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The homologous recombination (HR) DNA repair pathway participates in telomere length maintenance in
yeast but its putative role at mammalian telomeres is unknown. Mammalian Rad54 is part of the HR ma-
chinery, and Rad54-deficient mice show a reduced HR capability. Here, we show that Rad54-deficient mice also
show significantly shorter telomeres than wild-type controls, indicating that Rad54 activity plays an essential
role in telomere length maintenance in mammals. Rad54 deficiency also resulted in an increased frequency of
end-to-end chromosome fusions involving telomeres compared to the controls, suggesting a putative role of
Rad54 in telomere capping. Finally, the study of mice doubly deficient for Rad54 and DNA-PKcs showed that
telomere fusions due to DNA-PKcs deficiency were not rescued in the absence of Rad54, suggesting that they
are not mediated by Rad54 activity.

Unrepaired double-strand breaks (DSBs) are a threat to the
genome, because they disrupt the integrity of the DNA mole-
cule and lead to genomic instability, a hallmark of cancer, or
cause lethality, underlining the importance of these processes
in the organism (21). Cells have evolved two different pathways
for repairing DSBs; homologous recombination (HR), which
requires large regions of homology, and DNA nonhomologous
end joining (NHEJ), which does not require extensive DNA
homology regions (20). In yeast, HR is the major pathway in-
volved in DSB repair, whereas NHEJ is the main pathway for
DSB repair in mammalian cells (20). In yeast cells, HR is me-
diated by the Rad52 group of genes, which includes the Rad51,
Rad54, and Rad57 genes, as well as by the Rad50 complex,
which includes Xrs2 and Mre11 (36). These proteins have
homologues in mammalian cells; however, the contribution of
each gene to HR may differ between yeasts and mammals (29).
The mammalian NHEJ pathway includes six essential compo-
nents, three of which (Ku70, Ku86, and DNA-PKcs) compose
the so-called DNA-dependent protein kinase (DNA-PK) (33).
Functional homologues of both subunits of Ku have been iden-
tified in yeast cells, but the catalytic subunit, DNA-PKcs, is
absent (33). In addition to their role in DSB repair, compo-
nents of the HR and NHEJ pathways have been shown to be
present at telomeres both in yeast and in mammals (8, 15, 24).

Telomeres are unique structures at the ends of eukaryotic
chromosomes that serve to limit the loss of genetic material
that occurs during DNA replication and keep the chromosome
ends from being detected as DSBs by the cell DNA repair
machinery (4). Vertebrate telomeres are composed of tandem
repeats of the TTAGGG sequence and an array of associated
proteins (4). In addition, telomeres end in a 3� overhang,

known as the G-strand overhang (8). The 3�-G-strand over-
hang is able to fold back and invade the double-stranded re-
gion of the telomere, forming a loop, the so-called T-loop,
which is stabilized by a set of specialized proteins. T-loops
facilitate the formation of a higher-order structure that has
been proposed to mediate telomere capping by contributing to
mask DNA ends from being recognized by the DNA repair
system, thus preventing end-to-end fusions and loss of cell
viability (8). Telomeres may also regulate the access of telo-
merase to the telomere (8, 15).

Telomerase is a nucleoprotein complex with reverse tran-
scriptase activity known as Tert and a RNA molecule or Terc
(telomerase RNA component), which serves as a template for
the synthesis of new telomere repeats (7). Telomere dysfunc-
tion, either due to exhaustion of TTAGGG repeats in the
absence of telomerase activity or due to disruption of the
end-capping structure, leads to chromosomal instability and
impacts on both cancer and aging, as demonstrated initially by
using mouse models for telomere dysfunction, such as the
telomerase-deficient mouse (6, 15).

The role of NHEJ at telomeres has been extensively studied
in yeast, plants, and mammals. Whereas in yeast defects in
either Ku subunit result in loss of telomeric repeats, loss of
telomere clustering, loss of telomeric silencing, and deregula-
tion of the G-strand overhang (24), plants and rodents show
extended telomeres (28, 30). This telomere elongation is me-
diated by telomerase, indicating that Ku is a negative regulator
of telomerase-dependent telomere elongation (10, 28). In ad-
dition, DNA-PKcs and Ku86 play in mice important roles in
telomere capping, as well as in the response to dysfunctional
telomeres. On the one hand, deficiency in either Ku86 or
DNA-PKcs lead to end-to-end chromosome fusions that in-
volve long tracks of TTAGGG sequences, suggesting that in
the absence of these proteins telomeres are long but dysfunc-
tional (2, 3, 13, 14, 19, 30). In this regard, a role for DNA-PKcs
in the processing of the telomeres produced by leading-strand
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synthesis has been proposed (3). In addition, DNA-PKcs has
been shown to functionally interact with telomerase in main-
taining telomere length; in particular, mice doubly deficient for
telomerase and DNA-PKcs undergo a faster rate of telomere
attrition than corresponding single-mutant controls (11). On
the other hand, when Ku86 and DNA-PKcs deficiencies have
been studied in the context of telomerase deficiency, a role for
these factors in mediating end-to-end fusions and apoptosis
due to short telomeres was also clearly established (10, 11).
More recently, the study of functional interactions between
DNA-ligase IV, which is central to the NHEJ pathway, and a
telomere-binding protein, TRF2, has also established an es-
sential role of NHEJ in mediating end-to-end fusions of un-
protected chromosome ends (34, 37).

HR has been also shown to regulate telomere length, as well
as to mediate telomerase-independent telomere elongation in
yeast (24). However, the role of HR in telomere length main-
tenance in mammals, remains unknown. Similarly, the putative
role of HR in mediating chromosome end-to-end fusions due
to unprotected telomeres has not been addressed to date.

Rad54 is a Rad51-interacting DNA-dependent ATPase in-
volved in homologous DNA pairing (27, 32). Its role in HR in
yeast is also conserved in rodents (12), as demonstrated by the
reduced efficiency of DSB repair and reduced sister chromatid
gene conversion (GC) observed in Rad54-deficient mice (9,
12). By using Rad54-defective animals, generated by disrupting
the gene by HR, we provide evidence for the role of this gene
product in telomere length maintenance and telomere cap-
ping. Interestingly, generation of mice simultaneously deficient
in Rad54 and DNA-PKcs activities also served as a means to
demonstrate the inability of Rad54 deficiency in rescuing chro-
mosome-type end-to-end fusions produced by the lack of
DNA-PKcs. This in turn suggests that Rad54, in contrast to

NHEJ activities, does not play a key role in the generation of
fusions due to unprotected chromosome ends.

MATERIALS AND METHODS

Mice and cells. The Rad54-deficient and DNA-PKcs mice used to generate
doubly heterozygous Rad54�/� DNA-PKcs�/� mice were described elsewhere
(12, 35). Mouse embryonic fibroblasts (MEFs) were derived from heterozygous
crosses and, for all studies, littermates were compared. Rad54�/� mice were used
to generate single Rad54�/� and Rad54�/� MEFs when indicated. MEFs were
prepared from day 13.5 embryos derived from heterozygous crosses as described
previously (6). First-passage (passage 1) MEFs used in the different experiments
corresponded to approximately two population doublings (PDL � 2).

Q-FISH. First-passage MEFs were prepared for quantitative fluorescence in
situ hybridrization (Q-FISH) as described previously (18). Q-FISH hybridization
was carried out as described previously (18).

To correct for lamp intensity and alignment, images from fluorescent beads
(Molecular Probes) were analyzed by using the TFL-Telo program. Telomere
fluorescence values were extrapolated from the telomere fluorescence of LY-R
and LY-S lymphoma cell lines (1) of known lengths of 80 and 10 kb (25). There
was a linear correlation (r2 � 0.999) between the fluorescence intensities of the
R and S telomeres, with a slope of 38.6. The calibration-corrected telomere
fluorescence intensity was calculated as described previously (18).

Images were recorded by using a COHU charge-coupled device camera on a
Leica Leitz DMRB fluorescence microscope. A Philips CS 100W-2 mercury
vapor lamp was used as a source. Images were captured by using Leica Q-FISH
software at a 400-ms integration time in a linear acquisition mode to prevent
oversaturation of the fluorescence intensity.

Quantitative image analysis. TFL-Telo software (a gift from P. Lansdorp) was
used to quantify the fluorescence intensity of telomeres from at least 10 met-
aphases of each individual MEF culture. The integrated fluorescence intensity
for each telomere was calculated after correction for image acquisition exposure
time. Finally, the integrated fluorescence intensity of individual telomeres is
expressed in a table for each chromosome, which can be subjected to editing.
Each metaphase of 40 chromosomes (in the mouse) yields 160 telomere spots
and a typical analysis of 10 metaphases produces several thousand telomere
fluorescence values (Table 1). Because of the large number of datum points in
Q-FISH analysis, the standard error of mean telomere fluorescence estimates is
typically small (for example, less than a few percent of the average) despite
considerable variation in individual telomere fluorescence values. Importantly,

TABLE 1. Determination of telomere length by using Q-FISH in primary MEFsa

Genotype and MEF
group

No. of
metaphases

Mean length (kb) � SE No. of
telomeres

No. of signal-free
ends (%)b

p-arm q-arm Avg

Rad54�/� DNA-PKcs�/�

E 10 45.4 � 0.51 54.3 � 0.58 50.0 � 0.40 1,600 7 (0.44)
F 10 42.0 � 0.45 49.4 � 0.56 45.7 � 0.37 1,652 3 (0.18)
A 10 43.4 � 0.47 54.1 � 0.55 48.8 � 0.40 1,588 4 (0.25)
A�E�F 30 43.6 � 0.28 52.5 � 0.33 48.1 � 0.23 4,840 14 (0.29 � 0.08)

Rad54�/� DNA-PKcs�/�

B2 10 31.6 � 0.23 38.6 � 0.55 35.2 � 0.33 1,588 0 (0.0)
C2 10 31.3 � 0.32 36.3 � 0.47 33.8 � 0.29 1,688 8 (0.47)
B 10 30.0 � 0.36 41.3 � 0.49 35.7 � 0.34 1,580 3 (0.19)
E2 10 25.3 � 0.34 37.0 � 0.44 31.2 � 0.31 1,644 15 (0.9)
B2�C2�B�E2 40 29.6 � 0.18 38.3 � 0.25 33.9 � 0.16 6,500 33 (0.39 � 0.19)

Rad54�/� DNA-PKcs�/�

C 10 39.3 � 0.47 47.3 � 0.57 48.8 � 0.39 1,544 4 (0.26)
D 10 36.0 � 0.41 41.4 � 0.50 38.7 � 0.33 1,676 9 (0.54)
C�D 20 37.6 � 0.31 43.8 � 0.36 40.7 � 0.25 3,220 13 (0.40 � 0.14)

Rad54�/� DNA-PKcs�/�

A2 10 29.4 � 0.38 35.0 � 0.50 32.2 � 0.32 1,536 8 (0.52)
D2 10 37.0 � 0.38 44.4 � 0.45 40.7 � 0.31 1,732 7 (0.40)
A2�D2 20 33.4 � 0.29 40.0 � 0.36 36.7 � 0.24 3,268 15 (0.46 � 0.06)

a Letters refer to individual MEFs of the indicated genotype.
b Average signal-free end percent values are shown with the standard error.

VOL. 23, 2003 ROLE OF Rad54 AT THE MAMMALIAN TELOMERE 5573



the analysis of thousands of individual telomere length values allows for very
reliable statistical significance calculations.

The images from littermate metaphases were captured on the same day, in
parallel, and blindly. All of the images from the MEFs were captured in a 3-day
period after the hybridization.

Telomerase assay. S-100 extracts were prepared from primary MEF cultures,
and a modified version of the TRAP assay was used to measure telomerase
activity (5). An internal control for PCR efficiency was included (TRAPeze kit
Oncor).

Scoring of chromosomal abnormalities by Q-FISH. The indicated numbers of
metaphases (�100) from each MEF culture were scored for chromosomal ab-
errations by superimposing the telomere image on the DAPI (4�,6�-diamidino-
2-phenylindole) chromosome image in the TFL-Telo software. End-to-end fu-
sions can be two chromosomes fused by their p-arms (Robertsonian-like fusions)
or two chromosomes fused by their q-arms (dicentrics). Robertsonian-like fu-
sions were classified as those that showed TTAGGG signal at the fusion point
(�TTAGGG) or that lacked TTAGGG signal at the fusion point (�TTAGGG).

CO-FISH. Chromosome orientation FISH (CO-FISH) was performed as de-
scribed previously with some modifications (3). Briefly, confluent primary MEFs
were subcultured in the presence of bromodeoxyuridine (Sigma) at a final con-
centration of 10�5 M and then allowed to replicate their DNA once at 37°C for
24 h. Colcemid was added at a concentration of 0.2 g/ml during the last 4 h. Cells
were then recovered, and metaphases were prepared as described previously
(30). Prior to hybridization of the single-stranded (TTAGGG)7 telomere probe,
slides were treated with 0.5 mg of RNase A/ml for 10 min at 37°C and then
stained with 0.5 �g of Hoechst 33258 (Sigma)/ml in 2� SSC (1� SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) for 15 min at room temperature. Slides were
then exposed to 365-nm UV light (Stratalinker 1800 UV irradiator) for 25 min.
Enzymatic digestion of the bromodeoxyuridine-substituted DNA strands with 3
U of exonuclease III (Promega)/�l in buffer supplied by the manufacturer (50
mM Tris-HCl, 5 mM MgCl2, 5 mM dithiothreitol; pH 8.0) was allowed to
proceed for 10 min at room temperature. An additional denaturation in 70%
formamide–2� SSC at 70°C for 1 min was performed, followed by dehydration
in a cold ethanol series (70, 85, and 100%). Probe hybridization and analysis was
identical to that described for FISH experiments. This strategy facilitates iden-
tification of the telomere produced by leading-strand DNA synthesis and is
described in detail elsewhere (3). After being washed five times (15 min each
time) with 2� SSC at 42°C, slides were counterstained with DAPI (0.2 g/ml) in
Vectashield (Vector Laboratories). Metaphase spreads were photographed on a
Leitz Leica DMRB fluorescence microscope.

Scoring of chromosomal abnormalities by SKY. Painting probes for each
chromosome were generated from flow-sorted mouse chromosomes by using
sequence-independent DNA amplification. Labeling was performed by incorpo-
rating four different dyes in a combination sequence that allows unique and
differential identification of each chromosome. Slides were prepared from fixa-
tive-stored material and were hybridized and washed by the spectral karyotyping
(SKY) method according to the manufacturer’s protocol (Applied Spectral Im-
aging, Migdal Ha-Emck, Israel). Chromosomes were counterstained with DAPI.
Images were captured and processed as described previously (10). The indicated
number of metaphases of each culture were captured and analyzed by SKY, and
chromosomal abnormalities were scored as described above.

Statistical analysis. Statistical calculations to determine average telomere
length and standard errors were determined by using Microsoft Excel. Because
of the large number of datum points in Q-FISH analysis, the standard error of
mean telomere fluorescence estimates is typically small despite considerable

variation in individual telomere fluorescence values (Table 1). A Student t test
with two tails, i.e., “two-samples of unequal variance” (or Welch’s correction),
was used to calculate the statistical significance of the observed differences in
telomere length. GraphPad Prism v.3.0a and Microsoft Excel v.2001 were used
for the calculations. Importantly, the analysis of thousands of individual telomere
length values allows for very reliable statistical significance calculations.

A �2 test was used to calculate the statistical significance of differences in
chromosomal aberrations between different genotypes. The two-sided P values
were obtained from a 2-by-2 contingency table analyzed by �2 test (including
Yates’ continuity correction). GraphPad Instat v.2.03 was used for the calcula-
tions. With both the Student t test and the �2 test, the differences are considered
significant if P is 	0.05, very significant is P is 	0.01, highly significant if P is
	0.001, and extremely significant if P is 	0.0001.

RESULTS AND DISCUSSION

Rad54 deficiency in mice results in a significant shortening
of telomeres. To study the putative role of HR in telomere
length maintenance in mammalian cells, we determined telo-
mere length in passage 1 MEFs derived from animals geneti-
cally deficient in either Rad54 (Rad54�/� DNA-PKcs�/�),
DNA-PKcs (Rad54�/� DNA-PKcs�/�), or both Rad54 and
DNA-PKcs (Rad54�/� DNA-PKcs�/�) and compared them
with the corresponding controls. The MEFs used were litter-
mates derived from Rad54�/� DNA-PKcs�/� intercrosses (see
Materials and Methods). To measure telomere length, we used
Q-FISH on metaphase chromosomes, which allows for the
determination of thousands of individual telomere length val-
ues per individual MEF culture (see Materials and Methods).
Two to four primary MEF cultures from each genotype were
used for the analysis, and a total of 3,220 to 6,500 individual
telomere length values per genotype were obtained and used
for determination of the average telomere length and standard
error (Table 1 and Fig. 1A) (see Materials and Methods). This
high number of individual telomere length measurements
allows calculation of the statistical significance of telomere
length differences between genotypes. Q-FISH analysis re-
vealed that MEFs lacking Rad54 (average of B2, C2, B, and E2
Rad54�/� DNA-PKcs�/� MEFs) showed a very marked de-
creases in average telomere length compared to the Rad54�/�

DNA-PKcs�/� controls (average of E, F, and A MEFs): 33.9 �
0.16 and 48.1 � 0.23 kb, respectively (Table 1 and Fig. 1A).
The decrease in average telomere length was seen both in the
q- and p-chromosome arms (Table 1 and Fig. 1A). To calcu-
late the statistical significance of this difference, we compared
6,500 telomere length values obtained from Rad54�/� DNA-
PKcs�/� MEFs (n � 6500) with 4,840 telomere values ob-

FIG. 1. Telomere length analysis by Q-FISH. (A) Average telomere fluorescence and standard error of q-telomeres, p-telomeres, or all (p�q)
telomeres in primary MEFs grouped by genotype. Fluorescence is expressed in telomere fluorescence units (TFUs), where 1 TFU corresponds to
1 kb of TTAGGG repeats (30). Each value represents the mean of 10 metaphases and of the indicated number (n) of individual telomere values.
n refers to the total number of telomere values used for calculation of the average telomere fluorescence for each chromosome arm, as well as
for the sum of both arms. Bars: ■ , average of q- and p-telomeres; 1, q-telomeres; �, p-telomeres. Despite the wide heterogeneity in individual
telomere fluorescence intensity values (see, for example, Fig. 1B), the standard errors of the mean are very small due to the large number of datum
points (see “n” values). As a result, the error bars are not visible in the graphs (see Table 1 for standard error values). (B) Histograms showing
the telomere length frequencies for p-arms, q-arms, or the sum of p�q-arms of primary MEFs grouped by genotype. The letters indicate the
individual MEFs of each genotype used for the analysis. n is the total number of p-telomeres, q-telomeres, or the sum of p�q-telomeres per
genotype that are represented in each histogram. One TFU corresponds to 1 kb of TTAGGG repeats (30). To facilitate visualization of the
telomere length values, two vertical lines indicate the position of the 20- and 60-kb telomeres for each histogram. The telomere length frequency
distribution in each histogram is an indication of the standard deviation of telomere length values and not of the standard error. (C) Percentage
of telomeres of the total number of telomeres analyzed for each genotype that are �20 kb or �60 kb, as indicated. The absolute numbers of
telomeres used for the analysis are also shown on top of the bars.
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tained from the Rad54�/� DNA-PKcs�/� controls (n � 4840),
a Student t test value P of 	0.0001 indicated that the difference
in telomere length between genotypes was extremely signifi-
cant (see Materials and Methods). Figure 1B shows histograms
of telomere length frequencies for p-arm, q-arm, and the sum
of p�q-arm telomeres of primary MEFs grouped by genotype
(Table 1). These histograms show a shift toward shorter telo-
mere lengths in the Rad54�/� DNA-PKcs�/� MEFs compared
to the Rad54�/� DNA-PKcs�/� controls (Fig. 1B). The gray
vertical lines help to visualize the increased frequency of telo-
meres of �20 kb, along with the decreased frequency telo-
meres of �60 kb, in the Rad54�/� DNA-PKcs�/� MEFs com-
pared to the Rad54�/� DNA-PKcs�/� controls (Fig. 1B). To
allow direct comparison of telomere length in different geno-
types, we calculated the percentage of telomeres that were
shorter than 20 kb or longer than 60 kb out of the total number
of telomeres analyzed per genotype (Fig. 1C). Rad54 defi-
ciency in Rad54�/� DNA-PKcs�/� MEFs resulted in 12.3%
(799 of 6,500) of telomeres of �20 kb and 2.5% (163 of 6,500)
of telomeres of �60 kb compared to 3.2% of telomeres of �20
kb (153 out 4,840) and 18.4% of telomeres of �60 kb (889 of
4,840) in the Rad54�/� DNA-PKcs�/� controls (Fig. 1C). Al-
together, these different analyses indicate a clear decrease in
telomere length in Rad54�/� DNA-PKcs�/� MEFs compared
to the Rad54�/� DNA-PKcs�/� controls.

The absence of DNA-PKcs in Rad54�/� DNA-PKcs�/�

MEFs resulted in a modest decrease of the average telomere
length (average of C and D MEFs) compared to the Rad54�/�

DNA-PKcs�/� controls (average of E, F and A MEFs), i.e.,
40.7 � 0.25 and 48.1 � 0.23 kb, respectively (Table 1 and Fig.
1A). This difference was statistically significant as indicated by
a Student t test value P 	 0.0001, which was calculated com-
paring 3,220 telomere values obtained from Rad54�/� DNA-
PKcs�/� MEFs with 4,840 individual telomere length values
obtained from the Rad54�/� DNA-PKcs�/� controls. The
slight decrease in average telomere length due to DNA-PKcs
deficiency in Rad54�/� DNA-PKcs�/� MEFs is also illustrated
in the histograms of telomere length frequencies (Fig. 1B), as
well as by the percentages of telomeres of �20 and �60 kb
shown in Fig. 1C, i.e., 5.6% of telomeres of �20 kb (180 of
3,220) and 8% of telomeres of �60 kb (256 of 3,223) for
Rad54�/� DNA-PKcs�/� MEFs compared to 3.2% of telo-
meres of �20 kb (153 of 4,840) and 18.4% of telomeres of �60
kb (889 of 4,840) for the Rad54�/� DNA-PKcs�/� controls
(Fig. 1C). It has been previously shown that deficiency in
DNA-PKcs alone does not result in a significant telomere
shortening compared to wild-type controls (13, 14). The results
obtained here, however, indicate that in a Rad54�/� DNA-
PKcs�/� background, with only one Rad54 allele, DNA-PKcs
deficiency results in shorter telomeres than those of the
Rad54�/� DNA-PKcs�/� controls. These results, together
with recent findings from our group that showed that simulta-
neous deletion of telomerase and DNA-PKcs in mice results in
a dramatic shortening of telomeres compared to the single
mutant controls (11), suggest that DNA-PKcs has an important
role in telomere length maintenance that is unveiled by defi-
ciencies in activities important for telomere length mainte-
nance. It is important to point out, however, that Rad54 defi-
ciency rather than DNA-PKcs haploinsuficiency is responsible
for the shorter telomeres present in Rad54�/� DNA-PKcs�/�

MEFs, as suggested by the fact that single Rad54�/� MEFs
(wild-type for DNA-PKcs) showed significantly shorter telo-
meres than the corresponding single Rad54�/� controls, 40.0 �
0.4 and 49.3 � 0.5 kb, respectively (Student t test, P 
 0.0001).

To study the effect on telomere length of the simultaneous
deletion of Rad54 and DNA-PKcs, we also determined telo-
mere length in MEFs doubly deficient for Rad54 and DNA-
PKcs (Rad54�/� DNA-PKcs�/�) and compared it to the cor-
responding controls. As shown in Table 1 and Fig. 1A, the
average telomere length in Rad54�/� DNA-PKcs�/� MEFs
(average of A2 and D2 MEFs) was significantly decreased
compared to the Rad54�/� DNA-PKcs�/� controls (shown
above), i.e., 36.7 � 0.24 and 48.1 � 0.23 kb, respectively.
Again, the difference was highly significant, as indicated by a
Student t test value (P 	 0.0001) obtained after comparison of
3,268 and 4,840 individual telomere values for Rad54�/�

DNA-PKcs�/� MEFs and Rad54�/� DNA-PKcs�/� MEFs,
respectively. These results are in agreement with a role of
Rad54 in telomere length maintenance. Importantly, the aver-
age telomere length in Rad54�/� DNA-PKcs�/� MEFs was
comparable to that of Rad54�/� DNA-PKcs�/� MEFs, 36.7 �
0.24 and 33.9 � 0.16 kb, respectively. Likewise, the similar
percentages of telomeres shorter than 20 kb or longer than 60
kb reflects the same findings (Fig. 1B and C). We conclude
from these results that Rad54 deficiency leads to a severe
telomere shortening and that this decrease in telomere length
is not aggravated by DNA-PKcs deficiency. In addition, the
fact that doubly deficient Rad54�/� DNA-PKcs�/� MEFs
show a telomere length similar to that of Rad54�/� DNA-
PKcs�/� MEFs also supports the notion that Rad54 deficiency
rather than DNA-PKcs haploinsufficiency is responsible for the
shorter telomeres present in Rad54�/� DNA-PKcs�/� MEFs
(shown above). Finally, the observation that simultaneous ab-
sence of Rad54 and DNA-PKcs renders a similar degree of
telomere loss to that produced by Rad54 deficiency alone
could also support a model in which both proteins may partic-
ipate in different aspects of a similar process at the telomere.
Of notice, we have not detected differences in the length of the
G-strand overhang between the different genotypes studied
here (not shown), a finding in agreement with previous results
that show that DNA-PKcs deficiency does not lead to changes
in the average length of the G-strand overhang, even when it
occurs in combination with telomerase deficiency (11, 13, 14).

Altogether, these data indicate that Rad54 deficiency in
mice results in a significant loss of telomere sequences, sug-
gesting that Rad54 is important for telomere length mainte-
nance in mice. Since Rad54 is a central player in HR, these
results suggest, although they do not demonstrate, that HR
participates in telomere length maintenance in mammals. Alter-
natively, the fact that Rad54 is required for strand invasion during
HR-mediated repair of DSBs could also suggest a role for Rad54
in the formation of a proper telomere capping structure (see
below).

Rad54 deficiency does not lead to increased undetectable
telomere signals. Q-FISH on the metaphase chromosome al-
lows determination of the percentage of telomeres that lack
detectable TTAGGG signal out of the total number of telo-
meres analyzed per genotype. It has been demonstrated that
the presence of undetectable telomeres correlates with in-
creased end-to-end fusions and loss of cell viability in mice (16,
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31). The percentage of undetectable telomeres (signal-free
ends in Table 1) was similar for all of the different genotypes
studied, indicating that either DNA-PKcs or Rad54 deficiency,
or a combination of both, did not lead to a significant increase
in the percentage of telomeres without detectable TTAGGG
signal (Table 1). These results indicate that, although Rad54
deficiency leads to a significant shortening of average telomere
length, chromosome ends are not TTAGGG exhausted, as
shown by the low percentages of TTAGGG signal-free ends in
Rad54-deficient cells. This finding can be explained by the fact
that these cells have proficient telomerase activity (see below),
which in turn has been shown to preferentially elongate short
telomeres, thus preventing critical telomere loss (16, 31).

Normal levels of in vitro telomerase activity in Rad54-defi-
cient cells. To investigate whether the shortening of telomeres
identified in MEFs isolated from Rad54 deficient animals may

be the result of down regulation telomerase activity, we mea-
sured telomerase levels by using the TRAP assay in cells iso-
lated from mutants and controls (see Materials and Methods).
As shown in Fig. 2 telomerase activity was indistinguishable in
the different genotypes analyzed, suggesting that Rad54 defi-
ciency does not alter the activity of telomerase in the cell, as
detected by an in vitro assay. This does exclude the possibility,
however, that Rad54 could have complex regulatory effects on
the action of telomerase at telomeres. In this regard, lack of
Rad54 may interfere with the recruitment of telomerase to the
telomere, thus leading to telomere shortening independently
of changes in telomerase activity levels.

Importantly, the fact that Rad54-deficient cells show normal
levels of telomerase activity confers on them the ability to
prevent critical telomere loss. This, in turn, could explain the
low frequency of signal-free ends determined by Q-FISH in
Rad54-deficient despite the significant decrease in average telo-
mere length shown by these cells (Table 1).

HR activities have been also demonstrated to play an essen-
tial role in telomere length maintenance in yeast (24). In ad-
dition, HR activities are required for telomere elongation in
the absence of telomerase activity in yeast (22, 23). Telome-
rase-independent telomere elongation also occurs in mamma-
lian cells and is generally referred as ALT (17, 26). Although
we did not aim to directly address the role of Rad54 in ALT
here, it is worth noting that the fact that Rad54 participates in
telomere length maintenance in mice is consistent with the
idea that Rad54 may also be part of ALT in mammalian cells.
Future generation and study of mice simultaneously deficient
in telomerase and Rad54 will help to address this possibility.

Role of Rad54 in telomere protection. As discussed above,
the fact that Rad54 deficiency results in a significant loss of
telomeric sequences may also suggest a role for Rad54 in
telomere protection. To investigate this possibility, we studied
chromosomal aberrations spontaneously arising in primary
MEFs (passage 1) by using three independent techniques: Q-
FISH (Table 2), CO-FISH (Fig. 3), and SKY (Table 3) (see
Materials and Methods).

First, we performed telomere Q-FISH on at least 100 meta-
phases from each individual MEF (Table 2) (Materials and

FIG. 2. Telomerase activity in MEFs. S-100 extracts were prepared
from MEFs of the indicated genotype and assayed for telomerase
activity. For some genotypes more than 1 MEF was assayed for TRAP
activity. Different letters refer to independent MEFs. Extracts were pre-
treated (�R) or not with RNase. The protein concentration used is indi-
cated. The arrow indicates the internal control (IC) for PCR efficiency.

TABLE 2. Spontaneously arising chromosomal aberrations in primary MEFs of the indicated genotypes as determined by Q-FISH

Parametera

Results obtained with MEF type:

Rad54�/� DNA-PKcs�/� Rad54�/� DNA-PKcs�/� Rad54�/� DNA-PKcs�/� Rad54�/� DNA-PKcs�/�

A E F Total C D Total B E2 B2 C2 Total A2 D2 Total

No. of metaphases 100 100 100 300 100 100 200 100 100 100 100 400 100 100 200
No. DIC* 0 0 0 0 0 0 0 0 0.01 0.02 0 0.0075 0.04 0.02 0.03
No. RL (�TTAGGG)*† 0 0 0 0 0.02 0 0.01 0 0 0 0 0 0.02 0.02 0.02
No. RL (�TTAGGG)*† 0 0 0 0 0 0.02 0.01 0 0 0 0 0 0 0 0
No. of R* 0 0 0 0 0 0.0 0 0 0 0 0.02 0.005 0.02 0.02 0.02
Totalb fusions (DIC�RL�R)* 0 0 0 0 0.02 0.02 0.02 0 0.01 0.02 0.02 0.0125 0.08 0.06 0.07
No. of chromosome breaks* 0.01 0.02 0 0.01 0 0.06 0.03 0.03 0.01 0.04 0 0.02 0.16 0.02 0.09
No. of chromatid breaks* 0.03 0.02 0.04 0.03 0.04 0.06 0.05 0.15 0.11 0.12 0.32 0.175 0.16 0.2 0.18
No. of gaps* 0.01 0.02 0.02 0.017 0 0.02 0.01 0.02 0.07 0.04 0.14 0.067 0.08 0.04 0.06
No. of fragments* 0.02 0.02 0 0.01 0 0 0 0.03 0.03 0.04 0.02 0.03 0.02 0.02 0.02
Double minutes* 0 0 0 0 0 0 0 0.04 0.05 0 0.08 0.0425 0.06 0.06 0.06

a DIC, dicentric; RL, Robertsonian-like; R, rings. �, frequency of each aberration per metaphase. Values in boldface highlight differences between genotypes. Letters
in subheadings refer to independent MEFs of the indicated genotype. †, the presence (�TTAGGG) or absence (�TTAGGG) of TTAGGG repeats at the fusion point
is indicated in the case of RL fusions.

b That is, the total end-to-end chromosome fusions.
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Methods). Rad54 deficiency in MEFs (Rad54�/� DNA-
PKcs�/�) resulted in a significant increase in chromatid-type
breaks (�2 test, P 
 0.0001) and gaps (�2 test, P � 0.0119),
as well as double minutes (�2 test, P � 0.003) compared to
the controls (Rad54�/� DNA-PKcs�/�) (Table 2). The in-
creased frequencies of chromatid breaks and gaps in Rad54-
deficient cells are in agreement with the known role of
Rad54 in HR. When we extended these studies to doubly
deficient Rad54�/� DNA-PKcs�/� MEFs, the frequency of
chromatid breaks and gaps was not further increased by a muta-
tion in DNA-PKcs (Table 2), suggesting that these types of
aberrations are reminiscent of the Rad54 deficiency.

Furthermore, Q-FISH on metaphase chromosomes showed

that Rad54 deficiency in Rad54�/� DNA-PKcs�/� MEFs re-
sulted in an average frequency of 0.0125 end-to-end fusions
per metaphase (dicentrics plus Robertsonian-like fusions plus
rings) compared to undetectable end-to-end fusions in the
Rad54�/� DNA-PKcs�/� controls (Table 2) (found to be sig-
nificant as determined by �2 test [P � 0.0401]). A similar
frequency of end-to-end fusions was found in DNA-PKcs de-
ficient MEFs, Rad54�/� DNA-PKcs�/�, of 0.02 fusions per
metaphase compared to no fusions in the Rad54�/� DNA-
PKcs�/� controls (Table 2) (found to be significant as deter-
mined by �2 test [P � 0.0026]). The increase in end-to-end
fusions in Rad54-deficient MEFs is consistent with a role for
this protein in telomere capping (see discussion below of CO-

FIG. 3. CO-FISH primary MEFs. (Left panel) Frequency of chromosome-type or chromatid-type fusions involving telomeres produced by
leading-strand synthesis in metaphases of the indicated genotypes. (�)TTAGGG, fusions showing TTAGGG signal at the fusion point; (�)TTA
GGG, fusions lacking TTAGGG signal at the fusion point. (Right panels) Representative CO-FISH images of chromosome-type telomere fusions
containing TTAGGG repeats at the fusion point (yellow arrows) in the indicated individual MEF. Blue, DAPI; red, TTAGGG signal.

TABLE 3. SKY analysis of end-to-end fusions in primary MEFs

Parameter
Resultsa for MEF genotype group:

Rad54�/� DNA-PKcs�/� E2 Rad54�/� DNA-PKcs�/� C Rad54�/� DNA-PKcs�/� D2

No. of metaphases 101 78 89
No. of end-to-end fusionsb 1 (9;13) 3 (X;3), (1;4), (3;15) 3 (X;4), (X;12), (1;4)
No. of chromosome breaks 1 (14) 0 0
No. of chromatid breaks 3 (14), (2), (9) 2 (5), (ND) 3 (4), (3), (ND)
No. of fragments 1 (9) 0 1 (centromeric [ND])
No. of gaps 1 (1) 0 0

a Values in parentheses refer to the chromosome(s) involved in the aberration. Letters in the column headings refer to the individual MEFs used for the analysis.
ND, not determined.

b All fusions were between nonhomologous chromosomes.
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FISH and SKY data). Interestingly, MEFs doubly deficient in
Rad54 and DNA-PKcs (Rad54�/� DNA-PKcs�/�) showed a
further increase in the frequency of end-to-end fusions, i.e.,
0.07 fusions per metaphase, compared to Rad54�/� DNA-
PKcs�/� MEFs, with 0.0125 fusions per metaphase, and
Rad54�/� DNA-PKcs�/� MEFs, with 0.02 fusions per meta-
phase (Table 2), which was statistically significant (�2 test, P 	
0.0001 and P � 0.0118, respectively). This finding suggests a
synergism between both deficiencies in the loss of telomere
protection. It is important to note that many (
50%) of the
Robertsonian-like fusions associated with either Rad54 or
DNA-PKcs deficiencies or with a combination of both deficen-
cies showed detectable telomeres at the fusion point (Table 2;
see also Fig. 3 for CO-FISH data), suggesting that they are not
the result of TTAGGG exhaustion, a finding in agreement with
the low percentages of undetectable telomeres present in these
cells (Table 1). Of note, Rad54�/� DNA-PKcs�/� MEFs did
not show telomere fusions, suggesting that heterozygosity of
either DNA-PKcs or Rad54 is sufficient to prevent the loss of
telomere protection (Table 2).

A role for DNA-PKcs in the postreplicative processing of
telomeres produced by leading-strand synthesis has been pro-
posed as a possible mechanism by which DNA-PKcs deficiency
leads to loss of telomere capping and increased end-to-end
chromosome fusions (3). To study a putative role of Rad54 in
leading-strand DNA processing and in the generation of these
fusions, we performed CO-FISH on primary MEFs from the
different genotypes, which allows identification of telomeres
produced by leading-strand DNA synthesis (see Materials and
Methods). Chromatid-type fusions are informative on the oc-
currence of end-to-end fusions involving telomeres produced
by leading-strand synthesis (leading-to-leading chromatid
fusions) (3). We were not able to detect any clear chroma-
tid-type fusion of the leading-to-leading type in Rad54-defi-
cient primary MEFs after analysis of 144 metaphases (Fig.
3); therefore, we could not demonstrate a role for Rad54 in
the postreplicative processing of the leading-strand telo-
mere. Rad54�/� DNA-PKcs�/� MEFs, however, showed an
increased frequency of chromosome-type fusions containing
detectable TTAGGG repeats at the fusion point, i.e., 0.014
fusions/metaphase, compared to no fusions in Rad54�/�

DNA-PKcs�/� control MEFs (Fig. 3). The fact that these
fusions contained TTAGGG repeats at the fusion point, as
detected by CO-FISH (Fig. 3), suggests that they involve at
least one leading-strand telomere and that they are produced
by the loss of telomere capping rather than by TTAGGG
exhaustion. Similarly, Rad54�/� DNA-PKcs�/� MEFs also
showed a similar frequency of chromosome-type fusions with
TTAGGG repeats at the fusion point after CO-FISH: 0.015
fusions/metaphase (Fig. 3). This frequency of end-to-end fu-
sions is similar to that previously described for single DNA-
PKcs deficiency (14). Importantly, double-mutant Rad54�/�

DNA-PKcs�/� MEFs resulted in a further increase in the
frequency of chromosome-type fusions with TTAGGG signals
at the fusion point (0.05 fusions/metaphase), suggesting a co-
operative effect on both activities in preventing this type of
fusion (see Fig. 3). The fact that these fusions occurred in cells
doubly deficient for DNA-PKcs and Rad54 indicates that the
mechanism underlying this particular type of end-to-end chro-
mosome fusion does not involve the activity of Rad54, al-

though we cannot exclude that other HR components may be
mediating these fusions.

To further characterize the nature of the fusions resulting
from Rad54 and DNA-PKcs deficiencies, we performed SKY
on metaphases derived from MEFs of the different genotypes;
this allowed identification of the chromosomes involved in the
fusion (Table 3). All end-to-end fusions present in DNA-PKcs
deficient MEFs (Rad54�/� DNA-PKcs�/�) involved random
pairs of chromosomes (Table 3). A similar outcome has been
previously described for Ku86-deficient MEFs (10). Likewise,
the only end-to-end fusion identified in Rad54-deficient MEFs
(Rad54�/� DNA-PKcs�/�) was a chromatid-type fusion in-
volving nonhomologous chromosomes (chromosomes 9 and
13) (Table 3). Similarly, when we extended the present study to
Rad54�/� DNA-PKcs�/� MEFs, fusions also involved random
pairs of chromosomes. The fact that end-to-end fusions due to
either Rad54 or DNA-PKcs deficiency involve random pairs of
chromosomes indicates that they are not the result of sister
chromatid fusion and is consistent with previously published
results (3, 10, 11).

The final frequencies of end-to-end fusions per metaphase
considering all metaphases analyzed for each genotype by the
different FISH techniques (Q-FISH plus CO-FISH plus SKY)
were 0 fusions/metaphase after analysis of 408 metaphases
from Rad54�/� DNA-PKcs�/� MEFs, 0.014 fusions/meta-
phase after analysis of 645 metaphases from Rad54�/�

DNA-PKcs�/� MEFs, 0.02 fusions/metaphase after analysis of
415 metaphases from Rad54�/� DNA-PKcs�/� MEFs, and
0.06 fusions per metaphase after analysis of 464 metaphases
from Rad54�/� DNA-PKcs�/� MEFs. The very high num-
bers of metaphases analyzed per genotype support a role for
both Rad54 and DNA-PKcs in telomere capping.

In summary, the results presented here suggest that chro-
mosome-type end-to-end fusions due to DNA-PKcs deficiency,
which involve random pair of chromosomes, are not likely the
result in HR events since they are not prevented in the absence
of Rad54. In addition, Rad54 deficiency also results in chro-
mosome fusions involving random pairs of chromosomes and
containing telomere signals at the fusion point similar to those
produced by DNA-PKcs deficiency, suggesting a role for
Rad54 in telomere protection.

Final remarks and significance. The results presented here
demonstrate a role for Rad54, an essential component of
the homologous recombination machinery, in telomere length
maintenance and telomere capping in mammalian cells. In
particular, Rad54 deficiency results in a significant loss of telo-
meric sequences in the presence of normal levels of telomerase
activity, as well as in a significant increase in chromosome
end-to-end fusions. Finally, we show that Rad54 does not play
an important role in mediating end-to-end fusions due to un-
protected telomeres, in contrast to the role shown for NHEJ
activities.
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