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Inactivating mutations in the breast cancer
susceptibility gene, BRCA2 cause gross
chromosomal rearrangements. Chromosome
structural instability in the absence of BRCA2
is thought to result from defective homology-
directed DNA repair (HDR). Here, we show
that BRCA2 links the fidelity of telomere
maintenance with genetic integrity. Absence
of BRCA2 resulted in signs of dysfunctional
telomeres such as telomere shortening, erosions
and end-fusions in proliferating mouse
fibroblasts. BRCA2 localized to the telomeres
in S phase in an ATR-dependent manner and
its absence resulted in the accumulation of
common fragile sites (CFS), particularly at the
G-rich lagging strand, and increased the
telomere sister chromatid exchange (T-SCE),

in unchallenged cells. The incidence of CFS

and T-SCE increased markedly after treatment
with replication inhibitors. Congruently,
telomere-induced foci (TIF) were frequently
observed in the absence of Brca2, denoting
activation of the DNA damage response and
abnormal chromosome end joining. These
telomere end fusions constituted a significant
portion of chromosome aberrations in Brca2-
deficient cells. Our results suggest that
BRCA?2 is required for telomere homeostasis,
and may be particularly important for the

replication of G-rich telomeric lagging strands.

The inheritance of one mutant allele of BRCA2
predisposes carriers to early-onset breast cancer
through loss of heterozygosity; thus, BRCA2 is a
tumor suppressor (1,2). Recently, it has been
shown that BRCA2 heterozygosity also promotes

Kras®'*°-driven carcinogenesis (3), indicating that
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mutation of BRCA2 1is critical for both the
initiation and progression of cancer.

A truncated Brca? allele (Brca2™) in mice causes
embryonic lethality and growth retardation due to
accumulation of DNA double-stranded breaks
(DSBs) and consequent checkpoint activation (4).
Metaphase chromosome spreads of the mouse
embryonic fibroblasts (MEFs) from Brca2™™
mice display chromatid, chromosome breaks and

radial  structured  chromosomes,  strongly

indicating that DSB repair is impaired in Brca2™™
mice (4). Congruently, molecular and
biochemical studies of BRCA2 have revealed that
BRCA2 regulates homologous recombination
(HR), also called homology-directed repair (HDR)
(5), by interacting with the recombinase Rad51,
through the BRC repeats in exon 11 (6-8) and the
C-terminus (6,9). These studies confirmed the
well-defined role of BRCA2 as a tumor
suppressor and a critical regulator of error-free
DNA repair.

HDR begins when a damaged DNA strand
invades the undamaged duplex of its sister DNA
strand. The damaged strand is then repaired by
DNA synthesis using the sister strand as a
template. Thus, HDR is an error-free DSB repair
pathway that takes place during the S or G2
phases of the cell cycle (10). Notably, HDR is
implicated in the repair and rescue of stalled DNA
replication forks (11). The inefficient resolution
of stalled replication forks that occurs in the
absence of BRCAZ2 greatly contributes to the
accumulation of gross chromosomal
rearrangements, such as translocations, deletions,

inversions, and amplifications (12). Moreover,

DNA intermediates at stalled DNA replication

forks collapse into double-strand breaks in
BRCA2-deficient cells (13). Recently, it has been
shown that BRCA2 blocks the resection of stalled
replication forks by the MRE11 nuclease, and that
this function requires the RADS51-binding C-
terminal region of BRCA2 in a manner that is
independent from HDR (14). Collectively, these
papers suggest that BRCA2 is crucial for the
stabilization of stalled replication forks.

Mammalian telomeres are composed of long
arrays of TTAGGG repeats. When cells
proliferate, telomere DNA can be lost due to the
inability of the DNA replication machinery to
This end

replication problem is solved by the reverse

duplicate the linear DNA ends.

transcriptase, telomerase, which adds TTAGGG
repeats onto the 3’ ends of chromosomes (15) to
compensate for the loss of terminal sequences.
In addition to the critical role of telomerase, the
DNA replication machinery is required for the
maintenance of telomeres in proliferating cells:
most of long TTAGGG repeat at the end of the
chromosome is maintained by semi-conservative
DNA replication (16).

Interestingly, a recent study has indicated that
telomeric repeats impose a challenge to the DNA
replication machinery.  Replication-dependent
defects that resembles the common fragile sites
(CFS), which occur when DNA polymerase a is
inhibited by aphidicolin (Aph), arise at the
telomere (17). The report suggested that
telomeres challenge replication fork progression
due to TTAGGG repeats forming G-G Hoogsteen
base pairs (18) that make the G quadruplex (G4)
DNA structures. G4 structures inhibit the

progression of the DNA replication machinery
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through steric hindrance (17). Helicases such as
Pif1 (19), FANCJ (20), Bloom syndrome (BLM)
(21), and RTEL in mouse (22) are reported to
unwind G4 structures and facilitate DNA
replication. In E. coli, the RecQ helicase family
of proteins is involved in unwinding the G4
structures (23). Consequently, absence of RecQ
helicases implicated in the removal of G4
secondary structures, provokes the increase of
telomeric common fragile sites (CFSs) (17).
From these, it is anticipated that proteins
associated with telomere G4 structures will
participate in the homeostasis of telomeres.

We observed end fusions while analyzing the
chromosomes of  Brca2-deficient cells.
Therefore, we asked if telomere erosions
contributed to the chromosome aberrations in
BRCA2-related tumorigenesis. If so, involvement
of BRCA2 in telomere maintenance would
constitute an important tumor suppressor function,
linking telomere homeostasis to the prevention of
cancer. Therefore, we set out to determine if

BRCAZ2 is involved in telomere maintenance.

EXPERIMENTAL PROCEDURES

Plasmids, siRNA, and antibodies- The plasmid
used for  generating
pSXneo270T,AG;, was a gift from Dr. Titia De
Lange (The Rockefeller University, New York,
NY). Synthetic siRNA for BRCA2 (GAA GAA
CAA UAU CCU ACU ATT), GFP (GUU CAG
CGU GUC CGG CGA GTT), ATM(AAC AUA
CUA CUC AAA GAC AUU), ATR#1(AAC CUC
CGU GAU GUU GCU UGA), or ATR#2(AAG

CCA AGA CAA AUU CUG UGU) were

telomere  probes,

purchased from Bioneer Company (Daejeon,
Korea).

Sheep polyclonal antibodies specific to mouse
Brca2 were generated by injection of recombinant
mouse Brca2 protein (3,107-3,303 amino acids)
purified from E.coli (National Blood Transfusion
Service, UK).  Rabbit polyclonal antibodies
specific to human BRCA2 were generated by
injection of a peptide, corresponding to 1,382-
1,395 amino acids of human BRCA2. The
following antibodies were purchased: anti-Actin
(Santa Cruz; AC-15); anti-BrdU 3D4 (BD
Bioscience; 555627); anti-Flag M2 (Sigma;
F3165); anti-TRF1 (Abcam; ab1423); anti-TRF2
(NOVUS; NB100-2577); anti-ATM (Abcam;
ab78); anti-ATR(Santa Cruz; N-19).

Mouse breeding, generation of MEFs, adenoviral
infection, and cell culture- Brca2-conditional
knockout mice (Brca2'') (24) were from Dr.
Anton Berns (NCI, The Netherlands). Mice
were housed in a semi-conventional (virus
antibody-free) facility, and all mouse experiments
were approved by the Institutional Animal Care
and Use Committee of Seoul National University.
We strictly followed the Seoul National
University guidelines, policies, and regulations for
the Care and Use of Laboratory Animals.

The MEFs were isolated from E13.5 embryos,
cultured in DMEM supplemented with 15% FBS
in 5% CO; humidified incubator. Cre
recombinase was introduced with 100 MOI of

Cre-expressing adenovirus (4Ad-Cre).

Telomere FISH, CO-FISH, and Quantitative-
FISH to analyze telomere lengths- MEFs were
incubated with 0.1 mg/ml colcemid (Sigma) for 4
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h at 37°C, fixed in methanol/acetic acid (3:1), and
processed for metaphase chromosome spreads
(25). When required, 0.2 uM Aphicoline (Aph)
was added for 16 h, before cells were subjected to
colcemid treatment. Chromosomes were stained
using Cy3-O0-(CCCTAA);-peptide nucleic acid
(PNA) probe (Panagene) and DAPI.

For chromosome orientation FISH (CO-FISH)
experiments, MEFs were treated with 10 mM
BrdU:BrdC (3:1) for 16 h and incubated with
colcemid for the last 4 h. Subsequent steps
followed the previously described protocol (26),
using Cy3-OO-(TTAGGG); and FAM-OO-
(CCCTAA);-PNA probes. Fluorescent
micrograph images were acquired using an

axiocam MRm camera on Zeiss Observer Z1

inverted microscope with 40%/0.6 NA lens (Zeiss).

Quantitative-FISH (Q-FISH) on chromosome
metaphase spreads were performed as described
(27), in a blinded fashion. Metaphase spreads
from MEFs were hybridized with Cy3-OO-
(CCCTAA);-PNA  probe and images were
acquired using CoolSnap HQ cooled CCD camera
on a DeltaVision. Telomere fluorescence
intensity was analyzed using TFL-Telo software
(Peter Lansdorp, University of British Columbia,
Canada). For statistical analysis, we used SPSS

software.

Telomere oligonucleotide ligation assay (T-OLA)-
The telomere oligonucleotide assay (T-OLA)
analysis was performed as described (28,29).
Briefly, 24 hours after Ad-Cre infection,
Brea2™™ MEFs were synchronized at G1/S by
thymidine-aphidicolin block (30). Cells were then

released to S phase by changing to fresh medium

for 4 h. 3 png of genomic DNA was hybridized
with a 0.5 pmol of [y-*P]-end-labeled nucleotide
of the sequence [(CCCTAA)4] or [(TTAGGG),].
Hybridization was performed overnight at 50 °C,
followed by ligation with 20 U of Tag DNA ligase
(New England Biolab, USA) at 50 °C for 5 h.
Then the samples were precipitated, resuspended,
and denatured in a formamide loading buffer.
The samples were separated on 6 % acrylamide-6
M urea gels. Images were obtained by exposure to
FLA7000 (FUJIFILM). 10 ng of T-OLA
product was used for the quantitative PCR
reaction of the genomic GAPDH gene for loading

control.

In-gel hybridization assay- In gel hybridization to
measure telomeric G-overhang was carried out as
previously described (31). Briefly, Brca2/"!
MEFs genomic DNA were digested with Mbol
and separated by PFGE and hybridized with
[(CCCTAA) 4] to determine the overhang signal.
The gel was denatured and rehybridized with the
same probe to determine the total telomeric DNA
signals. The overhang signal was normalized to
the total telomeric DNA signal.

Telomere-ChIP-  HeLa CFLAP-BRCA2 hTert
was generated by introducing hTert by retroviral
transfer of pBabe hTert into HeLa CFLAP-
BRCA2 cells (32). HeLa CFLAP
BRCA2 hTert cells were subjected to double
thymidine block. The cells were then released
into the cell cycle by changing to fresh medium.
Aliquots were collected at the indicated time
points after release.

In experiments using KU55933 (20 pM) or
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CGK733 (20 uM), the drugs were added for 1 h
before cell lysis. ATM, and ATR knock-down
experiment were performed as described (33), cell
lysis were performed 24 h post siRNA
transfection. Telomere-ChIP  assays were
performed as described (34) with the indicated
antibodies. Cell cycle profiles were determined

by FACS analysis.
RESULTS

Telomere dysfunction in Brca2-deficient MEFs-
To assess whether BRCAZ2 is associated with
telomere maintenance, we first examined for
telomere aberrations in the absence of BRCA2.
For this, we used MEFs isolated from Brca2
conditional knockout mice, Brca2™ """ (24), and
utilized the Cre-loxP system. After expression
of Cre recombinase by infection of Ad-Cre, exon
11 of Brca2 was deleted, as was indicated by the
disappearance of intact Brca2 protein in the
Western blot, 48 h post-infection (Fig. 1A).
Telomeres were examined by telomere-FISH in
the presence (Ad-GFP) or absence (Ad-Cre) of
Brca2, 5 days post infection of Brca2"/'! MEFs.
MEFs depleted of Brca2 displayed telomere end
fusions (0.44 events/cell; Fig. 1B & 1C):
chromosomal and chromatid fusions were
observed at similar frequencies (0.22 and 0.22
events/cell each).

In addition, telomeres without detectable signal in
telomere-FISH, called signal-free ends (SFEs),
were frequently observed in Brca2-depleted MEFs
(2.89 events/cell; Fig. 1D), indicating the loss of
telomeric repeats in the absence of Brca2. As

critically =~ shortened telomeres can induce

exchanges between leading and lagging strand
telomeres through recombination, the incidence of
telomere sister chromatid exchange (T-SCE)
(35,36) was measured by CO-FISH. The result
showed that the absence of Brca2 provoked
aberrant recombination (T-SCE at 1.67%
incidence per chromosome), while the control
MEFs barely showed any T-SCE (Fig. 1E).
Interestingly, high T-SCE is one of the features of
alternative lengthening of telomeres (ALT) used
to maintain telomeres in cancer cells independent
from telomerase (37,38). That T-SCE took place
in Brca2-deficient MEFs suggests the interesting
possibility that Brca2 depletion could induce
aberrant recombination leading to ALT, if the
cells were permitted to grow further.

Chromosomal end fusions and SFEs indicated that
telomere shortening occurred in the Brca2-
deficient cells. To verify the telomere shortening,
we measured the length of telomeres by Q-FISH
in the presence and absence of Brca2. Q-FISH
analysis was conducted in Brca2™'™ MEFs 2
days and 7 days post infection of Ad-GFP or Ad-
Cre adenovirus. The mean telomere lengths in
Brca2-deleted MEFs were approximately 25%
shorter than those of control MEFs (Fig. 2A & 2B,
Ad-Cre), confirming that telomere repeats are

subject to shortening when Brca?2 is depleted.

DNA-damage-response at telomeres of Brca2-
deficient MEFs- Unprotected telomeres, either due
to the disruption of T-loops by depleting shelterin
proteins, such as TRF2 (39), or to critical telomere
shortening (40-42), are recognized as sites of
DNA damage. Markers of DSBs, y-H2AX or
53BP1 (43), colocalize with damaged telomeres
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and constitute telomere dysfunction-induced foci
(TIFs) (39). The presence of these TIFs is the
signature of telomere erosions in cells.

As Brca2-deficient MEFs exhibited shortened
telomeres and telomere erosion, we analyzed the
incidence of TIFs in these cells. Cells with more
than five TIFs were counted as positive in this
assay. The results show that >30% of Brca2-
depleted MEFs displayed TIFs (4- to 5-fold
increase compared to control; Fig. 3A & 3B).
None of the shelterin proteins tested directly
associated with BRCA2 (data not shown);
therefore, the TIFs in Brca2-deficient cells are less
likely to result from disruption of the shelterin
complex or the T-loop (44). Of note, there was a
significant shortening of telomeres associated with
the depletion of Brca2. These results suggest
that excessive loss of telomeric DNA may have
induced the DNA damage response at telomeres,
resulting in chromosome end fusions in Brca2-
deficient MEFs.

Anaphase bridges form when chromosomes of
two ends of a dicentric chromosome, as a result of
end to end fusions, are pulled to opposite
directions by the spindle apparatus during

anaphase (16). We analyzed the formation and

incidence of anaphase bridges in Brca2"""' MEFs.

In Brca2-deficient MEFs (+Cre in Brca2"'™"),
37% of cells displayed anaphase bridges, whereas
wild-type MEFs infected with Ad-Cre or
Brca2"""! MEFs with A4d-GFP infection barely
did (Fig. 3C). Since anaphase bridges lead to
breakage-fusion-bridge cycles (45), these events
can result in chromosomal translocations in
BRCA2-deficient cells and contribute to genetic
instability.

Telomere fragility and replication stress in Brca2-
deficient cells- How might BRCA2 deficiency
cause telomere aberrations? It is known that
telomeres are difficult to replicate because their
repetitive  arrays of guanosine-rich DNA
sequences can form G quadruplexes and hamper
the progression of DNA replication machinery
(46).  Even the T-loops that protect the telomere
end from resection can inhibit the passage of
replication machinery.  Although hypothetical
and done in vitro, recent data suggest that the
presence of triple helices, four way junctions, and
D-loops at the telomeres can inhibit the
progression of the replication machinery as well.
Together, these studies suggest that telomeres are
susceptible to replication fork stalling (16,47).
On the other hand, several lines of evidence
suggest that BRCA2 is essential for stabilizing
and preventing the degradation of stalled
replication forks (13,14), and that chromosome
gaps and breaks in metaphase chromosome
spreads, the so-called common fragile sites (CFSs),
occur in BRCA2-deficient cells as a result of
defective replication (48). These considerations
prompted us to investigate whether Brca2 might
help to maintain telomere homeostasis through its

role in stabilizing stalled replication forks.

We first determined whether telomere fragility
was increased after BRCA2 depletion. To analyze
the CFSs at telomeres, telomere-FISH was
performed and examined under the fluorescence
microscope. Broken telomeric signals and
multiple telomeric signals, which reflect defects in

telomere DNA synthesis (17), were counted with
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or without treatment with aphidicolin (Aph), a
DNA Polymerase o inhibitor (Fig. 4A & 4B).
CFSs are induced under partial inhibition of DNA
polymerase o (49,50). The result showed that
even in the absence of Aph treatment, Brca2-
deficient MEFs exhibited CFSs comparable to the
level measured when controls (wild type and
Brea2""™ infected with Ad-GFP MEFs) were
treated with Aph (~9%; Fig. 4B). Clearly,
depletion of Brca2 led to a marked increase of
fragile telomeres. Upon Aph treatment, CFSs in
Brca2-depleted MEFs increased to 2-fold more
compared to untreated, and ~3-fold more
compared to the untreated wild-type control
(~18%; Fig. 4B). Thus, telomere fragility is
increased by BRCA2 depletion in unchallenged
cells as well as cells exposed to replication

inhibitors.

We next considered whether BRCA2 might
suppress telomere fragility through its role in
stabilizing stalled DNA replication forks (13,14).
Although it has been suggested that BRCA2 is
required for telomere homeostasis by loading
Rad51 at stalled replication forks to promote
repair or restart (51), more recent evidence
suggests for BRCA2’s role in preventing stalled
replication fork collapse (13, 47), which is distinct
from its function in HDR and DSB repair (14).
Furthermore, Rad51 was shown to protect newly
synthesized DNA  from  Mrell-dependent
degradation (52).

Indeed, it is known that in E. coli DNA repeats on
the lagging-strand template can adopt unusual

DNA structures when it becomes single stranded

in a region between Okazaki fragments during
DNA replication, causing preferential instability
of repeats on the lagging strand (53,54). To test if
fragile telomeres induced by Brca2 depletion
display  this  replication-associated  strand
preference, we used Chromosome Orientation-
FISH (CO-FISH) which enables to distinguish
lagging strand (G-rich, green) from leading strand
(C-rich, red). Even in control MEFs, treatment
with 0.2 uM Aph led to the increase of lagging
strand-specific fragile telomere (2-fold, ~8%:;
Fig.4 D), which indicates that G-rich lagging
strands are more susceptible to CFSs (compare
Fig4 C & D). Treatment with Aph in the
absence of Brca2 further increased the G-rich
lagging strand telomere fragility (~13%; Fig.4 D-
E). Moreover, T-SCEs were frequently observed
in Aph treated MEFs (Fig.4 F). Also, T-SCE in
Brca2-depleted MEFs was increased by 2-fold
upon Aph treatment (7.3%; Fig.4 F-G), suggesting
that the replication problems in G-rich lagging
strand telomeres are linked to the marked increase
of T-SCE in the absence of Brca2.

As the G-rich telomere lagging strands displayed
an increase in fragility, we asked whether the
length and amount of G-rich single strands would
differ in the absence of Brca2. This was
assessed by Southern hybridization of telomere
DNA in the native and denatured conditions.
Incubation with Exonuclease 1 (+Exo I) was
included in the native condition to confirm that
the hybridized signals were single stranded
telomeres. The result showed that the absence of
Brca2 did not significantly alter the length of G-

rich telomere single strand repeat arrays (Fig. 4H).
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To corroborate the result, the length of the single
stranded DNA at the telomeres was measured and
compared by telomere-oligonucleotide ligation
assay (T-OLA) (29,55,56). In this assay, [y-"-P]-
labeled oligonucleotides complementary to the
telomeric overhang or single stranded DNA at the
telomere are annealed to the non-denatured
genomic DNA and ligated. The length of the
ligated product and the hybridization signal
intensity are the indications for the length and
amount of telomeric overhangs and the single
stranded telomeric DNA.  Brca2"""' MEFs
infected with Ad-GFP (-Cre) or Ad-Cre (+Cre)
were blocked in G1/S phase and released into cell
cycle progression. Then the genomic DNA was
extracted from G1/S arrested or S phase cells, and

subjected to T-OLA analysis.

As expected, G-rich tails were significantly longer
compared to C-rich tails (29); the absence of
Brca2 was associated with slightly longer G-rich
tails compared to control (Fig. 41). Because the
single stranded telomeric DNA is expected to be
predominantly generated in S phase, we assessed
the length and amount of G tails and C tails in
G1/S and S phase, respectively, and compared
them in the presence or absence of Brca2.
Interestingly, G-rich tails increased to 2.5-fold in
S phase of Brca2-depleted cells (Fig. 4J, +Cre),
while the control cells displayed 1.4-fold increase
in S phase (Fig. 4J, -Cre), suggesting that the
increase of G-rich overhang in the absence of
Brca2 is associated with the resection of nascent
daughter strand of the G-rich lagging strands

during telomere replication (52). These results

suggest that BRCA2 has a role in facilitating G-
rich lagging strand synthesis at telomeres, by
blocking stalled replication fork degradation (14)
or by helping the replication to overcome
obstacles on the single-stranded templates, such as
G4 structures. Regardless of this distinction, it
will be interesting in future work to explore the
link between BRCA2 and G4 structures formed in
the G-rich lagging strand (TTAGGG repeats) in

the telomere.

To confirm the involvement of BRCA2 in
telomere replication, the ability to incorporate
BrdU into telomere repeats was measured and
compared in the presence and absence of BRCA2.
HeLa cells were transfected with control or
siRNA against BRCA2, then subjected to six
rounds of BrdU pulse (30 min) and chase (3.5 h),
24 h post siRNA transfection. Cells were then
subjected to telomere-ChIP using antibodies to
TRF1 or TRF2. Telomere ChIP products were
subjected to Western blot with anti-BrdU antibody
to be analyzed for BrdU incorporation in
telomeres. The results show that telomere DNA
synthesis, as reflected by BrdU incorporation
measured with densitometry, was reduced to
approximately 60-70% in BRCA2-depleted cells
(siBRCA2; Fig. 5A, left panel). The assay was
normalized since similar amounts of telomere
ChIP products were employed in the assay (Fig.
5A, middle and right panels).

The absence of BRCA2 can affect the cell cycle,
such that the cells may arrest in G2/M due to
accumulation of unrepaired DSBs, particularly

upon ectopic DNA damage (4). To rule out this
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secondary effect from possible cell cycle arrest,
we assessed the BrdU incorporation at the
telomere, 48 h post-siRNA transfection. At this
time point, it is assumed that BRCA2 depletion
has not accumulated enough DNA damage to
affect the cell cycle progression (Fig. 5A).
Nevertheless, we assessed the cell cycle profile in
this experimental setting by analyzing the global
BrdU-incorporation and propidium iodide
staining: the result showed that 48 h post-siRNA
transfection, S phase global DNA replication was
not measurably affected (Fig. 5B), thus suggesting
that the inefficiency of the BrdU incorporation at
telomeres resulted primarily from a telomere-

specific defect in DNA synthesis.

ATR pathway acts upstream of BRCA2- We next
asked whether BRCA?2 is capable of binding to
telomeres. For this, we took advantage of HeLa
cells expressing BAC-encoded full length BRCA2,
tagged with GFP and Flag (32). Since Hela
cells carry short telomere (<5kb), telomerase
(hTERT) was introduced into these cells to
elongate the telomeres and facilitate the telomere-
ChIP assay (57). Cells were arrested in G1/S by
double thymidine block, and released into the cell
cycle by changing to fresh medium. Lysates
were collected and subjected to telomere-ChIP
assays at the indicated time points after release.
Simultaneously, aliquots of cells were analyzed
for their cell cycle stage by flow cytometry (Fig.
6A-C). The result revealed that BRCA2 bound
to telomeres in S phase; binding was observed in
asynchronous cells, at 0 h, peaking at 4 h from
thymidine-release (Fig. 6B), which corresponded
to S phase (Fig. 6C).

We have shown compelling lines of evidences that
BRCA2 is required for telomere homeostasis.
The absence of BRCA2 resulted in an increase in
stalled replication forks at telomeres, shortening
of telomeres, and end-to-end fusions. We have
also shown that TIFs increase in the absence of
BRCA2, indicating a DNA damage response at
telomeres.

Damage in DNA is sensed by PI3 Kinase family
proteins, ATM and ATR, depending on the type
of DNA damage; ATM senses DSBs (58) and
ATR recognizes single strand break (SSB) and
stalled replication forks (59). The two kinases
function separately or in concert, depending on
the type of damage, and coordinate the DNA
damage response, the repair, and cell cycle
regulation (60-62). Notably, the maintenance of
telomeres requires both ATM and ATR pathways
(63,64). The ATR machinery is recruited to
telomeres before the completion of telomere
replication, consistent with its role in DNA
replication, and the ATM and HR machinery are
required for telomere-specific structure after
replication (63).

Taking all this information into account, we asked
whether the binding of BRCA2 to telomeres in S
phase was ATM- or ATR-dependent. For this,

two inhibitors, CGK733 and KU55933, were used.

CGK733 can inhibit the activity of ATM and also
ATR (65,66), and a moderate concentration of
KU55933 (20 pM) preferentially inhibits the
ATM pathway, but not ATR, in vivo (67). In our
experimental system, we found that 20 uM of
KUS55933 specifically blocked ATM activity,
since it inhibited phosphorylation of Chk2 (68)

upon irradiation, but not after treatment of

TT0Z ‘62 19qWadaQ uo ‘a3 40 110D AINN TLYN TNO3S ¥e B1o-ogl-mmm woly papeojumod


http://www.jbc.org/

hydroxyurea (Supplementary Fig. SIA & B). In
20 uM of CGK733
effectively inhibited the phosphorylation of Chkl,
ATR (69-72),
(Supplementary Fig.

comparison, treatment

and thus inhibition upon
hydroxyurea treatment
S1A). However, the same concentration was not

effective towards ATM inhibition upon irradiation

in HeLa CFLAP BRCA2 hTert cells
(Supplementary Fig. S1B). Taking these
informations into account, HeLa CFLAP-

BRCA2 hTert cells were synchronized by double
thymidine block and released into the cell cycle.
Four hours after release, the time when cells are
enriched in S phase (Fig. 6C), cells were
challenged with CGK733 or KU55933 for 1 h.
The result showed that the binding of BRCA2 to
telomeres in S phase, as assayed by telomere-
ChIP, was reduced to ~68% in cells treated with
20 uM CGK?733 (Fig. 6D & E).
20 uM KU55933 treatment did not interfere with

BRCAZ2 binding to telomeres.

By comparison,

As these inhibitors can be argued for their
specificity to ATM or ATR, HeLa CFLAP-
BRCA2 hTert cells were transfected with siRNAs
against ATM or ATR and assessed for the binding
of BRCA2 to Upon knockdown
expression of ATR (siATR), BRCA2 binding to
telomeres reduced to two thirds (~60%) (Fig. 6G),
whereas ATM knockdown (siATM) had little
effect (Fig. 6F-H), confirming that BRCA2

telomeres.

binding to telomeres requires ATR.

The result is consistent with the data showing that
the absence of BRCA2 resulted in problems in G-
rich telomere replication. Collectively, our results
show that BRCA2 binds to telomeres in S phase,

and suggest that it is involved in telomere

10

maintenance likely through inhibition of the
stalled forks,
particularly in the G-rich lagging strands (Fig. 61).

degradation  of replication

DISCUSSION

Maintaining the fidelity of telomere replication is
an important function of proliferating cells, but
not in differentiated non-dividing cells. Hence,
Yin and Yang sides of telomere maintenance exist
in terms of tumorigenesis: the end replication
problem of telomeres induces cellular senescence,
which in fact is a preventive mechanism for
tumorigenesis, in vivo. On the other hand,
homeostasis of telomere length is crucial for the
genetic integrity of proliferating cells because
critically shortened telomeres are susceptible to
unwanted telomere sister chromatid exchanges
and end fusions that lead to gross chromosomal
rearrangements, contributing to chromosome
instability.

Examples of the connection between telomere
erosion and human cancers are the cancer-prone
genetic diseases Bloom syndrome and Werner
syndrome. Genes encoding BLM and WRN, the
two genes mutated in Bloom syndrome and
Werner syndrome, respectively, are Rec Q
helicases thought to be involved in the unwinding
of secondary structures; hence, they are critically
required for telomere replication (73). The
absence of BLM or WRN results in fragile
telomeres and telomere erosion (17).

Here, we show that BRCAZ2, a gene mutated in
familial breast cancer with chromosome instability,
localizes to telomeres in S phase of the cell cycle

and suggest that it is required for the prevention of
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stalled replication fork collapse in telomeres.
While BLM and WRN are helicases that may
unwind secondary structures, BRCA2 does not
possess any helicase activity. However, the
absence of BRCA2 led to the accumulation of G-
rich single-strand telomere repeats, suggesting
that its absence precipitates problems in telomere
lagging strand synthesis.

As has been shown by previous studies, BRCA2
is required for the maintenance of stalled
replication forks, preventing them from
breakdown or collapse. Since G4 structures cause
steric hindrance of the progression of replication
forks, the requirement of BRCA2 may be
maximized at the lagging strand of the replicating
telomeres. The results in Figure 5 support this

notion: DNA synthesis at telomeres was more

affected (Fig. 5A) than global DNA synthesis (Fig.

5B) in the first couple of cell divisions after
BRCAZ2 depletion.

While preparing this manuscript, Badie and
colleagues reported that BRCA2 loads Rad51 onto
telomeres, thereby fulfilling the need of the HR
machinery to restart replication (51). These
observations are consistent with ours and confirm
the role of BRCA2 in telomere maintenance.

However, we have further shown that the

TTAGGG repeats of lagging strand synthesis face
problems if BRCAZ2 is depleted, suggesting a link
between BRCA2 and obstacles to telomere
lagging-strand replication, such as G4 secondary
structures. That ATR, which is involved in
checkpoint activation in response to replication
stress, is required for BRCA2 to bind to telomeres
in S phase (Fig. 6) supports the notion that
BRCA2 may be critically required for the
prevention of degradation of stalled replication
forks at telomeres, particularly at the G-rich
single-strand telomere repeat arrays (Fig. 61). This
speculation is consistent with the recent report
suggesting that BRCA?2 inhibits MRE11-
dependent degradation of stalled replication forks,
which is independent from DSB repair (14).
Interestingly, T-SCE and anaphase bridges
increased in the Brca2-depleted MEFs (Figs. 1 &
3). These results suggest an interesting possibility
that BRCA2 may be involved in the suppression
of ALT. Whether BRCA2 is indeed involved in
the suppression of ALT is an important question
for understanding the basis of genetic instability
and tumor initiation in ALT-type cancers, and also

the cancers with BRCA2 mutations.
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FIGURE LEGENDS

Fig. 1. Telomere attrition manifested as telomeric end-to-end fusions, telomere signal-free ends, and
anaphase bridges in the absence of Brca2. (A) Western blot analysis to assess the efficiency of Cre
recombinase after Ad-Cre infection in Brca2™ "™ MEFs. Lysates for Western blots were collected at the
same time as Telomere (T)-FISH in (B). Brca2 disappears when Cre is expressed. Same blot was
reprobed with anti-Actin antibodies for normalization. (B) Brea2"™ MEFs or wild type MEFs were
infected with Ad-GFP or Ad-Cre. Five days post infection, MEFs were subjected to T-FISH analysis.
At least 28 metaphases from two independent MEFs of the same siblings were analyzed. Representative
images of T-FISH in Brca?"" MEFs infected with Ad-GFP or Ad-Cre are shown. White arrow,
chromosomes with end-to-end fusion or chromatid fusion. Scale bars, 5 pM. (C) The frequency of
telomere end-to-end fusion events. Bar graphs indicate the frequency of telomere fusions in all
chromosomes analyzed.  x/y, total number of chromosomes with end-end fusion/number of
chromosomes analyzed; n, number of cells analyzed. Enlarged images are shown at right. Scale bars,
1 um. (D) The frequency of telomere signal-free ends. Bar graphs indicate the frequency of telomere
SFEs in all chromosomes analyzed. x/y, Total number of chromosomes with SFEs/number of
chromosomes analyzed; n, number of cells analyzed. Representative images are shown at right. Scale
bars, 1 um. (E) T-SCE measured in the presence (Ad-GFP) or absence (Ad-Cre) of Brca2. CO-FISH
assay was performed 5 days post adenoviral infection. Wild-type cells display lagging (green) and the
leading (red) strand in a diagonal orientation in control (schematic diagram above, see also Experimental
Procedures). Leading and/or the lagging strand appearing in the non-diagonal orientation are judged to
result from the telomere sister chromatid exchanges, and was observed in Brca2-null MEFs. T-SCEs are
marked with while arrows. The results are from three independent experiments. x/y, Total number of
T-SCEs/number of chromosomes analyzed; n, number of cells analyzed. Representative images are

shown at right. Scale bars, 1 pm (*: P<0.05, **: P<0.01; t-test).

Fig. 2. Telomere shortening in Brca2-depleted MEFs. Brca2""""" MEFs were analyzed for their overall
telomere length after infection with Ad-GFP or Ad-Cre by measuring fluorescent telomere signals with Q-
FISH (TFL-Telo program). (A) Telomeres shorten in Brca2-deficient MEFs in a passage-dependent
manner. Ad-Cre infected Brea2'""" MEFs display a significant degree of telomere shortening after Cre
expression, compared to control (Ad-GFP). X-axis, relative fluorescence units; Y-axis, number of
chromosomes. N, number of chromosomes analyzed. Mean value of relative fluorescence units are also
indicated. Data were analyzed using SPSS software. (B) Relative intensity of the telomere signals in

Ad-GFP- or Ad-Cre-infected MEFs. Chromosomes from at least 60 different cells were analyzed.
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Bars represent the relative fluorescence intensity over control MEFs (Ad-GFP), measured at day 7 post

viral infection in Brca2"/"' MEFs. Error bar represents the standard deviation of the mean.

Fig. 3. Increase in telomeric DNA damage in the absence of Brca2. (A) TIF increase in Brca2-null MEFs.
TIFs were analyzed using anti-53BP1 antibody (green) and PNA-conjugated telomere probe (CCCTAA,
red) in Brea2""! MEFs 5 days post infection with Ad-Cre. Wild-type MEFs infected with Ad-Cre were
used for control. TIFs appeared as merged yellow foci and are marked with arrows. (B) Quantification
of the TIFs shown in (A). Bar graphs indicate the percentage of cells with >5 TIFs. Scale bar, 5 um.
(C) Quantification of anaphase bridges after Cre expression in wild-type or Brea2"""' MEFs. MEFs were
grown on coverslips and fixed with 4% paraformaldehyde, and the DNA was counterstained with DAPI.
Two experiments were performed independently and scored in a blind manner. Images were acquired
using axiocam MRm camera on Zeiss Observer Z1 inverted microscope with 40X/0.6 NA lens (Zeiss).
Bar graphs indicate the percentage of cells displaying anaphase bridges 5 days post-adenoviral infection.
At least 63 cells in anaphase were analyzed. Error bars, standard deviation. Scale bars, 5 pm (**: P<0.01;

t-test).

Fig. 4. Replication block at the telomeres in the absence of Brca2. (A) Brea2""! MEFs, infected with
Ad-Cre, were subjected to Telomere FISH after Aph treatment. Arrowhead depicts chromosomes with
fragile telomere. Bar, 5 um. (B) Brca2-deficient MEFs display marked increase of fragile telomeres.
Brea2™™ MEFs, infected with Ad-GFP or Ad-Cre, were subjected to Telomere FISH after Aph
treatment and analyzed. Wild-type MEFs were used as controls. Bars represent the percentage of
fragile telomeres in total number of chromosomes analyzed, 5 days post-adenoviral infection.
Representative images of telomere fragility are shown at the right. Scale bar, 1 um. (C, D) Comparison
of fragile telomeres in leading and lagging strands after Brca2 depletion. Brea2™ MEFs infected with
Ad-GFP or Ad-Cre were subjected to CO-FISH after Aph treatment. Bars represent the percentage of
fragile telomeres in leading or lagging strand, analyzed 2.5 days post-adenoviral infection.
Representative images of telomere fragility are shown at the right. Scale bar, 1 um. (E) Telomere
fragility in lagging strands is higher compared to the leading strand in Brca2-deficient MEFs. Green
arrowheads, fragile telomeres in lagging strand. Red arrowhead, fragile telomeres in leading strand. Scale
bar, 5 um. (F) T-SCE measured in the presence (Ad-GFP) or absence (Ad-Cre) of Brca2 with/without
Aph treatment. (G) Brca2-deficient MEFs treated with Aph display a marked increase in T-SCE. Note
the arrowheads, which indicate T-SCE. Scale bar, 5 um. (H) In-gel hybridization in a native gel and a
denatured gel, using (CCCTAA), probe. DNA was extracted from Brca2'""! MEFs, after infection with
Ad-GFP or Ad-Cre. Telomere overhangs hybridize with the probe under the native condition (Left), as
Exol treatment abolishes the radioactivity. Total telomere signals are obtained in the denatured

condition. The relative radioactivity of telomere overhangs were obtained (Marked as Relative Ratio) by
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normalizing the intensities of the hybridized radioactivity from the native condition to the denatured.
Signals of control MEFs were set to 1. (I) T-OLA analysis (28) of Brca2’/'' MEFs with
oligonucleotides complementary to the G-rich tail [CCCTAA] 3, or the C-rich tail [TTAGGG];,2.5 days
post Ad-GFP (-Cre) or Ad-Cre (+Cre) infection. Relative hybridization intensity and length to the control
are marked. GAPDH PCR product is shown for normalization of genomic DNA employed. (J)
Brea2™ MEFs infected with Ad-GFP or Ad-Cre, were synchronized in G1/S by thymidine-aphidicolin
block, then released into S phase progression by incubating in fresh media for 4 h. T-OLA assay was
performed 2.5 days post-adenoviral infection. Relative intensity and length of T-OLA product in each
lane are marked: the intensity of T-OLA product in G1/S in each setting is set to 1. PCR product of
GAPDH is included for control. Error bars, standard deviation. (**: P<0.01, ***: P<(0.001; t-test).

Fig. 5. Processing of telomere replication is hampered by the absence of BRCA2. (A) HeLa cells were
transfected with siRNA for GFP (siGFP) or BRCA2 (siBRCA2). The cells were then pulsed with BrdU
for 30 min and chased for 3 h and 30 min. This cycle was repeated 6 times. Lysates were incubated
with anti-TRF1 or -TRF2 antibodies and subjected to Telomere-ChIP. The blot was immunoblotted
with anti-BrdU antibodies to assess the amount of replicated telomeric DNAs. ChIP assays were also
performed with Alu or telomere probes. The results from two different sets of experiments are marked
under the left panel. The values in percentage depict the ratio of BrdU incorporation in BRCA2-
depleted cells (siBRCA2) compared to control (siGFP). (B) Flow cytometry analysis of cell cycle
progression with or without BRCA2 depletion in HeLa cells. The percentage of cells in S phase is
boxed and marked (right panel). Simultaneously, lysates were prepared for Western blot to assess the
efficiency of siRNA against BRCA2. Same blot was probed with anti-Lamin A/C for normalization
(left panel).

Fig. 6. BRCA2 localizes to telomeres during S phase in an ATR-dependent manner. (A) HeLa CFLAP-
BRCA2 hTert cells were synchronized at the G1/S boundary by double thymidine block, then released
into the cell cycle. Cell lysates were prepared at the indicated time points after thymidine release and
subjected to telomere ChIP with anti-FLAG antibody to detect BRCA2 at the telomere (M2). Non-
related monoclonal 9E10 was employed to control for non-specific binding. (B) The percentage of
precipitated telomere DNA was measured as a ratio of input signals and marked as dotted graphs at each
time points of analysis. (C) Cell cycle profiles for each time point were measured by FACS analysis.
(D) HeLa CFLAP-BRCA2 hTert cells were treated or left alone with 20 uM of KU55933 (inhibitor
specific for ATM) or 20 uM of CGK733 (inhibits ATM and ATR) for 1 h and 4 h post-thymidine release.
Lysates were also subjected to telomere ChIP with anti-FLAG (M2) to detect BRCA2 bound to telomere.
Negative control, 9E10. (E, G) Bars represent the relative amount of telomere DNA bound to BRCA2

measured by densitometry. The signals were normalized to the input controls. (F) HeLa CFLAP-
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BRCA2 hTert cells transfected with indicated siRNAs. Cell lysates were prepared 24 h post transfection.
Telomere ChIP assays were performed with anti-FLAG (M2, BRCA2) and 9E10. Error bars, standard
deviation. (H) Western blot analysis to assess the efficiency of siRNAs employed in the assay in (F) and
(G). (I) A model for the proposed function of BRCA2 in the telomere maintenance. At telomeres,
obstacles for elongating DNA polymerase form more frequently at the lagging strands, since G-rich
parental strands exposed as single strands between okazaki fragments can adopt higher-order structures
such as G-quadruplex. BRCA2 prevents the nascent strand at aberrant fork from MRE11-dependent
uncontrolled resection. In the absence of BRCA2, the resection of daughter strands would be more
frequent at lagging strands, resulting in the marked increase of telomere fragility, telomere shortening,

and erosion.
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Figure 3.
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