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TRF1 is a component of the shelterin complex at mammalian telomeres; however, a role for TRF1 in telomere
biology in the context of the organism is unclear. In this study, we generated mice with transgenic TRF1
expression targeted to epithelial tissues (K5TRF1 mice). K5TRF1 mice have shorter telomeres in the epidermis
than wild-type controls do, and these are rescued in the absence of the XPF nuclease, indicating that TRF1 acts
as a negative regulator of telomere length by controlling XPF activity at telomeres, similar to what was
previously described for TRF2-overexpressing mice (K5TRF2 mice). K5TRF1 cells also show increased end-to-
end chromosomal fusions, multitelomeric signals, and increased telomere recombination, indicating an impact
of TRF1 on telomere integrity, again similar to the case in K5TRF2 cells. Intriguingly, K5TRF1 cells, but not
K5TRF2 cells, show increased mitotic spindle aberrations. TRF1 colocalizes with the spindle assembly check-
point proteins BubR1 and Mad2 at mouse telomeres, indicating a link between telomeres and the mitotic
spindle. Together, these results demonstrate that TRF1, like TRF2, negatively regulates telomere length in vivo
by controlling the action of the XPF nuclease at telomeres; in addition, TRF1 has a unique role in the mitotic
spindle checkpoint.

Telomere repeat binding factor 1 (TRF1) is a component of
the shelterin complex at mammalian telomeres (13, 18, 31).
TRF1 is proposed to act as a negative regulator of telomere
length by inhibiting telomerase activity in cis (1, 50, 52). In
human cells, TRF1 overexpression leads to telomere shorten-
ing (1, 50), while displacement of TRF1 from telomeres using
a TRF1 dominant-negative allele leads to telomere elongation
(52). This role of TRF1 as a negative regulator of telomere
length is proposed to be mediated by its interaction with Pot1,
which together with TPP1 is proposed to regulate the access of
telomerase to chromosome ends (32, 50, 56, 57). In human
cells, TRF1 interacts with tankyrase 1 and 2, which poly-ADP-
ribosylates TRF1, thereby controlling TRF1 binding to telo-
meres and regulating telomere length (12, 28, 49). TRF2, a
homologue of TRF1, is also a negative regulator of telomere
length in human cultured cells (1, 50). In addition, TRF2 is
essential for telomere capping (11, 53). TRF2 overexpression
results in telomere degradation, mediated by the TRF2-inter-
acting XPF/ERCC1 nuclease, also involved in nucleotide ex-

cision repair (NER) (7, 17, 35, 54, 58). TRF2 overexpression in
the skin of mice leads to defective NER, increased skin cancer,
and premature aging (7, 35). TRF1 and TRF2 share the same
architecture, characterized by a C-terminal Myb domain and a
TRFH N-terminal domain (9, 14, 21). Interestingly, both pro-
teins contain distinct binding sites for the shelterin protein
Tin2, probably determining their different binding partners
and functions at telomeres (14). When specifically targeted to
telomeres, TRF1 overexpression releases the so-called telo-
mere position effect, suggesting a role for TRF1 in controlling
telomere silencing (30). Recently, an interaction between
TRF1 and RNA polymerase II (Pol II) which seems to aid in
telomere transcription was described (47). In addition, TRF1
regulates sister telomere cohesion at telomeres through post-
transcriptional modification by tankyrase 1 (10, 49). TRF1 has
also been shown to interact with components of the mitotic
spindle, including the mitotic kinase NIMA and the spindle
regulator Mad1 (40, 43). Furthermore, TRF1 has been shown
to interact with microtubules and to control microtubule po-
lymerization (40).

These different roles of TRF1 in telomere biology as well as
in chromosome dynamics and genomic integrity suggest an
impact of TRF1 on cancer and aging. Interestingly, TRF1 is
upregulated in some human epithelial cancers (33, 41), sug-
gesting that increased TRF1 expression may favor tumorigen-
esis. More recently, TRF1 was found to be altered in some
cases of aplastic anemia (45), a disease characterized by pre-
mature loss of bone marrow regeneration and the presence of
short telomeres. In addition, the TRF1-interacting protein
Tin2 is found to be mutated in some cases of dyskeratosis
congenita and Revesz syndrome, also characterized by defec-
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tive bone marrow regeneration and the presence of short telo-
meres (46).

Interestingly, mice deleted for TRF1 show embryonic lethal-
ity due to unknown reasons but do not appear to have defects
in telomere length maintenance or telomere capping (29), ar-
guing that TRF1 is not involved in telomere length regulation
and telomere capping, at least during the very early stages of
mouse embryonic development. Similarly, mice deficient in the
TRF1 regulator tankyrase also show normal telomere length
and telomere capping (15, 27). The lack of viable TRF1 mouse
models has prevented the study of the impact of altered TRF1
expression in normal development, cancer, and aging.

In this study, we set out to address the role of TRF1 in
telomere biology by generating tissue-specific TRF1 transgenic
mice. In particular, we targeted TRF1 overexpression to mouse
stratified epithelia by using the keratin 5 (K5) promoter, gen-
erating K5TRF1 mice. K5TRF1 mice show a two- to threefold
increase in the amount of TRF1 bound to telomeres, which is
accompanied by a slight increase of tankyrase but not of TRF2.
Augmented TRF1 abundance at telomeres results in telomere
shortening in vivo, indicating that TRF1 is an essential telo-
mere length regulator in the context of epithelial homeostasis.
Furthermore, we show that similar to that previously described
for K5TRF2 mice (35), telomere shortening in K5TRF1 mice is
also mediated by the XPF nuclease, suggesting that TRF1 and
TRF2 act in the same pathway of telomere length control in
mammals. Finally, we show that TRF1 colocalizes with the
spindle assembly checkpoint (SAC) proteins BubR1 and Mad2
at mouse telomeres and that TRF1 overexpression, but not
TRF2 overexpression, results in aberrant mitotic spindles,
demonstrating a specific role for TRF1 in mitosis.

MATERIALS AND METHODS

Generation and maintenance of mouse strains. The full-length mouse TRF1
cDNA was cloned downstream of bovine K5 regulatory sequences (38). After
digestion with NotI, DNA was microinjected at 2 �g/�l into the pronuclei of
fertilized oocytes from C57BL/6 � CBA F1 mice. Five founder mice were
identified by using the K5 bovine promoter as a probe. Four mice (K5TRF1-A to
-D) transmitted the transgene to the offspring. Founders were backcrossed for three
to five generations onto a pure C57BL/6 background to obtain the different K5TRF1
transgenic lines studied here. All wild-type and K5TRF1 mice used for the analyses
were littermates. K5TRF2/K5TRF1 double mutant mice were obtained by crossing
female K5TRF2 mice (35) with male K5TRF1 mice. K5TRF1/XPF�/� mice were
generated by crossing K5TRF1 mice with XPF�/� mice, as previously described (35).
XPF alleles were generated as described previously (35).

All mice were generated and maintained at the Spanish National Cancer Centre
under specific-pathogen-free conditions in accordance with the recommendation of
the Federation of European Laboratory Animal Science Associations.

Real-time quantitative RT-PCR. Total RNA was extracted using Trizol (In-
vitrogen Life Technologies) from the tail and back skin of three or four age-
matched (2 to 5 months old) K5TRF1-A, K5TRF1-B, K5TRF1-C, and K5TRF1-D
transgenic mice as well as their corresponding wild-type controls. Reserve tran-
scription (RT) was carried out following the manufacturer’s instructions (Invitro-
gen Life Technologies). Real-time RT-PCR was performed as described previ-
ously (35). Primers TRF1FB (5� TCT AAG GAT AGG CCA GAT GCC A 3�)
and TRF1RB (5� CTG AAA TCT GAT GGA GCA CGT C 3�) amplified a
186-bp fragment of mouse TRF1 cDNA. The ACTIN-F and ACTIN-R primers
(35) were used in parallel RT-PCRs for actin detection. We determined the
relative expression of TRF1 in each sample by calculating the ��CT value, which
expresses the difference between the cycle threshold with the TRF1 primer pair
and that with the �-actin primer pair. Each RT-PCR was repeated twice.

Telomere length analyses of skin sections. Quantitative telomere fluorescence
in situ hybridization (Q-FISH) directly on skin sections was performed as pre-
viously described (35).

Isolation and culture of keratinocytes from newborn mouse skin. Primary
keratinocyte cultures from newborn mice (0 to 2 days old) were obtained as
previously described (35).

Telomere length analyses of isolated skin keratinocytes. (i) Q-FISH analysis.
Primary keratinocytes were subjected to Q-FISH as previously described (35,
44). TFL-Telo software (59) was used to quantify the fluorescence intensity from
at least 10 metaphases from each genotype.

For chromosomal aberration analysis, chromosomes were analyzed by super-
imposing the telomere image on the DAPI (4�,6-diamidino-2-phenylindole) im-
age of each metaphase.

(ii) TRF analysis. One million keratinocytes were included in agarose plugs,
and TRF analysis was performed as described by Blasco et al. (8).

ChIP analysis. For chromatin immunoprecipitation (ChIP) analysis, 1.5 � 106

keratinocytes were used per condition. ChIP analysis with the indicated antibod-
ies was performed as described previously (6). In all cases, ChIP values were
represented as percentages of the total input DNA, therefore correcting for
differences in the numbers of telomere and centromere repeats.

Analysis of TelRNAs (or TERRAs). For analysis of telomeric RNAs (TelRNAs
or TERRAs), RNA dot blot analysis was performed using different amounts of
RNA (Trizol; Invitrogen) as described previously (47).

Isolation of epidermal keratinocytes from adult mice. Mice were sacrificed,
and the skin from the tail and back was removed surgically by making a longi-
tudinal incision. Adult skin keratinocytes were isolated basically as described
previously (35).

Tumor induction experiments. Wild-type and K5TRF1B littermate mice (8 to
12 weeks old) were shaved and treated with a single dose of 20 �g of DMBA
[7,12-dimethylbenz(a)anthracene] (Sigma) in 200 �l of acetone. Mice were sub-
sequently treated twice weekly with 12.5 �g of tetradecanoyl phorbol acetate
(TPA; Sigma) in 200 �l of acetone each dose for 15 weeks. The number and size
of papillomas were determined and registered for each mouse weekly.

Telomere length determination for skin tumor sections. For Q-FISH, paraffin-
embedded tumor (SCC) sections of the indicated genotypes obtained from the
DMBA-TPA experiment were deparaffinized and hybridized with a peptide
nucleic acid telomeric probe. Telomere fluorescence was determined as de-
scribed previously (35). More than 420 telomere signals per squamous cell
carcinoma (SCC) and at least three independent SCC per genotype were ana-
lyzed. The images were captured at a magnification of �100, using a Leica CTR
MIC microscope and a Cohu high-performance charge-coupled device camera.
Telomere fluorescence was integrated using spot IOD analysis in the TFL-Telo
program (kindly provided by P. Landsdorp, Terry Fox Laboratory, Vancouver,
Canada) (59).

Histopathological analysis. Skin samples and other mouse tissues were recov-
ered after mouse sacrifice, fixed in 10% buffered formalin, dehydrated, and
embedded in paraffin. For histopathological analysis, 4-mm sections were depar-
affinized and stained with hematoxylin and eosin according to standard proce-
dures. Images were captured with a DP-10 digital camera in an Olympus Vanox
microscope at the indicated magnifications.

ESC clonogenic assays. Five thousand keratinocytes isolated from wild-type
and K5TRF1 newborn mice were seeded onto J2-3T3 fibroblasts (105 per well in
six-well dishes) previously treated with mitomycin C (MMC) (10 mg/ml for 2 h).
Keratinocytes were grown in Cnt-02 medium at 37°C and 5% CO2 for 2 weeks.
Cells were then rinsed with phosphate-buffered saline (PBS), fixed with 10%
formaldehyde, and stained with 1% rhodamine B (Sigma) to visualize colony
formation. For each keratinocyte sample, epidermal stem cell (ESC) clonogenic
assays were performed in triplicate. The number and size of colonies were
measured for each genotype, and the average numbers of colonies obtained for
different ranks of size were calculated.

Telomerase TRAP assay. Telomerase activity was measured with a modified
telomere repeat amplification protocol (TRAP) as described previously (8).

Telomere recombination measurements using CO-FISH. Chromosome orien-
tation FISH (CO-FISH) was performed as described previously (3, 7, 25), using
first a (TTAGGG)7 probe labeled with Cy3 and then a (CCCTAA)7 probe
labeled with rhodamine green (Applied Biosystems, Bedford, MA). Telomere
fluorescence signals and DAPI-stained chromosome images of each metaphase
were captured on a Leitz Leica DMRB fluorescence microscope.

B1-SINE Cobra analysis of global DNA methylation. Global DNA methyl-
ation levels were determined using the B1-SINE Cobra method as previously
described (6).

Analysis of genomic subtelomeric DNA methylation. Methylation of subtelo-
meric repeats at chromosomes 1 and 2 was determined by bisulfite genomic
sequencing as previously described (6). One to nine colonies were sequenced per
culture.
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FIG. 1. Increased TRF1 expression in K5TRF1 mice. (a) Scheme of the K5TRF1 construct. (b) Quantification of TRF1 mRNA levels in mice from
the indicated founder lines. Values represent the increases in TRF1 expression in K5TRF1 mice compared to that in wild-type controls. The number of
mice (n) and mean � standard error (SE) are indicated above each bar. (c) Quantification of TRF1 protein levels in wild-type and K5TRF1 primary
keratinocytes by immunofluorescence. The number of keratinocyte cultures (n) and the mean � SE are indicated above each bar. (d) Representative
images of nuclear TRF1 in K5TRF1 keratinocytes. The TRF1-specific signal is shown in green. Note the higher TRF1 immunofluorescence in K5TRF1-A
cells than in K5TRF1-B cells. (e) Quantification of TRF1 protein bound to telomeres. Values are expressed as mean � SE increases in TRF1 levels in
transgenic keratinocytes relative to those in nontransgenic keratinocytes. n, number of keratinocyte cultures. (f) Representative images of telomere-bound
TRF1 in the indicated genotypes. The TRF1-specific signal is shown in green, telomeric sequences detected by telomere Q-FISH are shown in red, and
colocalization is shown in yellow. (g) Telomere-bound TRF2 protein is not increased in K5TRF1 cells. Values are expressed as means � SE relative to
the wild-type level (100%). n, number of keratinocyte cultures. At least 400 TRF2 and 500 TRF1 signals were analyzed per genotype. As a control,
K5TRF2 cells showed increased TRF2 bound to telomeres compared to wild-type controls, while telomere-bound TRF1 was not increased in these cells.
(h) Representative images of TRF2 and TRF1 protein levels in the indicated genotypes. (Top) TRF2 is shown in green. (Bottom) TRF1 is shown in
green. (i) Increased telomere-bound tankyrase 1 protein levels in K5TRF1 cells. Values are expressed as means � SE relative to the wild-type level
(100%). n, number of keratinocyte cultures. At least 45 nuclei were analyzed per genotype. (j) Representative images of tankyrase 1 immunofluorescence
in wild-type and K5TRF1 cells. Note the higher tankyrase 1 signal in K5TRF1 cells.
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Antimitotic drugs and quantification of mitotic index. Primary keratinocytes
were treated overnight with nocodazole (0.2 �g/ml; Sigma, St. Louis, MO) or
paclitaxel (Taxol) (33 nmol; Sigma, St. Louis, MO) and fixed in PBS–buffered 4%
paraformaldehyde at room temperature for 10 min, followed by permeabilization
with PBS–0.1% Triton X-100 for 10 min. Cells were then blocked with 2% bovine
serum albumin (Sigma, St. Louis, MO) in PBS for 1 h at room temperature and
incubated for 1 h at room temperature with a rabbit anti-phospho-histone H3
(Ser10) antibody (Upstate; 1:500). After being labeled, cells were rinsed with
PBS–0.1% Triton X-100 and incubated with anti-rabbit antibody–Alexa 488
(Molecular Probes), and DNA was counterstained with DAPI. The mitotic index
was calculated by scoring the ratio of positive cells for phospho-histone H3.

Cytogenetic analysis. Exponentially growing primary keratinocytes were incu-
bated with 0.1 �g/ml colcemid (Gibco) for 5 to 6 h at 37°C and then fixed with
methanol-acetic acid (3:1). For analysis of chromosomal number, at least 65
metaphases per genotype were analyzed by studying the DAPI image.

Immunofluorescence. See the supplemental material for details of the differ-
ent immunofluorescence experiments.

RESULTS

Transgenic mice with increased TRF1 expression in epithe-
lial tissues. To address the role of TRF1 in telomere biology in
the context of the adult organism, we targeted expression of
mouse TRF1 to the basal layer and the stem cell compartments
of various stratified epithelia, including the skin, by using the
K5 promoter (K5TRF1 mice) (Fig. 1a) (38). We obtained four
K5TRF1 founder mouse lines with different levels of TRF1

FIG. 1—Continued.
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mRNA expression in the skin (Fig. 1b). Mice from the founder
line K5TRF1-A showed the highest TRF1 mRNA overexpres-
sion (70-fold higher than that in littermate wild-type mice),
followed by K5TRF1-B mice (45-fold higher than that in litter-
mate wild-type mice) (Fig. 1b). Two additional mouse founder
lines, K5TRF1-C and K5TRF1-D, showed only low levels of
TRF1 mRNA overexpression and were not used thereafter
(Fig. 1b). In agreement with increased TRF1 mRNA levels,
primary keratinocytes derived from K5TRF1-A and K5TRF1-B

newborn mice showed ninefold and sixfold increases in nuclear
TRF1 protein, respectively, compared with wild-type controls
(Fig. 1c and d) (see Materials and Methods). To quantify
TRF1 abundance specifically at telomeric regions, chromatin-
unbound TRF1 was extracted before performing TRF1 immu-
nofluorescence (see Materials and Methods). We detected 3.5-
fold and 2.7-fold increased TRF1 abundances at K5TRF1-A
and K5TRF1-B telomeres compared to that in wild-type con-
trols (Fig. 1e and f; see Fig. S1 in the supplemental material for

FIG. 2. Telomere shortening in K5TRF1 mice. (a) Quantification of telomere fluorescence in tail skin sections from wild-type (wt) (n 	 4) and
K5TRF1-A (n 	 6) mice. Mean � SE telomere fluorescence (in arbitrary units) and the number of telomere dots analyzed (n) are indicated. (b)
Quantification of telomere fluorescence in tail skin sections from wild-type (wt) (n 	 4) and K5TRF1-B (n 	 4) mice. Mean � SE telomere
fluorescence (in arbitrary units) and the number of telomere dots analyzed (n) are indicated. (c) Quantification of telomere length (kb) in
metaphase spreads of primary keratinocytes isolated from wild-type (wt) (n 	 2) and K5TRF1-B (n 	 4) newborn mice. Mean � SE telomere
length (kb) and the number of telomeres analyzed (n) are shown. (d) The percentages of signal-free ends (telomeres with an undetectable
fluorescence signal) in metaphase spreads of wild-type (wt) (n 	 2), K5TRF1-A (n 	 5), and K5TRF1-B (n 	 4) primary keratinocytes are
represented with bars. The number of signal-free ends of the total telomere signals analyzed per genotype is indicated above each bar. (e) Telomere
length, determined by telomere restriction fragment analysis, in primary keratinocytes isolated from wild-type (wt) and K5TRF1-B newborn mice.
Numbers at the bottom identify the cultures. Asterisks indicate keratinocyte cultures also analyzed by Q-FISH for panel c. (f) Comparison of
telomere lengths determined by Q-FISH in skin sections from K5TRF1-A and K5TRF1-B mice, as well as from G1, G2, and G3 Terc�/� mice in
a C57BL/6 genetic background. The average telomere fluorescence of each genotype is represented relative to that of the corresponding wild-type
(wt) control. Telomere length values for K5TRF1-A and -B keratinocytes were obtained from panels a and b. Telomere length values for G1, G2,
and G3 Terc�/� keratinocytes were previously described by Blanco et al. (7). Data indicating the mean � SE and statistical significance are
indicated above each bar. (g) Percentages of telomeres showing telomere fluorescence of 
20% or �80% that of wild-type controls. Values were
obtained as indicated for panel f.
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representative images of colocalization of TRF1 with telo-
meres). A similar, twofold increase in TRF1 density at
K5TRF1-A telomeres was detected by using telomere ChIP
assays (see Fig. S2a in the supplemental material). Of interest,
the densities of histone 3 lysine 9 trimethylation (H3K9-3m)
and H3K9 acetylation (AcH3K9) marks at telomeres were not
significantly altered in K5TRF1-A mice compared to wild-type
controls after normalization by both H3 abundance and input
of telomeric DNA (see Fig. S2a in the supplemental material).
Both global DNA methylation, measured by DNA methylation
of SINE repeats (see Fig. S2b in the supplemental material),
and subtelomeric DNA methylation, as determined by bisulfite
sequencing of subtelomeric regions in chromosomes 1 and 2
(see Fig. S2c in the supplemental material), were not altered by
TRF1 overexpression. This indicates that increased TRF1 den-

sity at telomeres does not significantly alter the assembly of
these heterochromatic marks.

Importantly, the abundance of TRF2 at telomeres was not
altered by TRF1 overexpression, as indicated both by ChIP
analysis (see Fig. S2a in the supplemental material) and by
TRF2 immunofluorescence (Fig. 1g and h). TRF1 immunoflu-
orescence was increased two- to threefold in the same K5TRF1
cells tested for TRF2 expression. As expected, TRF2 immu-
nofluorescence was increased (twofold compared to that in
wild-type controls) in cells derived from K5TRF2 mice (Fig. 1g
and h) (35). Of interest, telomere-bound TRF1 was decreased
in K5TRF2 cells (Fig. 1g and h), maybe as a consequence of
very short telomeres in these cells (35). Interestingly, we also
detected a significant increase in telomere-bound tankyrase 1
in both K5TRF1-A and K5TRF1-B transgenic lines (Fig. 1i and
j), indicating that TRF1 overexpression results in increased
loading of tankyrase 1 at mouse telomeres (see Discussion)
(49). Taken together, these results indicate a two- to threefold
increase in TRF1 abundance at K5TRF1 telomeres, accompa-
nied by an increase of telomere-bound tankyrase 1 but not of
TRF2.

Telomere shortening in K5TRF1 epidermis. Next, we ad-
dressed whether a two- to threefold increase in TRF1 abun-
dance at telomeres was sufficient to impact telomere length in
the context of skin homeostasis. For this purpose, we measured
telomere length directly in K5TRF1 tail skin sections by using
Q-FISH (see Materials and Methods). Adult K5TRF1 mice (2
to 4 months old) from the K5TRF1-A and K5TRF1-B lines
showed significantly shorter telomeres than the corresponding
age-matched wild-type controls (P 
 0.0001 for all compari-
sons) (Fig. 2a and b). These results were confirmed by con-
ventional metaphase Q-FISH analysis of primary keratinocytes
freshly isolated from newborn K5TRF1 and wild-type mice
(Fig. 2c and d), as well as by telomere restriction fragment
analysis, an independent technique based on Southern blotting
(Fig. 2e). In agreement with shorter telomeres in K5TRF1
mice, we also detected a significant increase in signal-free ends
(telomeres with undetectable fluorescence by Q-FISH) in both
K5TRF1 mouse lines compared to their corresponding wild-
type controls (Fig. 2d). Taken together, these results indicate
that a two- to threefold increase in the amount of TRF1 bound
to telomeres is sufficient to induce a significant telomere short-
ening in vivo, arguing for an important role for TRF1 in telo-
mere length control in the context of epithelial homeostasis.

For illustrative purposes, we compared telomere length in
the skin of K5TRF1 mice from both founder lines to that of
first- to third-generation (G1-G3) telomerase-deficient
Terc�/� mice, both in a C57BL/6 genetic background (see
Materials and Methods) (23, 26). To minimize possible differ-
ences in genetic background, all values are presented relative
to telomere length in the corresponding wild-type controls
(100%). As shown in Fig. 2f, K5TRF1 mice from the
K5TRF1-A and K5TRF1-B lines presented shorter telomeres
than G1-G3 Terc�/� mice. Furthermore, K5TRF1 mice showed
an increase in the percentage of telomeres shorter than 20% of
the wild-type telomere length compared to G1-G3 Terc�/�

mice (Fig. 2g). These results indicate that a two- to threefold
increase in TRF1 abundance at telomeres produces a more
severe and rapid telomere shortening in vivo than that pro-

FIG. 2—Continued.
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duced by complete telomerase ablation in the context of
G1-G3 telomerase-deficient mice.

Normal telomerase activity in K5TRF1 mice. TRF1 is pro-
posed to act as a telomerase inhibitor in cis by limiting telo-
merase-mediated telomere elongation (50). To address this,
we measured telomerase activity in keratinocytes from
K5TRF1 and wild-type mice, using an in vitro TRAP assay (see
Materials and Methods). As shown in Fig. S3 in the supple-
mental material, telomerase TRAP activities were similar in
both genotypes, ruling out that increased TRF1 protein could
be directly inhibiting the telomerase catalytic activity and in
this way leading to telomere shortening. This does not exclude
the possibility that TRF1 could inhibit the access of telomerase
to the telomere. However, the fact that increased TRF1 abun-
dance at K5TRF1 telomeres had a more severe effect on telo-
mere length than that achieved by complete telomerase abla-
tion during three generations of Terc-deficient mice (Fig. 2f
and g) argues that TRF1 regulates telomere length, at least in
part, by telomerase-independent mechanisms (see below).
These findings indicate that short telomeres in K5TRF1 mice
cannot be attributed solely to inhibition of telomerase-medi-
ated telomere elongation by TRF1.

XPF nuclease mediates telomere shortening in K5TRF1 epi-
dermis. We recently described that a twofold increase in TRF2
abundance at telomeres in K5TRF2 mice results in severe telo-
mere shortening mediated by the XPF/ERCC1 NER nuclease
(7, 35) (Fig. 1g and h). Since TRF1 and TRF2 are part of the
same protein complex at telomeres (18), we next addressed
whether both proteins share the same molecular pathway of
telomere length regulation. To this end, we generated double-
transgenic K5TRF1/K5TRF2 mice. Interestingly, telomere
length in double-transgenic mice was indistinguishable from
that in K5TRF2 single transgenics (Fig. 3a), arguing that both
proteins are likely to be in the same genetic pathway of telo-
mere length regulation. These results also indicate that the
K5TRF2 allele is epistatic over K5TRF1 in inducing telomere
shortening, as both proteins were similarly increased (two- to
threefold) at telomeres (Fig. 1g and h). Finally, it is relevant
that both K5TRF1 and K5TRF2 alleles are epistatic over te-
lomerase function in controlling telomere length, as indicated
by the fact that K5TRF1 and K5TRF2 mice showed short telo-
meres in spite of having an intact telomerase pathway and
normal levels of telomerase catalytic activity (Fig. 3a; also see
Fig. S3 in the supplemental material).

Next, we investigated whether XPF deficiency was sufficient
to rescue telomere shortening in K5TRF1 epidermis, similarly
to that previously described for K5TRF2 mice (35). To this end,
we generated K5TRF1/XPF�/� mice (see Materials and Meth-
ods). As shown in Fig. 3b and c, XPF deficiency rescued telo-
mere length in K5TRF1/XPF�/� mice to the length in wild-type
and XPF�/� controls. These findings indicate that increased
TRF1 abundance at telomeres leads to XPF-dependent telo-
mere degradation, further supporting the notion that TRF1
and TRF2 are in the same genetic pathway of telomere length
control in mammals.

Moderately increased chromosomal aberrations in K5TRF1
mice. To address whether telomere shortening in K5TRF1
mice triggered chromosomal instability in these mice, we stud-
ied chromosomal aberrations involving telomeres by using
conventional telomere Q-FISH on metaphase spreads (see

Materials and Methods). Karyotypic analysis of primary kera-
tinocytes from both K5TRF1 founder lines indicated a modest
increase in the frequency of end-to-end fusions (Fig. 4a and b),
suggesting that telomere shortening in TRF1 mice leads to
dysfunctional telomeres (Fig. 4a and b). It is relevant to note
that increased TRF1 expression also led to a significant in-
crease in chromosome breaks and fragments, as well as other
types of chromosomal aberrations previously associated with
TRF2 overexpression (7, 35), such as complex chromosomal
aberrations, interstitial telomeres, and multitelomeric signals.
This further supports the notion that the K5TRF1 allele par-
tially recapitulates K5TRF2 phenotypes. The fact that both
K5TRF1 and K5TRF2 cells show complex chromosomal aber-
rations may be related to their interplay with XPF, known to be
involved in NER and cross-link repair.

K5TRF1 cells are hypersensitive to the DNA cross-linking
agent MMC. The fact that K5TRF1 cells show a significant
increase in chromosomal aberrations that are not directly as-
sociated with critically short telomeres suggests that these cells
may have a global defect in DNA repair, most likely as a
consequence of a genetic interaction with XPF at telomeres
(Fig. 3b and c). In this regard, K5TRF2 mice have impaired
NER, as indicated by an increased sensitivity to UV irradiation
and to MMC (35, 58). To specifically address the putative
impact of transgenic TRF1 on NER efficiency, we studied
the sensitivity of K5TRF1-A and K5TRF1-B primary kerati-
nocytes to treatment with MMC, a DNA cross-linking agent
that specifically decreases the viability of ERCC1 or XPF
mutant cells but not that of cells deficient in other NER
components (42). K5TRF1-A and K5TRF1-B keratinocytes
showed decreased viability after treatment with low doses of
MMC compared to wild-type controls (Fig. 4c). Further-
more, MMC-treated K5TRF1 keratinocytes from both
founder lines showed a higher frequency of chromosome
breaks and fragments as well as other complex chromosomal
aberrations than did similarly treated wild-type cells (Fig. 4d
and e). These observations suggest that K5TRF1 cells have
defective repair of MMC-induced DNA cross-links in the
presence of normal TRF2 levels, similar to that previously
described for both K5TRF2- and XPF/ERCC1-deficient cells
(35). As previously hypothesized for K5TRF2 mice, in-
creased TRF1 abundance at telomeres may overrecruit XPF
to telomeres, resulting in XPF-mediated telomere shorten-
ing and suboptimal NER efficiency at nontelomeric sites
(35). It is relevant that in spite of having a similar sensitivity
to MMC to that of K5TRF2 mice, K5TRF1 mice do not show
the dramatic degenerative skin phenotypes present in
K5TRF2 mice, such as severe skin hyperpigmentation, hair
loss, and spontaneous cancer in skin areas exposed to the
light (35). This difference can be explained by longer telo-
meres in K5TRF1 mice than in K5TRF2 mice (Fig. 3a).

Increased DNA damage foci in the skin of K5TRF1 mice.
Next, we addressed whether short telomeres and increased
chromosomal instability in K5TRF1 mice resulted in increased
DNA damage in the skin of these mice. �H2AX foci have
previously been shown to mark the presence of DNA double-
strand breaks, including those associated with critically short/
dysfunctional telomeres (16, 34, 51). We quantified the per-
centage of basal layer keratinocytes showing �H2AX foci in
skin sections. We detected a modest increase in �H2AX-pos-
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itive cells in the skin of K5TRF1 mice compared to wild-type
skin (Fig. 4f and g), suggesting that TRF1 overexpression re-
sults in a slight increase in �H2AX-positive cells in the skin of
these mice, similar to that previously shown for K5TRF2 epi-
dermis (35).

K5TRF1 keratinocytes show increased telomere recombina-
tion. K5TRF2 mice show an increased frequency of sister chro-
matid exchange within telomeric DNA (T-SCE) (35), suggest-
ing a role for TRF2 in regulating homologous recombination
between sister telomeric sequences (20, 36). To address this
possibility in TRF1-overexpressing mice, we determined the

frequency of T-SCE events in primary keratinocytes from mice
with different genotypes by two-color chromosome orientation
CO-FISH (3, 5). The strand-specific nature of CO-FISH typi-
cally yields two telomeric signals of each color (red, lagging
strand; green, leading strand) per chromosome in the absence
of recombination events. T-SCE leads to a mixture of red and
green fluorescence (7, 25), detected by the leading and lagging
telomere probes (Fig. 5a and b). K5TRF1-A and K5TRF1-B
cells showed significantly increased T-SCE frequencies com-
pared to wild-type cells (P 
 0.03 in both cases) (Fig. 5a),
suggesting that increased TRF1 abundance at telomeres re-

FIG. 3. XPF mediates telomere shortening in K5TRF1 epidermis. (a) Mean � SE telomere fluorescence (in arbitrary units) and the numbers
of telomeres and nuclei used are indicated. Mean telomere length is indicated with a red bar. Note that K5TRF1/K5TRF2 double-transgenic mice
showed similarly short telomeres to those of K5TRF2 mice, suggesting that the TRF2 allele is dominant over TRF1, as both proteins were similarly
overexpressed (twofold) in K5TRF1 and K5TRF2 cells compared to their respective wild-type controls (Fig. 1g). (b) Quantification of telomere
fluorescence in tail skin sections from wild-type (WT), XPF�/�, K5TRF1, and double mutant K5TRF1/XPF�/� littermate mice (n 	 2 to 4 mice
per genotype). At least 864 telomere dots of each genotype were analyzed by Q-FISH. Average fluorescence (in arbitrary units) and SE are shown.
Statistical significance is indicated in each comparison. (c) Representative images of telomere fluorescence in tail skin sections from wild-type
(WT), XPF�/�, K5TRF1, and double mutant K5TRF1/XPF�/� littermate mice. The dermis and basal layer are indicated and separated by a white
line.
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sults in derepression of homologous recombination between
sister telomeres. These results further support the notion that
TRF1 and TRF2 are in a similar pathway for telomere length
control. Notably, ablation of Pot1, a component of shelterin,
also results in increased T-SCE frequencies (55), suggesting a
more general role for shelterin in controlling DNA recombi-
nation at telomeres. We have previously shown that defects in
both DNA methylation and histone trimethylation (H3K9 and
H4K20 marks) are accompanied by increased T-SCE events at
telomeres (6, 25), suggesting the intriguing possibility that in-

creased TRF1 expression may indirectly affect telomere re-
combination by altering the status of these epigenetic marks.
However, as previously discussed, we did not detect changes in
global or subtelomeric DNA methylation in K5TRF1 cells (see
Fig S2b and c in the supplemental material). Similarly, we did
not detect significant changes in H3K93me and AcH3K9
marks at K5TRF1 telomeres, as determined by ChIP (see Fig.
S2a in the supplemental material). Together, these results sug-
gest that TRF1 affects telomere recombination independently
of the status of these epigenetic marks.

FIG. 4. Increased chromosomal instability and MMC hypersensitivity in K5TRF1 cells. (a and b) Quantification of chromosomal aberrations
per metaphase in primary keratinocytes isolated from K5TRF1-A (a) and K5TRF1-B (b) mice. Values above each bar indicate the total number
of chromosomal aberrations out of the total number of metaphases analyzed. n, number of independent keratinocyte cultures analyzed per
genotype. (c) K5TRF1 cells are hypersensitive to MMC treatment. Error bars represent SE. n, number of keratinocyte cultures used. (d)
Quantification of chromosomal aberrations after MMC treatment for the indicated genotypes. The frequency of chromosomal aberrations out of
the total number of metaphases analyzed is indicated above each bar. The chi-square test was used for statistical significance calculations. n,
number of independent keratinocyte cultures examined per genotype. (e) Representative examples of the indicated chromosomal aberrations in
K5TRF1 cells. (f and g) Increased �H2AX foci in K5TRF1 skin sections for both K5TRF1-A and K5TRF1-B founder lines. The percentage of
�H2AX-positive cells per genotype is indicated. Values are expressed as means � SE.

FIG. 5. Increased telomere recombination in K5TRF1 keratinocytes. (a) Quantification of frequency of T-SCE events in wild-type (wt),
K5TRF1-A, and K5TRF1-B keratinocytes analyzed by CO-FISH. The number of T-SCE events and the total number of analyzed chromosome are
indicated on top of each bar. n, number of independent keratinocyte cultures. Statistical significance, calculated by the chi-square test, is shown.
(b) Representative CO-FISH images of metaphases of the indicated genotypes hybridized with specific probes against leading (green fluorescence)
and lagging (red fluorescence) telomeres.
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Decreased abundance of TelRNAs (or TERRAs) associated
with shorter telomeres in K5TRF1 and K5TRF2 mice. It was
recently reported that telomeres are transcribed by the DNA-
dependent RNA Pol II (47), generating long (UUAGGG)n-
containing RNAs that remain associated with the telomeric
chromatin (2, 47). TRF1 has been proposed to support telo-
mere transcription through direct interaction with RNA Pol II
(47), and the abundance of telomere transcripts has been pro-
posed to be proportional to the length of telomeric repeats
(47). In agreement with shorter telomeres in K5TRF1 mice, we
observed decreased telomere transcription in skin keratino-
cytes derived from K5TRF1 transgenic mice compared to that
in wild-type controls (Fig. 6a). Furthermore, telomere tran-
scripts in these cells showed a normal dotted nuclear distribu-
tion, including their accumulation near the inactive X chromo-
some in female cells (Fig. 6b). Interestingly, K5TRF2 cells
showed a further decrease in the abundance of telomere tran-
scripts compared to K5TRF1 mice, in agreement with the fact
that K5TRF2 cells had shorter telomeres (Fig. 6a). It is inter-
esting that increased TRF1 occupancy of telomeres cannot
rescue reduced transcription of short telomeres in K5TRF1
keratinocytes (47). This suggests that control of telomeric tran-
scription by telomere length is dominant over the function of
TRF1 in promoting the generation of TelRNAs (47). To-
gether, these results suggest that shorter telomeres in K5TRF1

and K5TRF2 mice produce fewer telomeric transcripts than do
wild-type telomeres, in accordance with a positive correlation
between telomere length and telomere transcription (47).

Slightly decreased clonogenic activity of K5TRF1 ESCs.
Short telomeres in telomerase-deficient mice lead to defective
mobilization and clonogenic activity of ESCs, which are al-
ready noticeable at the first (G1) Terc�/� mouse generation
(22, 48). Since K5TRF1 mice show an important reduction in
average telomere length in the skin compared to their wild-
type counterparts, we set out to study the impact of TRF1
overexpression on ESCs. To this end, we determined the clo-
nogenic activities of primary keratinocytes derived from new-
born wild-type and K5TRF1 mice (see Materials and Meth-
ods). The number and size of colonies in this assay have been
proposed to reflect the ability of individual ESCs to proliferate
in vitro (4). K5TRF1 mice showed a reduced clonogenic activity
compared to wild-type cells (Fig. 7), suggesting a defective
ability of K5TRF1 ESCs to proliferate and to form macroscopic
colonies. This is in agreement with shorter telomeres and in-
creased chromosomal instability in these cells.

This mild defect in ESC clonogenic activity, however, was
not associated with severe skin abnormalities in K5TRF1 mice.
These results are in contrast with a dramatic impact of TRF2
overexpression on both skin aging and skin cancer (7, 35). This
difference may be due to longer telomeres in K5TRF1 cells

FIG. 6. Reduced telomere transcription in K5TRF1 and K5TRF2 cells. (a) Quantification of TelRNA levels. Average values and standard
deviations were obtained for two or three independent keratinocyte cultures. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (b) Telomere
RNAs accumulate near the Xist RNA marking the inactive X chromosome in both wild-type (WT) and K5TRF1 cells.
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than in K5TRF2 cells, thus highlighting the importance of short
telomeres in the pathobiology of these diseases. Therefore,
although both telomeric proteins are part of the same complex
at telomeres, TRF2 is more potent than TRF1 in leading to
dramatic telomere loss, which in turn severely impacts cancer
and aging.

K5TRF1 but not K5TRF2 cells show aberrant mitotic spin-
dles. In addition to its telomeric roles, TRF1 has been sug-
gested to be part of the mitotic spindle checkpoint (40, 43). To
address whether K5TRF1 mice showed any defects in spindle
formation during mitosis, we first studied the percentage of
K5TRF1 keratinocytes showing mitotic spindle defects com-
pared to wild-type controls. To this end, we performed confo-
cal microscopy with TRF1 and alpha-tubulin antibodies to
visualize the mitotic spindle (Fig. 8a; see Fig. S4a in the sup-
plemental material). K5TRF1 cells showed significantly in-
creased mitotic spindle defects, including multipolar spindles
and misaligned chromosomes, compared to wild-type controls
(Fig. 8a). It is important to note that we did not find colocal-
ization of TRF1 with microtubules (alpha-tubulin) in any of
the images analyzed for either wild-type or K5TRF1 cells (see
Fig. S4a in the supplemental material). Instead, TRF1 was
always located at chromosomes in all cases studied, even in
cells with multipolar mitotic spindles (see Fig. S4a in the sup-
plemental material). To analyze the specific localization of
TRF1 at chromosomes, we costained TRF1 with different
markers of centromeres (ACA or Aurora B), the plus end of
microtubules (EB1), and the SAC proteins BubR1 and Mad2.
As depicted in Fig. 8b to f, TRF1 partially colocalized with

EB1, ACA, or Aurora B at the short p arms but not at the
telomeric regions of the long q arms of chromosomes, probably
as a consequence of the close proximity of centromeres and
telomeres in murine chromosomal p arms. Similarly, the SAC
regulator BubR1 colocalized with ACA and TRF1 at the p
arms of the chromosomes (Fig. 8e). Interestingly, BubR1 also
colocalized with TRF1 at the telomere region of the long q
arms, where centromeric staining (ACA) was absent (Fig. 8e).
In an analogous manner, Mad2, the critical switch of SAC
activity, also colocalized with TRF1 (Fig. 8f), especially in
nonaligned chromosomes, suggesting a possible link between
TRF1 and deregulation of the SAC.

To specifically address this possibility, we determined the
frequencies of different mitotic figures in wild-type and
K5TRF1 cells. As shown in Fig. 9a, K5TRF1 cells displayed an
abnormally high frequency of cells in prometaphase, accom-
panied by a decreased frequency of cells in metaphase. Fur-
thermore, K5TRF1 cells showed misaligned chromosomes at
the metaphasic plate, abnormal spindles, and the presence of
anaphase bridges (see examples in the right panel of Fig. 9a),
suggesting that TRF1 overexpression results in defective mi-
tosis. Importantly, this was not observed in K5TRF2 cells (Fig.
9b), indicating that TRF1 overexpression, but not TRF2 over-
expression, induces mitotic abnormalities and the subsequent
activation of the SAC. Polyploidy was not significantly in-
creased in cultured K5TRF1 keratinocytes compared to the
wild-type controls (see Fig. S4b in the supplemental material),
suggesting that the K5TRF1 mitotic defects cannot be attrib-
uted to increased polyploidy.

Finally, it is important to note that these mitotic defects did
not result in significant functional defects in the induction of
the SAC in the presence of paclitaxel or nocodazole (Fig. 9c).
Similarly, K5TRF2 cells also showed a normal sensitivity to the
same mitotic poisons (Fig. 9d).

Moderately increased skin cancer and aging in K5TRF1
mice. Since K5TRF1 mice partially phenocopy some of the
defects previously described for K5TRF2 mice, such as XPF-
mediated telomere shortening, increased end-to-end chromo-
some fusions, increased multitelomeric signals, increased com-
plex chromosomal aberrations, and hypersensitivity to MMC,
as well as increased telomere recombination, we next ad-
dressed whether K5TRF1 mice also showed increased cancer
susceptibility upon skin carcinogenic treatments. To this end,
we treated the skin with the carcinogen DMBA, followed by
weakly treatments with the tumor promoter TPA, which results
in the appearance of skin papillomas and, at later times, skin
carcinomas (7). As shown in Fig. S5a to c in the supplemental
material, K5TRF1 mice showed a slightly increased incidence
of papilloma formation following the DMBA-plus-TPA treat-
ment, as well as a slight increase in malignant skin tumors
(SCC and BCC) (see Fig. S5c and f in the supplemental ma-
terial). Interestingly, as shown in Fig. S5d in the supplemental
material, we observed that TRF1 expression tended to be
downregulated in DMBA-TPA-induced K5TRF1 tumors com-
pared to normal tissue, suggesting a selection of cells with
lower TRF1 expression during tumorigenesis, something that
may favor telomere elongation within the tumor. To address
this, we compared the telomere lengths of three independent
wild-type and K5TRF1 SCC tumors. As shown in Fig. S5e in
the supplemental material, wild-type SCC showed a quite ho-

FIG. 7. Decreased clonogenic activity of K5TRF1 ESCs. The graph
shows quantification of the size and number of macroscopic colonies
obtained from keratinocytes isolated from wild-type (WT) and
K5TRF1-B newborn mice. n, number of independent keratinocyte cul-
tures. Representative examples of clones obtained from the indicated
genotypes are shown in the bottom panel. Clones were visualized by
staining with rhodamine.
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FIG. 8. TRF1 colocalizes with SAC proteins in K5TRF1 cells. (a) Representative images of aberrant mitotic spindles in wild-type (WT) and
K5TRF1 primary keratinocytes. -Tubulin is shown in green. The graph shows the percentages of aberrant mitotic spindles in wild-type and
K5TRF1 primary keratinocytes. The number of aberrant mitotic spindles and the total number of spindles analyzed are indicated in each bar. (b
to d) TRF1 colocalizes with SAC proteins in K5TRF1 chromosomes. Colocalization was seen between TRF1 and EB1 (plus end of microtubules
close to kinetochores) (b), TRF1 and Aurora B (kinetochores) (c), and TRF1 and the centromere antigen ACA (d). (e) The SAC protein
BubR1 colocalizes with TRF1 at both centromeres and p-arm telomeres (panels 2 and 3), as well as at the q-arm telomeres (panels 1 and
4), where ACA is absent. (f) Colocalization of TRF1 and Mad2. Some misaligned chromosomes (square) in K5TRF1 keratinocytes maintain
Mad2 staining that colocalizes with TRF1, not only at the p arms, where ACA is positive (arrows), but also at the q-arm telomeres, which
are negative for ACA (arrowheads).
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mogeneous telomere length whereas K5TRF1 SCC were very
heterogeneous in length, with some tumors showing very short
telomeres and others showing longer telomeres than the wild-
type counterparts. These results are in agreement with TRF1

overexpression leading to telomere shortening at the same
time that it may favor activation of telomere recombination
mechanisms. TRF1 downregulation in K5TRF1 tumors (see
Fig. S5d in the supplemental material) may also favor telomere

FIG. 8—Continued.
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reelongation in some of these tumors. Finally, K5TRF1 mice
showed a lifespan similar to that of wild-type mice (not shown)
and a slight increase in degenerative skin lesions (atrophies,
ulcers, and preneoplastic lesions) at the time of death com-
pared to the wild-type controls (see Fig. S5g in the supplemen-
tal material), in agreement with shorter telomeres and in-
creased DNA damage in the skin of K5TRF1 mice.

DISCUSSION

TRF1 and its distant homologue TRF2 are central compo-
nents of the shelterin complex at mammalian telomeres. Both
TRF1 and TRF2 bind directly to double-stranded DNA telo-
meric repeats and differentially recruit to telomeres a number
of additional shelterin components, as well as other telomere-
interacting proteins. Mounting evidence coming from overex-
pression of wild-type and dominant-negative TRF1 alleles in
human cultured cells suggests that TRF1 is a key regulator of
telomere length (18). However, the demonstration of a role of
TRF1 or its interacting factor tankyrase (12, 19, 37, 49) in
telomere maintenance in the context of mammalian organisms
has been lacking to date. Mice genetically ablated for TRF1
are embryonically lethal but show a normal telomere length
and normal telomere protection, arguing that TRF1 is not
essential for telomere length regulation in early embryonic
development. Similarly, mice that lack tankyrase also show a
normal telomere length and telomere capping (15, 27).

Here we show that transgenic TRF1 expression induces a
significant telomere shortening in the epidermis in two inde-
pendent K5TRF1 transgenic mouse lines (K5TRF1-A and
K5TRF1-B), demonstrating that a two- to threefold increase in
the amount of TRF1 bound to telomeres is sufficient to pro-
voke substantial telomere shortening in vivo. Strikingly,
K5TRF1 transgenic expression had a more severe effect on
telomere length than that achieved by complete ablation of
telomerase activity during three mouse generations (G1-G3
Terc�/� mice), arguing that the effects of TRF1 on telomere
length are at least partially independent of telomerase activity
(50). In this regard, we show here that telomere shortening
provoked by TRF1 overexpression is mediated by the XPF
nuclease, previously shown to be involved in degrading telo-
meres as a consequence of increased TRF2 expression in mice
(35). Indeed, telomere phenotypes in K5TRF1 mice are remi-
niscent of those previously described for K5TRF2 mice, includ-

ing telomere shortening, increased chromosomal aberrations,
increased sensitivity to MMC, and increased telomere recom-
bination, suggesting that both shelterin components may share,
at least partially, the same genetic pathway of telomere length
regulation. Notably, telomere shortening was considerably
more severe in K5TRF2 mice than in K5TRF1 mice, even
though both proteins were overexpressed to similar levels,
indicating that TRF2 is epistatic over TRF1 in negatively reg-
ulating telomere length. Consistent with this, while TRF2 over-
expression resulted in very severe degenerative skin pheno-
types (hair loss, skin dryness, and hyperpigmentation), as well
as spontaneous skin cancer, TRF1 transgenic mice showed
only modest increases in degenerative skin lesions and chem-
ically induced skin tumorigenesis, highlighting the importance
of telomere shortening in the pathogenesis of these diseases.
Finally, the fact that K5TRF1 mice have a normal TRF2 abun-
dance at telomeres suggests that the effects of TRF1 overex-
pression are not likely to be mediated indirectly by deregulated
TRF2 expression in these mice. Interestingly, we observed a
slight increase in tankyrase 1 binding to K5TRF1 telomeres in
spite of the fact that the acidic domain of mouse TRF1 does
not bind to mouse tankyrase 1 (28), suggesting that other
domains in TRF1 may recruit tankyrase 1 to mouse telomeres.
Taken together, the results shown here support a model in
which increased TRF1 expression results in abnormal XPF
activity at telomeres, thus leading to increased telomere short-
ening and suboptimal NER efficiency at nontelomeric sites.
Intriguingly, a direct interaction between TRF1 and NER pro-
teins has not been found to date (58).

We recently proposed that the abundance of TelRNAs (or
TERRAs) is positively correlated with the length of telomere
repeats, suggesting that they may be involved in telomere
length regulation (47). In agreement with this notion, K5TRF1
mice showed a decreased abundance of telomere transcripts
compared to wild-type controls, and this was further aggra-
vated in K5TRF2 mice, which presented even shorter telo-
meres.

In addition to telomere length defects in K5TRF1 mice, we
also found increased mitotic defects in cells derived from these
mice. Furthermore, we found that TRF1 colocalizes with the
SAC proteins BubR1 and Mad2 at mouse telomeres. In par-
ticular, K5TRF1 cells showed a clear colocalization of TRF1
and BubR1 at both the p-arm and q-arm telomeres. In addi-
tion, Mad2, a critical regulator of SAC inactivation, also colo-

FIG. 9. Transgenic TRF1 expression induces aberrant mitotic spindles. (a) (Left) Quantification of the five different mitotic phases (prophase,
prometaphase, metaphase, anaphase, and telophase). Wild-type and K5TRF1 keratinocytes were stained for -tubulin, phospho-histone H3, and
DNA (DAPI), and mitotic cells were counted in three different experiments. K5TRF1 cells showed an increased number of prometaphases
compared to wild-type cells. (Right) K5TRF1 cells showed dramatic mitotic aberrations, with aberrant metaphase plates (closed arrowheads) and
chromosome bridges (closed arrow). Cells were stained for -tubulin (green) and DNA (red). The bottom panels are a detailed representation of
the DAPI staining. Bar, 20 �m. Numbers are for identification of individual mitoses. (b) (Left) Quantification of the five different mitotic phases
(prophase, prometaphase, metaphase, anaphase, and telophase). Wild-type and K5TRF2 keratinocytes were stained for -tubulin, phospho-histone
H3, and DNA (DAPI), and mitotic cells were counted in three different experiments. Unlike K5TRF1 cells, K5TRF2 cells did not show any
difference from the wild-type cells. (Right) In accordance with the previous observation, K5TRF2 metaphases were normal (open arrowheads) and
anaphases did not show chromosome bridges (open arrow). Cells were stained for -tubulin (green) and DNA (red). The bottom panels are a
detailed representation of the DAPI staining. Bar, 20 �m. Numbers are for identification of individual mitoses. (c) K5TRF1 keratinocytes display
an efficient mitotic assembly checkpoint in the presence of paclitaxel (Taxol) or nocodazole. (Left) Percentages of phospho-H3-positive cells after
the indicated treatments. Numbers in parentheses refer to independent keratinocyte cultures. (Right) Representative images of wild-type and
K5TRF1 phospho-H3-positive keratinocytes. (d) K5TRF2 cells have a robust spindle assembly checkpoint. When K5TRF2 cells were poisoned with
either paclitaxel (Taxol) or nocodazole, they had a three- to fivefold increase in the mitotic index due to SAC activation.
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calized with TRF1 at mouse telomeres. This is in agreement
with previous findings showing a TRF1-Mad1 interaction in
human cells (43). In contrast to K5TRF1 cells, K5TRF2 cells
did not show mitotic defects, suggesting a putative role for
TRF1 in spindle formation or chromosome alignment. To-
gether, these findings suggest that an increase of TRF1 at
mouse telomeres may directly or indirectly sustain the SAC
response by interfering with BubR1 and Mad2. Similarly, we
cannot rule out that increased tankyrase amounts at K5TRF1
telomeres could be interfering with SAC, as tankyrase has also
been proposed to regulate spindle poles (28). These results are
in line with recent findings showing that BubR1 localizes to
unprotected telomeres in Drosophila (39). It is tempting to
speculate that increased TRF1 recruitment at K5TRF1 telo-
meres may lead to a similar deregulation of SAC proteins and
to mitotic spindle defects.
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