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Summary

The five RAD51 paralogs (RAD51B, RAD51C, RAD51D,
XRCC2, and XRCC3) are required in mammalian cells
for normal levels of genetic recombination and resis-
tance to DNA-damaging agents. We report here that
RAD51D is also involved in telomere maintenance.
Using immunofluorescence labeling, electron micros-
copy, and chromatin immunoprecipitation assays,
RAD51D was shown to localize to the telomeres of
both meiotic and somatic cells. Telomerase-positive
Rad51d~'~ Trp53~'~ primary mouse embryonic fibro-
blasts (MEFs) exhibited telomeric DNA repeat shorten-
ing compared to Trp53~'~ or wild-type MEFs. More-
over, elevated levels of chromosomal aberrations
were detected, including telomeric end-to-end fu-
sions, a signature of telomere dysfunction. Inhibition
of RAD51D synthesis in telomerase-negative immor-
talized human cells by siRNA also resulted in telomere
erosion and chromosome fusion. We conclude that
RAD51D plays a dual cellular role in both the repair of
DNA double-strand breaks and telomere protection
against attrition and fusion.

Introduction

Telomeres are large nucleoprotein complexes that pro-
tect the ends of chromosomes against degradation and
fusion (Blackburn, 2001). Mammalian telomeric DNA
consists of tandem repeats of a TTAGGG unit that ex-
tend for 10-15 kb in humans and end with a characteris-
tic 3’ single-stranded DNA overhang on the G-rich
strand. This 3’ overhang represents the substrate for
extension by telomerase, a ribonucleoprotein that acts
as a reverse transcriptase (McEachern et al., 2000). In
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the absence of telomerase, telomeres shorten progres-
sively and lose their capping function (Blasco et al.,
1997; Harley et al., 1990). Critically short telomeres or
uncapped telomeres generate chromosome fusions that
cause loss of replicative capacity, leading to senes-
cence or apoptosis (Maser and DePinho, 2002).

A number of proteins that bind telomeric DNA with
high sequence specificity and play a role in telomere
protection have been characterized. TRF1 and TRF2
form multiprotein complexes that are required for chro-
mosome capping (de Lange, 2002). These complexes
regulate telomerase or facilitate its access to telomeric
DNA. Additionally, TRF2 is thought to help protect telo-
meres by restructuring telomeric DNA into T loops in
which the 3’ single strand invades the duplex region of
the same telomere (Griffith et al., 1999; Mufoz-Jordan
etal., 2001; Stansel et al., 2001; van Steensel et al., 1998).
A telomeric single-strand overhang binding protein has
also been identified, termed POT1, which regulates telo-
mere elongation (Baumann and Cech, 2001; Baumann et
al., 2002; Colgin et al., 2003; Loayza and de Lange, 2003).

Telomerase provides the major pathway for telomere
elongation. However, it is thought that homologous re-
combination can provide alternative mechanisms for
telomere length maintenance (ALT) and cell survival
(Dunham et al., 2000; Henson et al., 2002; Le et al., 1999;
Lundblad, 2002; Teng and Zakian, 1999). Consistent with
this, telomerase-negative immortalized human cell lines
contain subnuclear compartments, known as ALT-asso-
ciated promyelocytic leukemia bodies (APBs), that in-
clude telomeric DNA, telomere-specific proteins, the re-
combination proteins RAD51 and RAD52, the MRE11/
RAD50/NBS1 complex, the replication protein RPA, and
the BLM and WRN DNA helicases (Henson et al., 2002).
Approximately 10% of primary human tumors are
thought to maintain telomere length in the absence of
telomerase activity using the ALT pathway (Kim et al.,
1994).

In mammalian cells, the RAD51 paralogs (RAD51B,
RAD51C, RAD51D, XRCC2, and XRCCS3) are involved in
homologous recombination and are required for normal
levels of resistance to DNA-damaging agents (Thacker,
1999). One member of this family, RAD51D, is essential
for cell viability, as indicated by the embryonic lethality
associated with disruption of the Rad57d gene in mouse
(Pittman and Schimenti, 2000). Here, we demonstrate
that RAD51D associates with telomeres and plays a dual
cellular role, acting in double-strand break (DSB) repair
and telomere maintenance. The involvement of RAD51D
in telomere length regulation is independent of the telo-
merase activation status of cells.

Results

Telomeric Localization of RAD51D

The subcellular localization of RAD51D was examined
in an asynchronous culture of telomerase-positive HeLa
1.2.11 cells, using a monoclonal antibody (mAb 5B3)
raised against full-length human RAD51D. Although dif-
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Figure 1. Localization of RAD51D in Telo-
merase-Positive and -Negative Somatic Cells

(A) Colocalization of RAD51D with TRF2 at
HelLa telomeres. Nuclei were stained with
anti-RAD51D mAb 5B3 (FITC, green) and anti-
TRF2 pAb SWE38 (TRITC, red). Yellow foci in
the merged images indicate colocalization.
(B) Human telomerase-negative WI38-VA13/
2RA fibroblasts were stained with the follow-
ing antibody combinations: anti-RAD51D
pAbs SWE40 and anti-PML mAbs PG-M3 (top
row), anti-RAD51D mAbs 5B3 and anti-TRF2
pAbs SWE38 (middle row), and anti-TRF2
pAbs SWE38 and anti-PML mAbs PG-M3
(lower row). RAD51D and TRF2 colocalize
(yellow in merged images) to a subset of the
PML bodies known as APBs.

fuse staining was seen throughout the nucleus, discrete
nuclear foci were also observed (Figure 1A, green). Us-
ing dual indirect immunofluorescence with a number of
proteins known to form nuclear foci either at S phase
or in response to DNA-damaging agents (e.g., RAD51,
RPA, BRCA1, BRCA2), the punctate pattern was found
to be distinct from that characteristic of DNA repair foci.
Instead, we found that RAD51D colocalized with TRF2,
a protein that binds specifically to interphase telomeres
(van Steensel et al., 1998) (Figure 1A). The telomeric
localization of RAD51D was also seen in cells that were
irradiated to promote DNA damage (data not shown).
RAD51D was not observed in the radiation-induced
RAD51 foci.

The telomeric localization of RAD51D in HelLa cells
prompted us to examine RAD51D foci in telomerase-
negative (ALT) cell lines, where several recombination
proteins are known to colocalize with telomeres and
telomere binding proteins to APBs, a subset of the pro-
myelocytic leukemia (PML) bodies. As previously re-
ported in human ALT cell lines (Henson et al., 2002),

TRF2 localized to APBs identified with antibodies spe-
cific for PML. The data presented in Figure 1B show
that RAD51D colocalized with TRF2 to the APBs. Taken
together, the results presented in Figure 1 establish that
RADS51D localizes to telomeres in both telomerase-posi-
tive and -negative somatic cells.

RADS51D Is Detected at the Telomeres of Meiotic
Chromosomes throughout Prophase |

Meiotic telomeres have the advantage of being more
easily visualized by immunofluorescence at the ends of
paired chromosomes. We therefore prepared meiotic
chromosome spreads from mouse spermatocytes and
detected RAD51D while also visualizing the chromo-
some cores (axial elements) using an anti-SCP3 mono-
clonal antibody (Dobson et al.,, 1994) (Figure 2A).
RAD51D was found to localize to all telomeres in these
meiotic cells. We also observed that in the XY chromo-
some pair, which is only synapsed over a short region
of homology known as the pseudoautosomal region,
the RAD51D telomeric signal was detected both at the
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synapsed end of the chromosome pair and at each indi-
vidual end of the unpaired sex chromosomes (Figure
2A, arrow in merged image).

Next, the localization of RAD51D protein throughout
meiotic prophase | was determined and compared with
that of the telomere binding protein TRF1 (Chong et al.,
1995; Scherthan et al., 2000). For this experiment, mouse
spermatocytes were double stained using anti-RAD51D/
anti-SCP3 or anti-TRF1/anti-SCP3. The initial stages of
meiotic prophase |, leptotene/zygotene, were defined
by a discontinuous SCP3 staining along the axial ele-
ments of unpaired chromosomes (Figure 2B). At this
stage, the telomeres were seen to cluster together in
a “bouquet” structure from which chromosome cores
emerge. Groups of foci that identify bouquet formations
were detected for both TRF1 and RAD51D. At pachy-
tene, the axial cores synapsed fully to form the synapto-
nemal complex (SC), as identified by SCP3 staining. At
this stage, and the following stage of diplotene when

Figure 2. Colocalization of RAD51D with
Merge TRF1 at Meiotic Telomeres

(A) Mouse spermatocyte nuclei were immu-
nostained with anti-RAD51D pAb SWE33
(green) and anti-SCP3 mAb 10G11 (red). The
localization of RAD51D to chromosome ter-
mini is indicated in the merged image. The
XY body is marked with an arrow.

(B) Spermatocyte nuclei at successive stages
of meiotic prophase | were stained with anti-
RAD51D pAb SWE33 (green) or anti-TRF1
pAb MTA17 (green) and anti-SCP3 mAb
10G11 (red).

homologous chromosomes begin to separate, RAD51D
and TRF1 were again visualized at the telomeres. These
results show that RAD51D, like TRF1, localizes at the
telomeres regardless of the synapsis status of the ho-
mologous chromosomes. When potential protein-pro-
tein interactions between RAD51D and TRF1/TRF2 were
analyzed by coimmunoprecipitation from both testis and
Hela extracts, and after coexpression using baculovirus-
infected insect cells, we found no evidence to indicate
direct interactions between these proteins.

In the experiments shown in Figures 1 and 2, RAD51D
protein was detected using either mouse monoclonal
or rabbit polyclonal antibodies raised against purified
full-length protein. The specificity of the rabbit poly-
clonal antibody was confirmed by the loss of telomeric
signal following its preincubation with purified RAD51D
protein but not with RAD51 (data not shown). Similar
immunofluoresence signals were observed when we
used polyclonal sera raised in mouse against full-length
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Figure 3. Electron Microscopic Visualization of RAD51D and TRF1 at Meiotic Telomeres by Immunogold Labeling

(A) Telomeric localization of TRF1 on a meiotic pachytene chromosome in which the telomere is seen as a bulky structure at the end of the
synaptonemal complex (SC; see inset). TRF1 was visualized using a secondary antibody conjugated with 10 nm gold particles.

(B) Telomeric localization of RAD51D was carried out as described in (A) for TRF1.

(C) Colocalization of RAD51D and TRF1 at telomeres. In this case, the secondary antibodies against RAD51D and TRF1 were coupled to 10

and 15 nm gold particles, respectively.

RAD51D or against a synthetic peptide corresponding
toresidues 31-120 of RAD51D. No crossreaction against
RADS51 or the other RAD51 paralogs has been observed
by Western blotting or immunoprecipitation (data not
shown).

The telomeric association of RAD51D was further ana-
lyzed at high resolution using immunogold labeling and
electron microscopy. To do this, meiotic chromosome
spreads were prepared from mouse spermatocytes and
treated with DNase | to remove chromatin loops. Under
these preparation conditions, the telomeres appear as
bulky structures at the ends of the chromosome cores
(Figure 3A, inset). The chromosome cores were then
incubated with mouse anti-TRF1 mAb or rabbit anti-
RAD51D pAb, either separately or together. TRF1 and
RAD51D were subsequently detected using secondary
antibodies conjugated with gold particles and visualized
by electron microscopy (Figure 3). These single and dual
labeling experiments provided further evidence for telo-
mere binding by TRF1 and RAD51D.

ChIP Analysis of the Association

of RAD51D with Telomeres

The association of RAD51D with telomeric DNA was
confirmed by chromatin immunoprecipitation (ChiP)
analyses performed with extracts prepared from either

mouse testis (Figure 4) or asynchronous Hela 1.2.11
cells (data not shown). The DNA and associated proteins
in the extracts were crosslinked, fragmented by sonica-
tion, and then immunoprecipitated using various poly-
clonal antibodies. The presence of telomeric DNA was
detected using *P-labeled probes corresponding to
G-rich (Figure 4A) or complementary C-rich (Figure 4B)
telomeric DNA strands. We found that the anti-RAD51D
pAb pulled down RAD51D with associated telomeric
DNA. In these experiments, the telomere-associated
proteins TRF2 and RAP1 were used as positive controls.
When a nontelomeric probe such as rDNA was used in
the ChIP analysis, only the input extract generated a
positive signal (Figure 4C). The data presented in Figures
4A and 4B are quantified in Figure 4D. In contrast to
RAD51D, antibodies specific for other DNA repair pro-
teins, such as RAD51, BRCA2, and the RAD51D-related
paralogs RAD51C and XRCC2, gave telomeric ChIP sig-
nals at or below the level of the preimmune serum.

Telomere Dysfunction Induced by RAD51D
Depletion in ALT Cells

To determine the role of RAD51D in telomere mainte-
nance, we attempted to inhibit RAD51D synthesis in the
telomerase-negative (ALT) human cell line WI38-VA13/
2RA using siRNA technology. We found that transforma-
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Figure 4. Telomeric Association of RAD51D Determined by Chro-
matin Immunoprecipitation

(A-C) ChIP analyses were carried out as described in Experimental
Procedures using antibodies raised against RAD51 (FBE2), BRCA2
(SWE28), RAD51C (SWE31), XRCC2 (SWE35), RAD51D (SWE33),
RAP1 (SWE39), and TRF2 (SWE38). Telomeric DNA was detected
using 3?P-labeled G-rich (A) or C-rich (B) telomeric probes. An rDNA
probe was used as negative control (C).

(D) Quantification of ChIP assays shown in (A) and (B) by phos-
phorimaging.

tion with two potential anti-RAD51D siRNA vectors
(61DsiRNA2 and 51DsiRNA3) caused the majority of
transfected cells to die within 7 days, whereas a different
vector (571DsiRNAT) had little effect on cell growth (Fig-
ure 5A). Control experiments showed that GFPsiRNA,
or vectors derived from one of the two inhibitory RNAs
(51DsiRNA2) that contained two or four changes from
the RAD51D sequence (571DsiRNAmut1 or 2), did not
affect cell viability. When the kinetics of cell death were
followed by determining the cell count after transfection
with 51DsiRNA2 and the control GFPsiRNA construct,
we found that at day 5, the 51DsiRNA2-transfected cell
population exhibited a 10-fold drop in viability. The loss
of cell viability was associated with a 50% depletion
of RAD51D protein, as determined by Western blotting
(Figure 5B). The cell death accompanying RAD51D
depletion was caused by apoptosis, as indicated by
annexin V staining (data not shown). Based on these
results and observations showing that inactivation of
RAD51D in mouse cells leads to inviability (Pittman and
Schimenti, 2000), we suggest that 51DsiRNA2 is an ef-
fective inhibitor of RAD51D synthesis.

We therefore examined whether depletion of RAD51D
from the telomerase-negative cells affected telomere
maintenance. To do this, we analyzed metaphase

spreads of the surviving 51DsiRNA2-transfected cells
at day 5. An elevated frequency of end-to-end fusions
was observed in the 51DsiRNA2-transfected cells (1.2
fusions per metaphase; 64 events in 53 metaphases)
compared to the GFPsiRNA-transfected control (0.5 fu-
sions per metaphase; 31 events in 60 metaphases). Fu-
sions involving two or more chromosomes were seen
(Figure 5C). FISH analysis showed that fusions in which
telomeric DNA was preserved at the site of the fusion
occurred with a frequency of 1.0 fusions per metaphase
in the 51DsiRNA2-transfected cells, compared with 0.4
fusions per metaphase in the GFPsiRNA-transfected
control cells (p < 0.0001).

When telomere length was measured using quantita-
tive fluorescence in situ hybridization (Q-FISH) of meta-
phase nuclei using a telomere-specific probe (Figure
5D), we observed telomere shortening in the RAD51D
siRNA2-transfected cells at day 5 compared with the
GFPsiRNA-transfected cells (p < 0.0001). As shown in
Figure 5E, there was an increase in the frequency of
short telomeres (<6 kb) and a decrease in the frequency
of longer telomeres (>20 kb). Calculated p values
(<0.0001) for the two individual size groups shown in
Figure 5E indicated that RAD51D depletion resulted in
a statistically significant reduction in telomere length.

Telomere Attrition and Telomere-Related
Chromosomal Abnormalities Induced
by RAD51D Deficiency in MEFs
The data presented in Figure 5 indicate a defect in telo-
mere maintenance following RAD51D inhibition. Any
conclusions made from these experiments, however,
must bear the caveat that the cells under analysis would
soon become apoptotic, and it is known that apoptotic
cells undergo telomere loss (Ramirez et al., 2003). We
therefore analyzed telomere dysfunction in a cell line
that is maintainable in culture. Although it has not been
possible to establish Rad57d~'~ knockout cell lines, re-
cent studies have shown that the lethality associated
with Rad517d mutation is delayed in a p53 mutant back-
ground (P.G. Smiraldo and D.L. Pittman, submitted). We
therefore carried out Q-FISH analyses of telomeres in
Rad51d~'~ Trp53~'~ primary mouse embryo fibroblasts
and compared them with Rad57d*'* Trp53~'~ and wild-
type controls (Figure 6A). Two individually established
MEFs were analyzed for each genotype, and a total of
3,656 (wild-type) and 4,044 (Rad51d™~"~ Trp53~'") individ-
ual telomere length measurements were obtained. We
observed a significant decrease in telomere length, such
that the average telomere length in Rad571d™/* Trp53*/*
(49.3 kb) was reduced by more than 10 kb in Rad51d~"~
Trp53"~ cells (38.9 kb). The Rad51d*'* Trp53~'~ MEFs
exhibited average telomere lengths similar to those
found in the wild-type cells (49.2 kb), as described pre-
viously (Tong et al., 2001). We also found that there
was a significant increase (from 3.53% to 11.5%) in the
frequency of short telomeres (<20 kb) in the Rad51d '~
Trp53~'~ MEFs in comparison with the control cells (Fig-
ure 6B). Correspondingly, the frequency of long telo-
meres (>60 kb) decreased from 23.7% to 12.6% in the
double mutant versus wild-type MEFs.

We also examined whether the decrease in telomere
length in the Rad51d~'~ Trp53~'~ MEFs was accompa-
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Figure 5. Cytological Analyses of WI38-VA13/2RA Cells Depleted of RAD51D by RNA Interference

(A) Cells were stably transfected with a control GFP siRNA or the indicated RAD51D siRNA constructs. At day 7, the number of surviving cell
colonies was counted. Results are the mean of three independent experiments.

(B) Western blot analysis of extracts prepared from cells transfected with either GFPsiRNA or RAD51DsiRNA2. The same blot was probed
with anti-RAD51D pAb or a mAb raised against tubulin (loading control).

(C) Cells at day 5 posttransfection were treated with demecolcine, and metaphase chromosomes were visualized by Giemsa staining. End-
to-end fusions (arrows) and centromeres (white arrowheads) are indicated. Telomeric DNA was detected in RAD51D siRNA-treated ALT cells
using FISH.

(D) Q-FISH analysis of telomere length distribution in cells transfected with RAD51D siRNA or GFP siRNA. The frequency of telomeres longer
than 20 kb is indicated in the insets. TFU, telomere fluorescence units.

(E) Quantification of the relative changes in the frequency of short and long telomeres in cells transfected with either GFPsiRNA or RAD51D

siRNA2 (as indicated in [D]).

nied by a higher frequency of chromosome abnormali-
ties. First, we found that the frequency of anaphase
bridges, a fraction of which result from telomere dys-
function (de Lange, 2002; Goytisolo et al., 2001; Maser
and DePinho, 2002), was increased 9-fold relative to the
wild-type control (based on the analysis of 100 ana-
phases for each genotype, with two distinct cell lines per
genotype). The anaphase bridge frequency observed in
Rad51d*'* Trp53~'~ cells was similar to that found in
wild-type cells, as reported previously (Karlseder et al.,
1999). Examples of normal (Rad51d™* Trp53*'*) and
bridged (Rad57d~~ Trp53~'") anaphases as well as a
representative bridged telophase from the mutant cell
line are shown in Figure 6C. These results are similar to
those observed previously in cell lines expressing
a dominant-negative form of TRF2 (van Steensel et al.,
1998). Immunofluorescence staining of Rad57d*/*
Trp53™* and Rad51d~'~ Trp53~'~ MEFs showed that the
telomeric localization of TRF2 was normal in the
Rad51d-deficient cells (Figure 6D).

Second, we observed and quantified a variety of chro-
mosome aberrations (Figure 6E and Table 1). Three dis-

tinct types of events were scored: end-to-end fusions,
chromosome lesions, and complex aberrations. End-to-
end fusions were scored as events in which telomeric
DNA sequences were either preserved or absent from
the site of the fusion. The latter most likely arise from
the religation of DSBs. We found a significant increase
(2.5-fold) in spontaneous chromosomal lesions in the
Rad51d~'~ Trp53~~ MEFs, visualized as chromosome/
chromatid breaks and fragments, when compared with
the Rad51d*/* Trp53~'~ MEFs. We also observed a large
increase in the frequency of complex chromosomal
aberrations (including tri- and quadriradials) in the
Rad51d~'~ Trp53~'~ MEFs. Although these events were
virtually absent in wild-type MEFs, they occurred at a
frequency of 0.191 per metaphase in the Rad57d-defi-
cient MEFs, most likely as a result of incomplete or
illegitimate mitotic recombination events (Table 1, sec-
tion A). Most importantly, we observed a 2.4-fold in-
crease in the frequency of fusions that contained telo-
meric DNA at the fusion site when compared with the
Rad51d"'* Trp53~'~ MEFs (p = 0.0025; Table 1, section
B). As end-to-end fusions containing telomeric sequences
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Figure 6. Telomere Dysfunction and Chromosomal Aberrations in Rad51d~'~ Trp53~'~ Primary MEFs

(A) Telomere length analysis by Q-FISH in Rad51d """ Trp53*'*, Rad51d*'* Trp53~'~, and Rad51d~’~ Trp53~'~ MEFs. TFU, telomere fluorescence
units. Two individually established cell lines were analyzed for each genotype.

(B) Quantification of the relative changes in the frequency of short and long telomeres in the three genotypes (as indicated in [A]).

(C) Anaphase and telophase bridges in the indicated primary MEFs.

(D) Immunofluorescence detection of TRF2 in the indicated primary MEFs using anti-TRF2 pAb SWE38.

(E) Metaphase chromosomes from Rad51d '~ Trp53~'~-deficient cells were stained with DAPI, and the telomeres were visualized by FISH analysis.
Examples of end-to-end fusions (with or without telomeric sequences at the fusion site) and a variety of chromosomal aberrations are shown.

are a characteristic signature of telomeric dysfunction
(van Steensel et al., 1998), these results demonstrate
that RAD51D is required for telomere maintenance.

Discussion

In this work, we have shown that the recombination/
repair protein RAD51D interacts with mitotic and meiotic

telomeres. Depletion of RAD51D in telomerase-negative
cells or inactivation in telomerase-positive Rad51d~/~
Trp53~'~ MEFs led to the accumulation of telomeres
with reduced length and resulted in a high incidence of
telomeric end-to-end fusions. These telomere-specific
events occurred in addition to the known defects in
recombinational repair that cause a large increase in
the frequency of chromosome/chromatid breaks and

Table 1. Cytological Analysis of Primary MEFs

(A) Frequency of Chromatid/Chromosome Breaks and Complex Aberrations in Primary MEFs of Indicated Genotypes as Determined
by FISH

Parameter Rad51d™* Trp53*/" Rad51d™'* Trp53~'~ Rad51d~'~ Trp53~'~

Number of metaphases 92 74 94
Complex aberrations?® 0.000(0) 0.000(0) 0.191(18)
Chromatid/chromosome breaks? 0.109(10) 0.500(37) 1.245(117)

2Frequency of each aberration per metaphase. Examples of aberrations are illustrated in Figure 6. Two individually established cell lines were
analyzed for each genotype, and the frequencies presented are mean values.

(B) Frequency of End-to-End Chromosome Fusions in Primary MEFs as Determined by FISH

Parameter Rad51d*'* Trp53*/*+ Rad51d*'* Trp53~'~ Rad51d~'~ Trp53~'~
Number of metaphases 162 132 149

Total end-to-end fusions® 0.043(7) 0.235(31) 0.570(85)
—TTAGGGP 0.012(2) 0.136(18) 0.336(50)
+TTAGGG® 0.031(5) 0.098(13) 0.234(35)

®Frequency of each aberration per metaphase. The number of events for each type of aberration is shown in parentheses. + TTAGGG and
—TTAGGG refer to the presence or absence of telomeric repeats at the fusion point, respectively. Two individually established cell lines were
analyzed for each genotype, and the frequencies presented are mean values.
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fusions resulting from nonhomologous end-joining pro-
cesses. While a number of proteins involved in DNA
repair, including MRE11/RAD50/NBS1 complex (Zhu et
al., 2000), Ku70/80 (Bianchi and de Lange, 1999; Espejel
et al., 2002; Hsu et al., 1999, 2000; Samper et al., 2000),
ERCC1/XPF (Zhu et al., 2003), RAD54 (Jaco et al., 2003),
and DNA-PK, (Bailey et al., 1999; Gilley et al., 2001;
Goytisolo et al., 2001), are known to be required for
telomere maintenance, to our knowledge, this study pro-
vides the first direct visualization of the stable associa-
tion of a homologous recombination/repair protein with
mammalian telomeres.

Dual Role for RAD51D Protein in DSB Repair

and Telomere Protection

Previous studies of the cellular defects associated with
RAD51D mutation were restricted to chicken DT40 cell
lines (Takata et al., 2001), because disruption of Rad57d
in rodent cells resulted in inviability (Pittman and Schi-
menti, 2000). Inactivation of rad51d in DT40 led to high
levels of spontaneous cell death, and those cells that
remained viable accumulated chromosomal aberrations
and were hypersensitive to DNA-damaging agents. The
cells were also defective in targeted integration and
sister chromatid exchange. These phenotypes are con-
sistent with the involvement of RAD51D in recombina-
tional repair (Takata et al., 2001). Similar characteristics
were exhibited by DT40 cell lines disrupted in each of
the other four rad51 paralogs: rad51b, rad51c, xrcc2,
and xrcc3. However, in comparison with the other para-
logs, rad57d mutant cells exhibited a significant in-
crease in the number of spontaneous chromosome
breaks, raising the possibility of a more severe genomic
instability defect in this mutant and a unique role for
RAD51D in chromosome metabolism.

The observation that RAD51D localized to the telo-
meres of meiotic and somatic chromosomes as well as
its association with telomeric DNA in ChIP assays led us
to determine whether RAD51D played a role in telomere
maintenance. In atelomerase-negative immortalized hu-
man cell line, RAD51D and TRF2 colocalization was ob-
served in APBs. In addition to telomeric DNA and telo-
mere-specific proteins, APBs contain the recombination
proteins RAD51 and RAD52, the MRE11/RAD50/NBS1
complex, the replication protein RPA, and the BLM and
WRN proteins (Henson et al., 2002) and are thought to
represent sites of telomere regeneration. We also found
RAD51D at meiotic telomeres, where it colocalized with
the telomeric marker TRF1 throughout prophase I. We
did not observe the association of RAD51D along paired
chromosomes, as seen previously with RAD51 (Barlow
et al., 1997; Moens et al., 1997; Scully et al., 1997).
However, the limitations of immunofluorescence local-
ization do not eliminate the possibility that RAD51D may
play an important role in the repair of meiotic DSBs.
Indeed, we expect that RAD51D will be involved in mei-
otic recombination, but such analyses are not possible
at this time, due to the lack of a Rad51d-defective
mouse.

Mice homozygous for Rad51d deletion show early
embryonic lethality between 8.5 and 11.5 days (Pittman
and Schimenti, 2000). Additionally, it has not been possi-
ble to generate Rad51d~'~ MEFs or ES cell lines. How-
ever, while embryonal survival is only slightly prolonged

in a p53 null background to day 16.5, MEFs deficient
for both Rad51d and Trp53 have been maintained in
culture (P.G. Smiraldo and D.L. Pittman, submitted).
Analysis of the MEFs revealed a strikingly high incidence
of chromosomal aberrations, including chromatid and
chromosomal breaks and dicentric chromosomes. Simi-
lar chromosomal aberrations have been described in
cell lines lacking proteins involved in recombinational
repair and replication fork maintenance, such as BRCA2
(Venkitaraman, 2002), Bloom’s syndrome (German, 1993),
ataxia telangiectasia (Khanna and Jackson, 2001), and
Fanconi’s anemia (D’Andrea and Grompe, 2003). In all
these cell lines, chromosomal aberrations arise sponta-
neously in the absence of DNA damage, indicating that
they originate during DNA replication when stalled or
broken replication forks fail to be repaired normally.

In addition to this replication-associated DNA repair
defect, we found that both mouse and human cell lines
lacking RAD51D showed a statistically significant in-
crease in the number of end-to-end fusions involving
dysfunctional telomeres, as indicated by the presence
of telomeric repeats at the site of the fusion. High levels
of end-to-end fusions have been reported in cells over-
expressing a dominant-negative version of TRF2, which
interferes with the binding of wild-type TRF2 to the telo-
meres (van Steensel et al., 1998). Our results indicate
that the end-to-end fusions, detected as a consequence
of the Rad51d deletion, occur independently of TRF2,
as immunofluorescence studies have shown that the
telomeric localization of TRF2 was unaffected in the
Rad51d~"~ Trp53~'~ cells. At this time, however, we can-
not exclude the possibility that RAD51D inactivation re-
sults in the dissociation of other essential telomere bind-
ing factors.

A Recombination-Mediated Pathway

for Telomere Maintenance

Given the two aspects of chromosomal stability that
require RAD51D (DNA repair and telomere mainte-
nance), it is possible that the severe genomic instability
observed in the Rad51d-defective cells could be due
to an additive effect of a replication-associated repair
defect and a localized instability generated by unpro-
tected telomeres. Quantitative FISH analyses showed
significant telomere shortening in both the RAD51D
siRNA-depleted telomerase-negative cells and, in par-
ticular, the telomerase-positive Rad57d~’~ Trp53~'~
MEFs.

The average telomere shortening observed in primary
Rad51d~'~ Trp53~'- MEFs was approximately 21% (from
an average telomere length of 49 to 39 kb) and is compa-
rable to the 32% loss of telomeric sequences in Rad54 /'~
MEFs (from 43 to 29 kb) (Jaco et al., 2003). Similar levels
of telomere shortening have been observed with MEFs
from telomerase-deficient mice (Blasco et al., 1997).
Assuming that RAD51D and RAD54 act in the same
pathway for recombination-mediated telomere mainte-
nance, these data indicate that recombination functions
and telomerase are both required for normal telomere
homeostasis. However, the high incidence of end-to-
end fusions involving telomeric repeats observed in the
Rad51d-deficient MEFs leads us to suggest a role for
RAD51D in telomere capping. The attrition phenotype
may be due to a loss of capping functions that render
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the telomere prone to nucleolytic degradation (Ferreira
et al., 2004).

Our results demonstrate the constitutive presence of
a recombination protein at telomeres. It remains to be
established whether recombination is required for telo-
mere elongation, by strand invasion followed by tem-
plate directed DNA synthesis, or for protection of the
telomeric single-strand overhang. We favor the hypothe-
sis that the mechanism of telomere maintenance requir-
ing RAD51D involves telomere capping, such that loss
of RAD51D would lead to loss of protection and subse-
quent telomere attrition. Critically short telomeres would
then be subjected to end-to-end ligation reactions lead-
ing to the observed chromosome fusions. Alternatively,
short telomeres may be fused to nontelomeric DNA ends
that occur at sites of collapsed replication forks.

It has been proposed that telomeric ssDNA overhangs
may be protected by ssDNA binding proteins, telomere-
specific end binding proteins such as POT1 (Baumann
and Cech, 2001; Baumann et al., 2002; Colgin et al.,
2003; Loayza and de Lange, 2003), or the formation of
T loop structures by invasion of the 3’ ssDNA overhang
into internal duplex telomeric repeats (de Lange, 2002;
Griffith et al., 1999). T loops are thought to be similar in
structure to D loops that form at the initial strand inva-
sion step of homologous recombination and can be pro-
cessed into Holliday junction-like structures by branch
migration of the loop. Recently, two of the five RAD51
paralogs were implicated in Holliday junction processing
reactions, as RAD51C- and XRCC3-defective hamster
cell lines were shown to contain reduced levels of Holli-
day junction resolvase activity (Liu et al., 2004). In vitro
data also support the concept that other members of
the RAD51 paralog family of proteins act at Holliday
structures: (1) RAD51B was shown to bind specifically
to Holliday junctions (Yokoyama et al., 2003), (2) the
RAD51B-RAD51C-RAD51D-XRCC2 complex has been
implicated in branch migration (Liu et al., 2004), and (3)
purified RAD51D-XRCC2 interacts with BLM and stimu-
lates its actions at Holliday junctions (Braybrooke et al.,
2003). It may also be significant that BLM localizes to
telomeres and interacts with TRF2 (Opresko et al., 2002;
Stavropoulos et al., 2002).

Currently, RAD51D appears to be unique among the
RAD51 paralogs in its ability to interact constitutively
with telomeres. However, our work does not exclude
weak or transient telomere binding by other members
of this protein family, leading to assembly of Holliday
junction processing complexes. These would be ex-
pected to provide a junction protection or capping func-
tion, since the nuclease functions of the mammalian
resolvase are, like those of bacterial RuvC, dependent
upon preferred sequences that may not be present
within repetitive telomeric DNA (Constantinou et al.,
2001). We therefore propose that RAD51D protein may
play a dual role in both the recombinational repair of
DSBs and telomere protection by stabilization of T loop
or Holliday junction-like intermediates present at the
ends of mammalian chromosomes.

Experimental Procedures
Antibodies

Rabbit polyclonal antibodies (pAbs) against human RAD51C
(SWE31), RAD51D (SWE33), XRCC2 (SWE35), RAD51 (FBE2), BRCA2

(SWE28), and the RAD51D monoclonal antibody (mAb; 5B3) are
described elsewhere (Davies et al., 2001; Masson et al., 2001; Tar-
sounas et al., 2003). Rabbit pAb SWE40 was raised against a peptide
comprising residues 31-120 of human RAD51D. Mouse anti-TRF1
(MTA17), rabbit anti-TRF2 (SWE38), and rabbit anti-RAP1 (SWE39)
pAbs were raised against purified human TRF1, TRF2, and RAP1
proteins. Mouse mAb anti-SCP3 (10G11) was made using purified
hamster SCP3 protein. The anti-PML mAb (PG-M3) was purchased
from Santa Cruz Biotech. For Western blotting, we used a rabbit
anti-RAD51D pAb IH42 raised against amino acids 120-328 of the
protein (Braybrooke et al., 2000) and an anti-a-tubulin mAb (TAT-1;
Cancer Research UK).

Immunofluorescence Staining

HelLa1.2.11 cells (van Steensel et al., 1998) were grown on coverslips
and immunolabeled as described (Tarsounas et al., 2003), except
that an additional fixation step in cold methanol (10 min at —20°C)
was carried out before blocking. PML bodies were visualized in a
similar way in WI38-VA13/2RA cells (Bryan et al., 1995), except that
the hypotonic treatment was replaced by a preextraction step per-
formed in 20 mM HEPES (pH 7.5), 0.25% Triton X-100, 50 mM NacCl,
3 mM MgCl,. Spermatocytes from 6-week-old mice were spread on
the surface of hypotonic solution and antibody stained as described
(Dobson et al., 1994), except that the samples were fixed in 4%
paraformaldehyde prior to treatment with 4% paraformaldehyde/
0.02% SDS. Specimens were viewed on a Zeiss laser scanning
confocal microscope, LSM 510. In experiments in which two pro-
teins were examined for colocalization, controls were carried out to
make sure there was no bleed through from the red to the green
channel. For this, single-staining experiments were performed in
which one of the primary antibodies was omitted, whereas both
secondary antibodies were applied as usual.

Electron Microscopy

Spermatocyte spreads were prepared as described (Dobson et al.,
1994), except that the OsO, step was omitted. Secondary antibodies
coupled to 10 or 15 nm gold particles were obtained from British
BioCell International. Samples were visualized using a Jeol EM1010
electron microscope at 12,000 x magnification.

Chromatin Immunoprecipitation Assays

Testicular cells were obtained from six mouse males less than 6
months old. Suspensions were prepared essentially as described
(Tarsounas et al., 1999), and cells were lysed in 5 ml fractionation
buffer (10 mM HEPES, 5 mM KCI, 1.5 mM MgCl,, 0.5% NP-40) with
protease inhibitors and held on ice for 10 min. Following centrifuga-
tion, nuclei were treated with 4% paraformaldehyde in PBS. SDS
(0.1%) was then added, and fixation continued for 5 min. The nuclei
were pelleted, washed two times in PBS, and resuspended in ChIP
buffer (50 mM Tris-HCI [pH 7.5], 2 mM EDTA, 1% NP-40) containing
0.2 M NaCl. After 10 min on ice, the DNA was sheared by sonication
to generate fragments between 0.1 and 1.0 kb. The extract was
cleared by centrifugation, and protein-DNA complexes were pulled
down by incubation with primary antibody crosslinked to Aminolink
beads (Pierce) at 4°C for 12 hr. The beads were washed four times
in ChIP buffer containing 0.5 M NaCl, and protein-DNA complexes
were eluted in 50 mM Tris-HCI (pH 8.0), 10 mM EDTA, 1% SDS. To
reverse crosslinking, the complexes were incubated overnight at
65°C, and proteins were removed by treatment with proteinase K.
The DNA was purified and denatured at 65°C in 0.4 M NaOH and
then slot blotted into a Hybond C+ membrane. The membrane was
washed in 0.5 M Tris-HCI (pH 8.0), 0.15 M NaCl, air dried, blocked,
and hybridized with 5’ *?P-labeled G strand (TTAGGG);, and C strand
A(CCCTAA),, probes overnight at 65°C.

siRNA

Telomerase-negative WI38-VA13/2RA cells were grown to 70% con-
fluence and transfected with pSUPER.retro (OligoEngine) siRNA
constructs (Brummelkamp et al., 2002). After 48 hr, transfected cells
were selected using 1.0 wg/ml puromycin. Colony formation was
examined at day 7 posttransfection. Media was removed from the
plates, and cells were washed in PBS, stained in Leishman’s solution
for 5-10 min, and washed with distilled water for 5 min. Colonies
larger than 1 mm in diameter were counted. To determine cell
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counts, cells were trypsinized and counted every day for 7 days
after transfection. Transfection efficiencies were monitored by GFP
expression from a control vector and found to be similar for each
siRNA construct.

To analyze RAD51D expression in siRNA-treated cells, cell pellets
were washed in PBS, resuspended in four times pellet volume of
lysis buffer (50 mM Tris [pH 8.0], 0.5 M NaCl, 0.4% NP-40, 10%
glycerol), and extracted on ice for 30 min. The extract was then
sonicated and cleared by centrifugation at maximum speed on a
bench-top centrifuge. Volumes corresponding to equal numbers of
cells (1 X 10% were analyzed by Western blotting. The anti-tubulin
antibody was used as a loading control.

Chromosome Analyses

Five days after transfection with siRNA vectors, the WI38-VA13 cells
were treated with 0.1 pg/ml demecolcine for 90 min, harvested by
trypsinization, incubated for 15 min at room temperature in 50 mM
KClI, 1% Na citrate, and fixed in a freshly prepared 3:1 mix of metha-
nol:glacial acetic acid. Nuclear preparations were stored at —20°C,
and chromosomes were spread on slides that were prewarmed to
60°C. One hundred Giemsa-stained metaphases were examined for
each cell sample. One fusion event was defined as the result of
joining of two or more chromosomes. The end-to-end fusion index
was calculated as the number of events per total number of meta-
phases. Fluorescence in situ hybridization (FISH) was performed
according to standard techniques using 15 ng/ul FITC-conjugated
PNA [CCCTAA]; telomeric probe (Applied Biosystems), and chromo-
somes were visualized with DAPI.

Primary MEFs isolated from matings between mice heterozygous
for Rad51d and Trp53 or just Trp53 (Jacks et al., 1994; Pittman and
Schimenti, 2000) were passaged once and either seeded onto glass
coverslips and stained with DAPI or treated with 0.1 mg/ml demecol-
cine for 90 min, trypsinized, and fixed as above for metaphase
spreads. Fifty anaphases per cell line from two independent cell
samples of each genotype were scored. Anaphase bridging was
defined as anaphases in which the bridging chromosomes spanned
the entire distance separating the anaphase poles.

FISH hybridization was performed according to a protocol from
PerkinElmer. Q-FISH analyses were performed as indicated (Herrera
et al.,, 1999), and statistical analyses of chromosomal aberrations
were carried out as described (Jaco et al., 2003). The Q-FISH data
presented in Figures 5D and 6A were subjected to statistical analy-
ses using Wilcoxon’s rank sum test (Hemann et al., 2001). The p
values relating to the two individual size groups shown in Figure 5E
were determined by a chi-square test.
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