomere fusions (Figure 2A) and contained only tive role of TRF2 is to prevent overhang loss. The mecha-
2 or 3 telomere fusions in 50 metaphase cells, which is nism by which TRF2 blocks ERCC1/XPF from removing
at least 9-fold fewer than in wild-type counterpart (Figure the 3� overhang will require further testing.
2C). Both ERCC1�/� and XPC�/� contained a low level
of dicentric chromosomes that were not due to telomere

ERCC1/XPF in the Telomeric TRF2 Complexfusions and were not affected by TRF2 inhibition (Figure
Unexpectedly, ERCC1/XPF was also found to be a com-2C). These dicentric chromosomes are mostly likely due
ponent of the telomeric protein complex. A TRF2 com-to genomic instability as a result of the defect in the NER
plex isolated by immunoprecipitation from heparin-sepha-pathway. These chromosomal abnormalities correlate
rose fractionated HeLa nuclear extract was previouslywith the higher background of anaphase bridges in XPF-
shown to contain the Rad50 component of the Mre11deficient human cells (Figure 1C), further suggesting
complex and the TRF2 interacting factor hRap1 (Zhu etthat these cells suffer from genomic instability due to a
al., 2000). The same TRF2 complex contained a weakdefect in NER. Taken together, these results show that
band migrating at 110 kDa (Figure 4A) which was absentERCC1/XPF are required for the removal of the G-strand
from control IPs with preimmune serum (data notoverhangs and for the fusion of uncapped telomeres.
shown). Nanoelectrospray tandem mass spectrometryTelomere fusions are generated by DNA ligase IV-
(Wilm et al., 1996) of three tryptic peptides derived fromdependent NHEJ (Figure 3) (Smogorzewska et al., 2002).
the 110 kDa band identified XPF (Figure 4B). This inter-We had previously speculated that this pathway would
action was verified with two unrelated TRF2 sera (#647require the removal of the telomeric overhang, and pre-
and #508) which both precipitated XPF and its partnerliminary evidence had suggested that G-strand over-
ERCC1 (Figure 4C). As a negative control, TRF1 andhang removal was an active process, implicating a
tankyrase 1 were not brought down in the TRF2 immuno-nuclease (Smogorzewska et al., 2002). Since deficiency
precipitates (Zhu et al., 2000; data not shown). Immuno-in ERCC1/XPF results in overhang persistence and also
precipitates with XPF and ERCC1 sera contained TRF2blocks telomere fusion, these data corroborate the pre-
(Figure 4D), and the association was verified in primaryviously proposed scenario for telomere fusion. We imag-
human fibroblasts (Figure 4E). Other abundant nucleo-ine that upon TRF2 inhibition telomeres unfold, leading
tide excision repair proteins such as XPA, XPC, andto exposure of the 3� end. Cleavage by ERCC1/XPF
XPG did not interact with TRF2 (Figure 4C, data notwould remove the single-stranded overhang, creating

the substrate for DNA ligase IV-mediated NHEJ (Figure shown). We estimate that the fraction of the ERCC1/
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Figure 4. ERCC1/XPF in the Telomeric TRF2 Complex

(A) Identification of TRF2 associated proteins. Five bands that were consistently observed are indicated. Bands corresponding to Rad50,
TRF2, and hRap1 have been reported previously in Zhu et al. (2000).
(B) Identification of XPF by nanoelectrospray tandem mass spectrometry. Sequencing of three tryptic peptides unambiguously identified the
presence of human XPF in the 110 kDa band. The position of each peptide is given.
(C) Co-IP of ERCC1/XPF with TRF2. IPs with HeLa nuclear extract using either preimmune serum or anti-TRF2 antibodies (Ab#647 or Ab#508).
Western blot analysis was performed with rabbit anti-XPF, anti-ERCC1, anti-XPA, and anti-TRF2 (Ab#647) sera. Input: 11% of material used
for IPs.
(D) Co-IP of TRF2 with ERCC1/XPF. IPs as in (C) but with anti-XPF and anti-ERCC1 antibodies. Western blot analysis was carried out with
rabbit anti-TRF2 (Ab#647), anti-XPF, and anti-ERCC1 sera. For the TRF2 input, 6% was loaded; for the XPF input, 2% was loaded; for the
ERCC1 IPs, 10% of the input was loaded.
(E) Co-IP of ERCC1/XPF with TRF2 from IMR90 cells. IP as in (C) except whole-cell extract from young IMR90 cells was used. Input represents 2%.
(F) DNA binding activity of TRF2 was not required for association with the ERCC1/XPF complex. IPs were done with FLAG antibody M2 and
whole-cell extracts from HTC75-derived cell lines (van Steensel et al., 1998) induced to express FLAG-tagged TRF2�B�M (T4 and T19), FLAG-
tagged TRF2�B (S13), or no exogenous protein (B27). Western blot analysis was performed with rabbit anti-XPF and anti-ERCC1. Input
represents 2%.
(G) Colocalization of XPF and ERCC1 with TRF1 at HeLa telomeres. HeLaI.2.11 cells were detergent-extracted, fixed, permeabilized, and
immunostained with mouse anti-TRF1 antibody (TRITC) in conjunction with rabbit anti-XPF and anti-ERCC1 (FITC) as indicated. Two nuclei
are shown in each panel.
(H) Colocalization of XPF and ERCC1 proteins with TRF1 in a subset of cells of the ALT cell line WI38VA13/2RA. Interphase cells were extracted
with detergent and stained with the indicated antibodies as described above. A single nucleus is shown in both cases.

XPF associated with TRF2 is relatively small (�1% of the DNA binding domain (TRF2�B�M) in parallel with a
mutant of TRF2 that is DNA binding competent (TRF2�B)HeLa XPF was recovered with TRF2; Figure 4C and data

not shown), and only a minor fraction of TRF2 seemed (van Steensel et al., 1998). Immunoprecipitates of both
versions of TRF2 using an antibody against the tag con-to be associated with XPF (Figure 4D). The finding that

most ERCC1/XPF is not associated with TRF2 (or telo- tained ERCC1/XPF (Figure 4F), indicating that DNA bind-
ing by TRF2 is not required for the interaction. In agree-meres) is consistent with photobleaching experiments

demonstrating that the majority of ERCC1/XPF migrates ment, the interaction was resistant to 500 mM KCl (data
not shown), a condition that abolishes the DNA bindingas a separate entity throughout the nucleus (Houtsmuller

et al., 1999). activity of TRF2.
To examine whether XPF and ERCC1 are associatedTo verify that the association of ERCC1/XPF with TRF2

was not mediated by DNA tethering, we analyzed this with telomeres, we carried out dual indirect immunofluo-
rescence (IF) with antibodies to TRF1 (as a marker forinteraction using a tagged TRF2 deletion mutant lacking
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telomeres [Chong et al., 1995; van Steensel and de
Lange, 1997]) and antibodies to XPF or ERCC1. As XPF
and ERCC1 show dispersed nuclear signals potentially
masking their presence at telomeres, we extracted nu-
cleoplasmic proteins with mild detergent prior to IF (Zhu
et al., 2000). After this treatment, XPF and ERCC1
showed a pattern of discrete punctate signals, a subset
of which colocalized with TRF1 (Figure 4G). Control ex-
periments omitting either the ERCC1/XPF antibodies or
TRF1 antibody showed that there was no bleed-through
from FITC channel to TRITC channel or vice versa (data
not shown). Colocalization of ERCC1/XPF with TRF1
was also observed in a second cell line (WI38VA13/2RA),
which maintains its telomeres through a telomerase-
independent mechanism. In a subset of these cells, telo-
meres form large foci containing telomeric DNA, telo-
meric proteins, and a large number of other factors.
ERCC1/XPF colocalized with these elements (Figure 4H).

ERCC1�/� MEFs Generate Telomeric DNA-Containing
Double Minute Chromosomes
Since ERCC1/XPF is present at telomeres, we asked
whether the absence of this complex affects telomere
structure and function. The effect of ERCC1/XPF on
the structure of the telomeric DNA was examined using
three independent litters from crosses of ERCC�/� mice.
Genomic blotting of the DNA from fibroblasts derived
from littermate embryos showed the expected variability
of telomeric restriction fragments but no consistent
length change associated with the ERCC1�/� genotype
(Figure 5A). Furthermore, ERCC1�/� MEFs had single-
stranded telomeric overhangs as detected by annealing
of a C-strand oligonucleotide to telomeric termini (Figure
5B). The G-strand signal was derived from 3� overhangs
since it was sensitive to digestion with exonuclease I
(data not shown). Consistent with the integrity of their
telomeric DNA, ERCC1�/� MEFs did not show chromo-
some end-to-end fusions in metaphase (Figures 2A
and 2C).

Fluorescence in situ hybridization (FISH) with a telo- Figure 5. Telomere Structure of ERCC1�/� MEFs
meric probe revealed the presence of several extrachro- (A) Duplex TTAGGG repeats from early passage of primary MEFs.
mosomal telomeric signals in metaphase spreads of im- Twelve AluI/MboI-digested DNA plugs derived from three litters (ge-

notypes indicated) were separated on a CHEF gel. Hybridizationmortalized ERCC1�/� MEFs (Figure 6). Most of the
was carried out in-gel with an end-labeled (CCCTAA)4 olignucleotideextrachromosomal telomeric signals formed two dots,
after in situ denaturation of the DNA. Molecular weight markers areand the signal intensity of these dots was comparable
indicated on the left.

to the telomeric signals on the intact chromosomes. (B) Analysis of G-strand overhangs and telomere length from immor-
DAPI staining showed that these elements contained talized MEFs. Four primary MEFs from litter B were immortalized
substantial amounts of nontelomeric DNA. The size of by 3T3 protocol, and two primary MEFs from litter D were spontane-

ously immortalized and AluI/MboI-digested DNA plugs were sepa-the elements appeared to vary substantially and, in
rated on a CHEF gel. Hybridization was first carried out in-gel undersome cases, the elements contained centromeric het-
native conditions with an end-labeled (CCCTAA)4 oligonucleotide toerochromatin (one example in Figure 6). These extra-
detect the 3� G-strand overhangs. The same gel was then alkali-

chromosomal elements resembled Double Minute chro- denatured and hybridized to the same probe to detect duplex telo-
mosomes (DMs), which are circular extrachromosomal meric DNA. Genotypes are indicated above the lane and the molecu-
elements, appearing as two closely positioned dots in lar weights of DNA markers are shown on the left.

metaphase. DMs were identified in multidrug resistance
cancer cells and certain other mammalian cells with
amplified DNA (Hahn, 1993). We refer to the extrachro- ERCC1-deficient MEFs derived from different crosses.

The MEFs were either immortalized spontaneously, pro-mosomal elements in the ERCC�/� cells as Telomeric
DNA-containing Double Minutes (TDMs) to distinguish cessed according to a 3T3 protocol, or transformed with

SV40 large T antigen. TDMs were observed rarely inthem from other DMs which do not contain telomeric
DNA (Lin et al., 1990). cells wild-type or cells heterozygous for ERCC1 (0.04–

0.2 TDMs per metaphase) (Figure 6B). In contrast, im-The frequency of TDMs was determined by telomeric
FISH analysis of a series of ERCC1-proficient and mortalized ERCC1�/� MEFs had a 10-fold higher fre-
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Figure 6. Identification of Telomeric DNA-Containing Double Minute Chromosomes in ERCC1 Null Cells

(A) Metaphase spreads from ERCC1�/� MEFs and ERCC1�/� MEFs. Chromosomes were stained with DAPI and false-colored in red. Telomeric
DNA was detected by FISH with a FITC-conjugated (CCCTAA)3-containing PNA probe (green). White arrows indicate TDMs. Enlarged images
of seven TDMs are shown below with (top) and without (bottom) the telomeric FISH signal. One of the TDMs (#2) contains a segment of more
intense DAPI stain indicative of the presence of centric heterochromatin.
(B) Summary of TDM frequencies in immortalized MEFs of different genotypes.

quency of TDMs (1.2–3.1 TDMs per metaphase) (Figure the sequence 5�-TTAGGG-3� is the consensus of the
guinea-pig �-satellite repeat, one of the first mammalian6B). As a control for the effects of NER deficiency, im-

mortalized XPC�/� MEFs were examined and found to DNA sequences to be determined (Southern, 1970). Al-
though interstitial telomere-related sequences are per-have wild-type levels of TDMs. These results indicated

that TDMs are not due to NER deficiency per se, but vasive, their sequences often diverge considerably from
the telomeric DNA, and long stretches of exact TTAGGGspecific for the absence of ERCC1/XPF. In tumor cell

lines, the selection for high expression levels of genes repeats are rare (Fanning, 1987). We speculate that
these chromosome internal telomere related loci cancarried on DMs is thought to be responsible for their

amplification. The copy number of TDMs is low in com- recombine with genuine telomeres. The product of such
a recombination would be a terminally deleted chromo-parison, suggesting that they do not confer a selective

advantage to the cells. some and a circular product, the TDMs that we observe
(Figure 7). We further propose that ERCC1/XPF can pro-We propose that TDMs are formed through a recombi-

nation event between the telomere and chromosome- tect against this recombination event by cleaving an
intermediate step. The ability of this endonuclease tointernal TTAGGG-like sequences. The genome of many

vertebrates contain sequences that are closely related cleave recombination intermediates has been docu-
mented in yeast and mammalian cells (Adair et al., 2000;to telomeric repeats (Meyne et al., 1990). For instance,
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Figure 7. Model for the Role of ERCC1/XPF in Preventing Recombination between Telomeres and Interstitial Telomeric Sequences

ERCC1/XPF (blue arrow heads) is proposed to cleave inappropriate strand-invasion events of telomeres into interstitial telomere-related
sequences. For instance, cleavage of the 3� overhang would result in release of the strand-invasion event, and regeneration of the 3� overhang
(by telomerase or a nuclease) could reconstitute a functional telomere. In absence of ERCC1/XPF function, recombination between the
telomere and the interstitial telomeric DNA results in a terminally deleted chromosome with a short telomere and a circular product containing
telomeric DNA. After replication, the circular product will appear as a TDM in metaphase.

of nuclei with 0.42 M KCl in buffer C (20 mM HEPES-KOH [pH 7.9],Fishman-Lobell and Haber, 1992; Ivanov and Haber,
25% glycerol, 0.1 mM EDTA, 5 mM MgCl2, 1 mM dithiothreitol (DTT),1995; Niedernhofer et al., 2001; Sargent et al., 2000;
1 �g/ml aprotinin, 1 �g/ml leupeptin, 1 �g/ml pepstatin, and 0.5 mMSchiestl and Prakash, 1988). This speculative model
phenylmethysulfonyl fluoride [PMSF]). Whole-cell extracts were

raises the question of why ERCC1/XPF does not cleave made by resuspending cell pellets in 0.42 M KCl buffer C containing
the base of the t loop. Presumably, protection of the t 0.2% Nonidet P-40. Extracts were then dialyzed at 4�C overnight
loop must involve the inhibition of ERCC1/XPF at telo- against 100 mM KCl in buffer D (20 mM HEPES-KOH [pH 7.9], 20%

glycerol, 0.2 mM EDTA, 0.2 mM EGTA, 1 mM DTT, and 0.5 mMmeres and the factor(s) involved in this regulation must
PMSF) and stored at –80�C. Protein concentrations were determinedbe able to distinguish TTAGGG repeats from interstitial
using the Bradford assays (BioRad) with BSA as a standard.TTAGGG-related sequences.

TRF2 complex was isolated from HeLa nuclear extracts as de-Interestingly, ERCC1 null mice display other pheno-
scribed in Zhu et al. (2000). Proteins were visualized with Coomassie

types that are not seen in mice with a defect in other blue, and the band corresponding to 110 kDa was excised for mass
NER components (de Vries et al., 1995; McWhir et al., spectrometric analysis as described in Zhu et al. (2000).
1993; Nakane et al., 1995; Sands et al., 1995; Weeda et
al., 1997). For example, ERCC1 knockout mice display Cell Culture and Retroviral Infection
growth retardation and die before they are weaned. Fur- Cells were grown in DMEM medium with 10% fetal calf serum (for

Phoenix cells, immortalized MEFs, and GM08347B [Coriell]), 15%thermore, unlike MEFs derived from other NER-deficient
FCS (for primary MEFs, C5RO-hTERT, XP51RO-hTERT, and IMR90),mice, ERCC1 null MEFs undergo premature senes-
and 10% bovine calf serum (for HeLa and WI38VA13/2RA), supple-cence. Our findings raise the possibility that TDM forma-
mented with nonessential amino acids, glutamine, 100 U/ml penicil-tion and presumed terminal deletions associated with
lin, and 0.1 mg/ml streptomycin. Retroviral gene delivery was carried

TDMs could contribute to these phenotypes. A similar out as described in Karlseder et al. (2002). Phoenix ecotropic or
risk may also exist for patients with XPF deficiency, amphotropic retroviral packaging cells were transfected with pLPC
although interstitial telomere related sequences are less vector or pLPC containing TRF2�B�M allele. At 24, 36, 48, and 60 hr

posttransfection, the virus-containing medium was used to infectfrequent in the human genome compared to some other
cells in the presence of polybrene (4 �g/ml). Twelve hours after thevertebrates (Azzalin et al., 1997; Meyne et al., 1990),
last infection, puromycin (2 �g/ml) was added to the medium andpossibly lowering the frequency of recombination of
the cells were maintained in puromycin for 10 days.telomeres with chromosome internal sites.

Immunoblotting and ImmunoprecipitationExperimental Procedures
Immunoblotting was carried out with HeLa nuclear extract (20 �g)
or whole-cell extract (40 �g) as described in Zhu et al. (2000). Ex-Protein Extracts and Isolation of TRF2 Complex
tracts were fractionated on 8% SDS-PAGE and transferred to nitro-Nuclear and whole-cell extracts were prepared as described in Zhu

et al. (2000). In brief, nuclear extracts were made on ice by extraction cellulose which was immunoblotted with monoclonal M2 anti-FLAG
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antibody (Sigma) or rabbit anti-serum against TRF2 (Ab#647 and Acknowledgments
Ab#508; van Steensel et al., 1998; Zhu et al., 2000), XPF (Sijbers et
al., 1996; van Vuuren et al., 1993), ERCC1 (Sijbers et al., 1996; van We thank N. Heintz and W. Lee for HeLa nuclear extract. K. Hoke,

D. Loayza, G. Celli, and R. Wang are thanked for insightful discussionVuuren et al., 1993), and XPA (Santa Cruz). Immunoprecipitation
was performed with whole-cell extract (7 mg) and TRF2 preimmune and technical advice. H. Odijk, A.F. Theil, W. Vermeulen, and N.G.J.
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by a postdoctoral fellowship number PF-99-142 from the Americanand immunoblotted as described.
Cancer Society. K.B. was supported (in part) by a long-term post-
doctoral fellowship from the EMBO. The laboratory of M.M. at theImmunofluorescence
University of Southern Denmark is supported by a grant from theImmunofluorescence was performed essentially the same as de-
Danish National Research Foundation to the Center of Experimentalscribed in Zhu et al. (2000). Cells were grown on coverslips, rinsed
BioInformatics (CEBI).This work was supported by grants from thewith PBS, and incubated in Triton X-100 buffer (0.5% Triton X-100,
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permeabilization. For dual indirect immunofluorescence, fixed cells
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