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A subset of cancer cells maintains their telomeres without telomerase

through the recombination-based alternative lengthening of telomeres

(ALT) pathway. Currently, it is not yet clear in what context ALT is

induced and how the pathway choice is made. Here, we show that abro-

gation of Brca2 reinforces break-induced replication (BIR) and engages

with ALT pathway. Brca2 depletion in telomerase-null mouse cells allevi-

ated the growth defect, accompanied by telomere elongation, suggesting

the induction of ALT. We also found that Brca2-depleted telomerase-null

cells exhibited dynamic clustering of telomeres from G2 phase in Promye-

locytic Nuclear (PML) bodies. For Brca2-deficient ALT induction, Rad51

was dispensable but Mre11 and Rad52 were required. Congruently, con-

servative telomeric DNA synthesis was apparent in mitosis, indicating

that the absence of Brca2 directed towards Rad52-mediated BIR. Collec-

tively, we propose that Brca2 abrogation can instigate ALT tumourigene-

sis through the induction of BIR. This study implies that inhibitors of

BIR may be useful for BRCA2-associated ALT-type cancers. Assessing

ALT features may be considered for the tailored therapy of BRCA2-asso-

ciated cancers.

Introduction

The linearity of eukaryotic chromosomes poses many

problems, including replication and the protection of

chromosome ends against nucleolytic attacks. During

neoplastic transformation, telomerase is reactivated to

overcome the telomere replication problem, which

allows cancer cells to replicate their DNA indefinitely

avoiding telomere shortening. About 10% of cancer

cells, however, do not express telomerase. Instead, they

utilize recombination to elongate telomeres, and these

are classified as alternative lengthening of telomeres

(ALT) cancers [1]. In yeast, cells that survive out from

the deficiency of telomerase activity had been grouped

in two different types: Type I that requires Rad51 and

type II that is devoid of Rad51 but requires Rad59, a

homolog of Rad52 [2]. Homologous recombination

that requires Rad51 had been suggested for some time

for the underlying mechanism of ALT cancers [3].

More recently, break-induced replication (BIR) has

been suggested to be responsible for ALT [4,5], indi-

cating that type I and type II-like ALT pathways are

also present in mammals. However, how ALT-type

tumourigenesis begins and what determines the
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different recombination pathways in ALT remains

unknown.

Brca2 is a multifunctional tumour suppressor with

crucial activities in maintaining genome and chromo-

some integrity throughout the cell cycle [6]. In S/G2

phase, Brca2 is critically required for error-free dou-

ble-strand break (DSB) repair via homologous recom-

bination (HR), also called homology-directed repair

(HDR), because of its role in regulating Rad51 fila-

ment formation [7,8]. Independent from its role in

HDR, Brca2 protects stalled replication forks from

collapsing [9,10]. Consistently, Brca2 is also involved

in telomere replication homeostasis: it inhibits

MRE11-mediated resection of stalled replication forks

at the telomeres [11] and/or loads Rad51 for efficient

telomere replication and capping [12]. Therefore, the

loss of Brca2 results in progressive shortening of

telomeres and growth arrest [11,12].

As the shortening of telomeres triggered by Brca2

deficiency is not related to telomerase expression and is

incompatible with the fact that dysfunctional Brca2

leads to tumourigenesis, we had asked whether the para-

doxical occurrence of neoplastic transformation is due

to the induction of ALT. We showed in Caenorhabditis

elegans that depletion of BRC-2, an orthologue of

Brca2, results in a delay of senescence, accompanied by

telomere length elongation [13]. Similarly, abrogation of

Brh2, an orthologue of Brca2 in fungus, Ustilago may-

dis, led to an ALT-like feature [14]. Here, we asked

whether this function of Brca2 in suppressing ALT is

conserved in mice. Moreover, we wanted to see whether

one could monitor the process of ALT induction using

mouse models, simultaneously revealing the molecular

mechanism beneath ALT induction. Finally, we asked if

Brca2 lies in the crossroad of decision-making among

different recombination mechanisms.

Results

Induction of ALT after Brca2 abrogation in

telomerase-deficient mice

To ask if ALT can be induced after depleting Brca2 in

mice, we first developed a mouse model in telomerase-

deficient background. Conditional Brca2 knockout

mice were crossed to telomerase-null mice, so that

Brca2 abrogation be controlled in time and space. This

mouse model was generated via several intercrosses of

telomerase RNA-deficient mTR+/� mice [15,16],

tamoxifen-inducible Cre-ERTM mice [17] and finally

Brca2F11/F11 mice [18]. As mice have long telomeres,

the effects of telomere shortening and subsequent ALT

induction can only be observed after several

generations of telomerase-deficient mice breeding [15].

We faced difficulties in observing the development of

spontaneous ALT-type cancers in Brca2-deficient and

telomerase-deficient (double-null) mice, due to tedious

breeding up to sixth generation [15] and the ineffi-

ciency of Brca2 depletion post tamoxifen feeding. To

overcome these problems, we developed an ex vivo

model of ALT induction by utilizing the organoid cul-

ture of the pancreas.

Organoids are a three-dimensional culture of the

epithelial stem cells [19] that can mimic the way the

cells grow and differentiate into organs. As organoids

are regarded ex vivo organs [20], one could monitor

the process of organ growth and the initiation of

tumourigenesis. Long-term culture of the organoids

might overcome the time-consuming breeding of

telomerase-deficient mice and recapitulate the physiol-

ogy of continued cell proliferation and precipitate

telomere problems. That inherited mutations of Brca2

predisposes to pancreas cancers [21] was also consid-

ered in choosing pancreas organoid system.

Pancreas ductal epithelial cells were isolated from

third generation (G3) mice of Terc�/� (mTR�/�) that

were crossed to Brca2F11/F11, Cre-ERTM, and subjected

to three-dimensional culture as reported [20]. Thirteen

days after the first organoids grew out, organoids were

mechanically dissociated and passed through the sieve

to collect similar sizes. A hundred organoids of

~ 100 lm were plated in duplicates: one set was trea-

ted with tamoxifen (4-OHT) to create Brca2F11 allele,

and the other left alone for control (Fig. 1A Top and

B, [I]). The growth of the organoids was assessed by

size and numbers at day 12 and replated in 1 : 6 ratio

to assess whether Brca2 depletion in telomerase-null

background can rescue senescence (Fig. 1A bottom

and C, [II] & [III]).

RNA component of telomerase deficiency (mTR�/�)
alone at first did not interfere with the growth of the

organoids (Fig. 1C, [I]). However, in the prolonged

culture, telomerase deficiency led to growth defect

(Fig. 1C, II & III, �4-OHT). In comparison, Brca2

deletion resulted in precipitated growth retardation in

organoids (Fig. 1B, +4-OHT), as was in the animal

[22–24]. In telomerase-negative background (mTR�/�),
Brca2 depletion led to a growth defect in the initial

phase (Fig. 1C, [I], +4-OHT). In comparison, the

depletion of Brca2 allele overcame the growth defect

of mTR�/� organoids in long-term culture (Fig. 1C, II

and III, +4-OHT). The result from the mouse pancreas

organoid culture recapitulated the phenomena

observed from telomerase mutant worms [13], suggest-

ing that depletion of Brca2 in inducing ALT is evolu-

tionarily conserved.
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To assess the effects on telomere length post-Brca2

deletion in telomerase knockout mice, MEFs from first

to fourth generation were isolated, infected with or

without Ad-Cre and subjected to quantitative fluores-

cence in situ hybridization (Q-FISH) [25] to measure

telomere length (Fig. 2A, left and Bottom). Progressive
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Fig. 1. Abrogation of Brca2 gradually overcomes the growth defect of the telomerase-null organoids. (A) Top; A schematic diagram of the

assay for (B) that showed how mouse pancreas organoid cultures of Brca2F11/F11; mTR+/+; Cre-ERTM were compared for their growth with

(�4-OHT) or without (+4-OHT) Brca2. Bottom; A schematic diagram of the assay for C. It shows the way how mouse pancreas organoid

cultures of third generation Brca2F11/F11; mTR�/�; Cre-ERTM (G3) were passaged to compare growth with (�4-OHT) or without (+4-OHT)

Brca2. (B) Brca2F11/F11 and Cre-ERTM mice were bred to create telomerase-positive mTR+/+ mice. Ductal epithelial cells were isolated, same

number of cells were seeded in duplicate and subjected to three-dimensional organoid cultures. Treatment of tamoxifen (4-OHT) induces

the creation of Brca2F11 allele. Organoids from phase [I] were dissociated mechanically and passed through the sieve to collect organoids

smaller than 100 lm. Representative images of Phase [I–II] at days with (+) or without (�) 4-OHT. (C) Telomerase-deficient mice (Terc-null;

mTR�/�) were bred for three generations with Brca2F11/F11 and Cre-ERTM (G3). Organoids from phase [I] were dissociated mechanically and

passed through the sieve to collect organoids smaller than 100 lm. A hundred organoids were seeded on day 0 of phase [II]. From day 12

of [II], all organoids were mechanically dissociated and diluted 1 : 6 ratio, then seeded (day 0, phase [III]). Representative images of Phase

[I–III] at days with (+) or without (�) 4-OHT.
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shortening of telomeres was observed in telomerase-

deficient MEFs (mTR�/�; Brca2F11/F11; �Ad-Cre).

Brca2-deficiency in this setting exacerbated the telom-

ere shortening in an early generation (mTR�/�;
Brca2F11/F11; +Ad-Cre, G1 & G2). However, Brca2

deletion alleviated further telomere shortening in a

later generation of telomerase knockout mice (mTR�/�;
Brca2F11/F11; +Ad-Cre, G4).

Although Brca2 depletion overcame the senescence

of telomerase-deficient MEFs, collecting enough num-

bers of cells to analyse telomeres was not feasible due

to poor growth. To overcome the problem, later gener-

ation (G4) MEFs of Brca2F11/F11; mTR�/�; Cre-ERTM

were immortalized by transduction with a lentivirus

encoding SV40 LT (Large T antigen). Then telomere

lengths were compared in cells with or without tamox-

ifen (4-OHT) treatment. The result showed that Brca2

abrogation after tamoxifen treatment led to elongation

of net telomere lengths, compared to telomerase-null

alone (Fig. 2A, right). Furthermore, telomeric C-cir-

cles, one of the hallmarks of ALT [26], were markedly

elevated in double-null MEFs depleted of p53, but not

in wild-type or heterozygous for telomerase RNA

(mTR+/�), supporting that an ALT-like feature is

indeed induced after the abrogation of Brca2

(Fig. 2B). Similar results were obtained without p53

depletion, indicating that C-circle increase was not due

to the absence of p53, but a result from Brca2 abroga-

tion (Fig. 2C).

Telomeres exhibit dynamic clustering at the PML

bodies in MEFs doubly null for Brca2 and

telomerase

Studies from cancer cell lines showed that telomeres

exhibit directional movement for synapsis in ALT [3].

We asked if a similar pattern could be detected after

Brca2 depletion in telomerase knockout MEFs. TRF1

(TTAGGG repeat binding factor 1) that localizes to

telomeres [27] was tagged with GFP, and the

expression plasmid was transfected into MEFs to mon-

itor telomere movements.

As Brca2 localizes to telomeres in S phase [11], we

decided to monitor the telomere movement from S/G2

phase. MEFs were serum starved for 16 h and released

for 2 h to enrich S phase cells before time-lapse live

imaging (Fig. 3A). The effect of Brca2 depletion was

assessed in third generation (G3) telomerase-null

MEFs, because the result from Fig. 2 suggested that

shortening and deprotection of telomeres precede

telomeric recombination after Brca2 abrogation.

During time-lapse video microscopy, which started

2 h post serum stimulation and continued for ~ 18 h

(Fig. 3A), dynamic association then disassociation of

telomeres were detected when Brca2 was abolished

from telomerase-null cells (Fig. 3B and Movie S2 and

S3). The result suggests that clustering took place from

and after G2 phase. The observed association was pre-

dominant between two telomeres, but often included

more than two (Fig. 3B, enlarged insets and arrows,

Movie S2 and S3). None of the WT (Brca2F11/F11 �4-

OHT, data not shown), Brca2-deficient (Brca2F11/F11;

mTR+/+ +4-OHT, data not shown) or telomerase-null

MEFs (Fig. 3B, �4-OHT, Movie S1) displayed cluster-

ing during 18 h of video microscopy.

Of note, TRF1 fluorescence intensity was low, com-

pared to wild-type (data not shown), in G3 MEFs of

telomerase-null MEFs (Movie S1, Fig. 2B, �4-OHT),

confirming that without telomerase, telomeres shorten

with generations. Then the fluorescence intensity of

TRF1 increased in a heterogeneous manner in double-

null MEFs (Fig. 3B, +4-OHT; Movie S2 and S3), indi-

cating that telomeres shortened in G3 MEFs of telom-

erase-null, then were elongated upon depletion of

Brca2.

The average clustering of telomeres in double-null

MEFs was five events per cell (Fig. 3C). Nearly all of

the double-null MEFs displayed more than two clus-

tering events (Fig. 3D). Notably, micronuclei, the

result of chromosome mis-segregation, were frequently

Fig. 2. Brca2 abrogation in telomerase-deficient MEFs elongates the net telomere lengths. (A) Telomere lengths measured by T-FISH in

different generations (G1, G2, G4) with (+) or without (�) Ad-Cre infection (Left). Infection with Ad-Cre (+Cre) creates Brca2F11 allele. Y-axis,

telomere lengths are shown as arbitrary units of fluorescence intensity from T-FISH. Telomerase-positive (mTR+/+) and heterozygous (mTR+/�)
mice that were bred and maintained for more than three generations were employed for control. (Right) Telomere length measured in

immortalized MEFs of generation 4. Brca2F11/F11; mTR�/�; Cre-ERTM MEFs (G4) were transduced with lentivirus encoding SV40 LT for

immortalization. Addition of 4-OHT deletes Brca2 allele. Western blot analysis with a home-made antibody that detects mouse Brca2 [28]

confirmed the deletion of Brca2 (WT) and the creation of Brca2F11 allele after infection with Ad-Cre in telomerase-positive (mTR+/+), first

generation and 4th generation of telomerase-null (mTR�/�) MEFs. Brca2F11 allele is an in-frame deletion of exon 11, creating truncated

protein [11,28]. (B) Signs of ALT induction. C-circle (CC) assay [26] in indicated mouse genotypes after depletion of p53 with lentiviral

infection of shRNA (shTrp53). MEFs were isolated from second-generation mice and treated with 4-hydroxytamoxifen (4-OHT) to generate

Brca2F11 allele. p53 was depleted to avoid the low viability of fibroblasts doubly null for telomerase and Brca2. (C) CC assay without

interfering p53. MEFs were subjected to adenoviral infection (Ad-Cre) 3 days before genomic DNA extraction. Ad-GFP adenovirus was used

as a control (�).
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detected in Brca2-deficient MEFs (Fig. 3E), consistent

with the role of Brca2 in mitosis [28]. Interestingly, the

absence of telomerase with Brca2 markedly increased

the incidence of micronuclei (Fig. 3E).

We then asked whether telomere clustering was

associated with telomere-containing Promyelocytic

Leukaemia (PML) bodies (APBs), as APBs are one of

the hallmarks of ALT [29–32] and is thought to be the

sites of telomere recombination [29,33]. A DsRed-

tagged PML4-expressing construct was cotransfected

with a TRF1-EGFP-expressing construct, and the cells

were subjected to time-lapse video microscopy.
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PML4 formed distinct foci in Brca2-depleted telom-

erase-deficient MEFs (G3), and the telomere clustering

was associated with the PML body, as indicated by

colocalization of TRF1 and PML4 (Fig. 3F, +4-OHT,

Movie S6 and S7). In comparison, there was no detect-

able TRF1 and PML4 colocalization in telomerase-

deficient MEFs with intact Brca2 (Fig. 3F, �4-OHT,

Movie S4 and S5). The overall fluorescence signal of

TRF1 in telomerase-null MEFs was markedly low

(Fig. 3F, �4-OHT), compared to double-null MEFs

(+4-OHT), consistent with the notion that telomeres

shorten in G3 of telomerase-deficient MEFs. There

were approximately five APBs that colocalized with

telomere clustering per hour in double-null of G3

MEFs (Fig. 3G).

Mre11 and Rad52 are required for the induction

of ALT after Brca2 abrogation

Telomerase-deficient MEFs exhibited moderate eleva-

tion of telomeric DNA damage with generations

(Fig. 4A). Intriguingly, Brca2 abrogation exacerbated

the telomere damage at fourth generation in telom-

erase-null background (Fig. 4A, G4). Previously, we

showed that Brca2-depleted MEFs exhibit fragile

telomeres due to the collapse of stalled replication

forks [11]. It is possible that the elevated replication

stress provoked by Brca2 depletion in telomerase-defi-

cient background triggered a telomeric recombination

pathway.

We asked whether the role of Brca2 in telomere

replication homeostasis was associated with the choice

of molecular pathway after Brca2 abrogation. Fragility

in telomeres was significantly increased in the third

generation (G3) telomerase knockout cells after Brca2

abrogation (Fig. 4B, +4-OHT). The telomere fragility

after Brca2 depletion was compromised when Mre11,

the nuclease suggested to resect stalled replication

forks [9], was depleted with shRNA (Fig. 4B, +4-

OHT + shMre11). Unlike Brca2 abrogation, telomere

fragility was not immediately detected when Rad51

was depleted (Fig. 4B, shRad51 and +4-OHT+

shRad51).

Congruently, Brca2 abrogation led to the increase in

APBs, which was significantly decreased after Mre11

depletion (Fig. 4C, +4-OHT; +4-OHT + shMre11). A

similar effect was observed when the inhibitor of

Mre11, Mirin [34], was treated (Fig. 4D, +4-OHT; +4-
OHT + Mirin). Consistent with the result of telomere

fragility, APB was not observed after depletion of

Rad51 (Fig. 4C, shRad51) or the inhibition of it by

RI-1 [35] (Fig. 4D, RI-1). These results indicate that

Rad51 depletion had little effect in primary MEFs,

while Brca2 depletion had a significant impact in dis-

playing ALT features. Taken together, we suggest that

the absence of Brca2 in telomerase-null background

resulted in profound replication stress at telomeres,

then the resection of stalled replication forks by

Mre11, leading to the instigation of a specific

recombination mechanism, other than HDR, and ALT

induction.

Next, we asked if Rad52 is involved. In yeast,

Rad59, a paralog of Rad52, is essential in type II sur-

vivor pathway in telomerase-deficient strains [2]. More-

over, Rad52 is involved in Break-induced replication

(BIR) that has been suggested for a second molecular

mechanism of ALT [4,36]. APB formation in double-

null MEFs was moderately decreased when Rad52 was

depleted by shRNA (Fig. 4C, +4-OHT + shRad52).

When the inhibitor for Rad52, AICAR [37], was

employed, the effect of compromising APB formation

was recapitulated (Fig. 4D). Taken together, these

results suggest that Mre11 and Rad52 are involved in

the induction of Brca2-deficient ALT.

We were puzzled with the data at first because

Rad51 has been implicated in the replication fork

protection from Mre11 [9]. Rad51 paralogs have been

implicated in the maintenance of replication forks

Fig. 3. Clustering of telomeres at the PML body in cells doubly deficient in Brca2 and telomerase. (A) Schematic drawing of the

experiment. Tamoxifen (4-OHT) was treated to generate Brca2F11/F11 allele when needed (data not shown), before transfection of EGFP-

TRF1-expressing construct for live imaging of telomere movements. Cells were serum starved for 16 h then released for 2 h before

imaging. (B) Representative time-lapse captured images of telomere movements in generation 3 (G3) of Brca2F11/F11; mTR�/�; Cre-ERTM

with or without 4-OHT. Enlarged images of telomeres marked with arrows are shown in the square. Movies corresponding to the figures

are provided as supplementary videos (Movie S1–S3). Scale bar, 10 lm. (C) All clustering events were scored and marked. Number of cells

analysed: Brca2F11F11 �4-OHT, n = 16; Brca2F11F11 +4-OHT, n = 16; Brca2F11F11; mTR�/� (G3) �4-OHT, n = 21; Brca2F11F11; mTR�/� (G3)

+4-OHT, n = 35. (D) Percentage of cells with more than two clustering telomeres. (E) The frequency of micronuclei with or without Brca2

and/or telomerase. (F) Association of clustering telomeres with PML bodies. EGFP-TRF1- and DsRED-PML4-expressing constructs were

transfected, and telomere movements were monitored in time-lapse video microscopy in the presence (Movie S4, grey) or absence of

Brca2 (Movie S6, grey). In G3 double-null MEFs, telomeric clustering was associated with PML (Movie S7). Enlarged images of telomeres

marked with arrows are shown in the square. Scale bar, 10 lm. (G) The frequency of TRF1 colocalizing with PML4. All P values were

obtained with the Student’s t-test (mean � SEM).
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and mediate replication restart [38]. Rad51 paralogs

remodel Rad51 filaments and stimulate HR [39],

working together with BRCA2 and Rad51 in HR

[39,40]. Furthermore, Rad51D can function at telom-

eres [41]. Therefore, we asked whether Rad51 par-

alogs are involved in ALT induction after Brca2

depletion.

Rad51C, Rad51D, Xrcc2 and Xrcc3 were depleted

with shRNA in fourth telomerase-null MEFs and

analysed for the telomere length, fragility and APB

formation. Like Rad51 depletion, none of the tested

Rad51 paralog displayed marked impact on telomere

length (Fig. 5A), fragility (Fig. 5B), and APB forma-

tion (Fig. 5C). There was a slight elevation of telomere

fragility after the depletion of Rad51C and Xrcc3,

respectively (Fig. 5B), but the effect was not compara-

ble to Brca2 depletion alone (Fig. 5B, +4-OHT), at

least at the telomeres. Co-depletion of Rad51 and

Rad51D in telomerase-null background also did not

show any marked difference, suggesting that Rad51

and Rad51D are both not required.

BRCA2 depletion exhibited marked increase in

telomere elongation in fourth generation of telom-

erase-deficient MEFs (Fig. 5A, +4-OHT). Telomeric

fragility (Fig. 5B, +4-OHT) and number of APB

(Fig. 5C, +4-OHT) were markedly increased as well.

Notably, co-depletion of Rad51 and Rad51 paralogs

with Brca2 did not alter telomere length, fragility and

APB formation, respectively, compared to the effect of

Brca2 depletion alone (Fig. 5). These results indicate

that the ALT induction after Brca2 depletion is inde-

pendent of Rad51 and Rad51 paralogs, indicating that

HR is not involved.

Break-induced replication is responsible for Brca2

deficiency-induced ALT

Telomeric sister chromatid exchange (T-SCE) is fre-

quently detected in ALT cells [42]. We and others

have observed that Brca2-deficient primary cells exhi-

bit a moderate increase in T-SCE [11,43,44]. When

we assessed the degree and type of T-SCE in the

third and fourth generation (G3, G4) MEFs, we

observed a profound increase in T-SCE with an

increase in days after Brca2 abrogation in double-null

cells (Fig. 6A–C).
As double-null MEFs grew poorly in general, we

immortalized the cells by introducing SV40 LT.

These immortalized MEFs (Fig. 2A) were subjected

to telomere CO-FISH (Chromosome Orientation-

FISH) [11], and the pattern was analysed and com-

pared to wild-type (mTR+/+; �4-OHT). In CO-

FISH assay, co-existence of leading and lagging

strand signals is the indication of telomere recombi-

nation (Fig. 6A, II & III). Telomeric sister chro-

matid exchange taking place in unequal pattern

(Fig. 6A, II, unequal T-SCE) increased from 13% at

day 7 to ~ 21% at day 16 post tamoxifen treatment,

whereas equal T-SCEs were barely detected

(Fig. 6D). Unequal T-SCE is a sign of conservative

DNA synthesis (Fig. 6D, illustrated on top), whereas

the equal one is the product of semi-conservative

synthesis of telomeres [5,36].

Break-induced replication (BIR) is a recombination-

dependent process reinitiating DNA synthesis when

one end of chromosome shares homology with the

template DNA, thus leading to conservative DNA

Fig. 4. APB formation after Brca2 abrogation requires Mre11 and Rad52. (A) Conditional depletion of Brca2 allele (Brca2F11/F11) exacerbates

telomeric DNA damage in terc knockout (mTR�/�) MEFs with increase in mice generations. Bar graph represents the average number of

meta-TIFs (telomere damage-induced foci in metaphase chromosomes) per cell from the MEFs. G1-G4 are the number of generations of

mouse breeding with Brca2F11/F11. MEFs of third generation mTR+/+ and mTR+/� in the background of Brca2F11/F11 mice were used for

control. Metaphase chromosome spreads of indicated MEFs were subjected to c-H2AX immunostaining, 5 days post Ad-Cre (black bar) or

Ad-GFP (white bar) infection. (B) Absence of Brca2 in G4 of telomerase-deficient MEFs exhibit telomere fragility. Experiments were

performed in SV40LT; Brca2F11/F11; mTR�/�; Cre-ERTM MEFs (G4). Representative images of T-FISH are shown on top. Bars, percentage of

fragile telomeres. Number of metaphase chromosomes analysed: NT (control), n = 848; shMre11, n = 540; shRad51, n = 433; 4-OHT,

n = 467; 4-OHT + shMre11, n = 566; 4-OHT + shRad51, n = 1033. Three independent experiments were performed (mean � SEM). Red

lines mark the average score. Scale bar, 5 lm. (C, D) Number of cells with APB. Experiments were performed in G4 MEFs of Brca2F11/F11;

mTR�/�; Cre-ERTM. (C) Treatment of 4-OHT creates Brca2 mutant allele. Small hairpin RNA (shRNA) was employed to deplete Rad51,

Rad52, Mre11, respectively, with or without Brca2 abrogation (E). Number of cells analysed: NT (control), n = 117; shMre11, n = 284;

shRad51, n = 191; shRad52, n = 278; 4-OHT, n = 336; 4-OHT + shMre11, n = 252; 4-OHT + shRad51, n = 268; 4-OHT + shRad52, n = 196.

Results are from three independent experiments. (D) Inhibitors targeting Mre11 (25 lM Mirin), Rad51 (20 lM RI-1), and Rad52 (20 lM

AICAR), respectively, were treated with or without Brca2. Number of cells analysed: NT (control), n = 38; Mirin, n = 108; RI-1, n = 135;

AICAR, n = 102; 4-OHT, n = 185; 4-OHT + Mirin, n = 39; 4-OHT + RI-1, n = 119; 4-OHT + AICAR, n = 104. Results are from two

independent experiments. All P values (A–D) were obtained with the Student’s t-test (mean � SEM). (E) Western blot analysis; the deletion

and creation of Brca2F11 allele after tamoxifen treatment; knock-down of Mre11 after shRNA transfection; knock-down of Rad51 after

shRNA transfection.
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synthesis. Therefore, the result from telomere CO-

FISH led us to think that BIR may be responsible for

the ALT induction after Brca2 abrogation. That BIR

utilizes Rad52 after replication stress [45,46] supports

this notion.

The induction of BIR can be corroborated by

assessing the mitotic DNA synthesis, MiDAS [46],

which is a conservative DNA synthesis that can take

place in prophase due to incomplete DNA replication.

A recent study showed that replication stress in a sub-

set of ALT cells manifest a spontaneous mitotic DNA

synthesis (MiDAS) at telomeres [36].

We asked if Brca2 abrogation led to mitotic telom-

ere synthesis. The result showed that ~ 5% of telom-

eres in nearly all of double-null cells exhibited

telomeric MiDAS, but none in telomerase deficiency

alone (Fig. 6E). Mitotic DNA synthesis was observed

in nontelomere chromosomes as well after Brca2

abrogation (Fig. 6E). However, it was detected only

in cells that harboured telomeric MiDAS. Frequently,

chromosomal breakage coincided with mitotic DNA

synthesis (Fig. 6E), indicating that Brca2 deficiency

indeed resulted in the break then subsequent BIR.

While we were working on this question, a couple of

papers showed that genic replication stress induced

by the absence of Brca2 led to MiDAS [47,48], in

agreement with our results. Approximately 2% of the

whole genome, depending on how they are calculated,

are transcribed. And according to comparative geno-

mics, 8–15% of the genome is biologically functional.

Therefore, the triggering of BIR at telomeres has a

more profound impact in cell fate. It should be

emphasized that the results shown here are not only

consistent with recent publications but also extends

our knowledge on the molecular basis of dysfunc-

tional Brca2-associated tumourigenesis: Brca2 defi-

ciency can lead to BIR-associated ALT induction.

Analysing the telomere sequences by deep sequencing

revealed a significant elevation of indels in double-

null MEFs, further supporting that BIR is indeed

induced (Fig. 6F).

Discussion

We have provided here compelling lines of evidence

that the abrogation of Brca2 can induce ALT through

reinforcement of BIR. When we first asked if Brca2 is

a suppressor of ALT, the hypothesis was challenged

by the fact that Brca2 is involved in the homology-

directed repair, which was suggested as the underlying

mechanism for ALT [3]. However, evidence from

worms and fungus suggested that abrogation of Brca2

orthologs can result in ALT-like phenotypes. These

phenomena are consistent with the type II survivors of

the telomerase-deficient yeast strain, which is devoid of

Rad51 but requires Rad59, a homolog of Rad52 to

maintain telomeres [2]. We have shown here that in

dysfunctional telomerase mice, Brca2 deficiency insti-

gates the pathway choice that resembles type II yeast

survivor pathway.

The abrogation of Brca2 induced ALT, but many

times we faced troubles in maintaining double-null

cells, suggesting that an additional mutation in p53 or

checkpoint loss, indicated by SV40 LT introduction,

may be required to maintain Brca2-deficient ALT can-

cers. Taken together, we postulate the following step-

wise induction of Brca2 deficiency-associated ALT in

mice and human. First, the abrogation of Brca2 will

overcome senescence in cells that failed to express

telomerase. In this stage, Brca2 deficiency will provoke

telomere replication stress in S phase. As Brca2 is

absent and HDR impaired, stalled forks are resected

by the nuclease Mre11 with incomplete replication,

leaving gaps between telomere repeats. If the cells con-

tinue to progress into the proliferation cycle, these

gaps can be filled by the conservative DNA synthesis

in prophase, using the single strand telomeres accumu-

lated from the resection of stalled forks as primers;

the break-induced replication (BIR) is induced. How-

ever, these Brca2-deficient telomerase-null cells grow

poorly, but with higher mutation rate. When cells

obtain mutation in p53 or checkpoint loss will support

the growth of Brca2-deficient ALT cells, leading to

Fig. 5. The induction of ALT after Brca2 abrogation is independent of Rad51 and its paralogs. (A–C) Experiments were performed in

SV40LT; Brca2F11/F11; mTR�/�; Cre-ERTM MEFs (G4). (A) Telomere lengths measured by T-FISH in 4th generations with (�) or without (+) 4-

OHT. Y-axis, telomere lengths are shown as arbitrary units of fluorescence intensity from T-FISH. (B) Fragile telomeres assessed by

Telomere-FISH. Number of metaphase chromosomes analysed: NT (control), n = 993; shRad51, n = 335; shRad51D, n = 213;

shRad51 + shRad51D, n = 1062; shRad51C, n = 331; shXrcc2, n = 546; shXrcc3, n = 478; 4-OHT, n = 451; 4-OHT + shRad51, n = 227; 4-

OHT + shRad51D, n = 416; 4-OHT + shRad51 + shRad51D, n = 415; 4-OHT + shRad51C, n = 324; 4-OHT + shXrcc2, n = 346; 4-

OHT + shXrcc3, n = 911. (C) Number of APB-positive cells. Number of cells analysed: NT (control), n = 59; shRad51, n = 70; shRad51D,

n = 54; shRad51 + shRad51D, n = 64; shRad51C, n = 60; shXrcc2, n = 52; shXrcc3, n = 70; 4-OHT, n = 69; 4-OHT + shRad51, n = 51; 4-

OHT + shRad51D, n = 44; 4-OHT + shRad51 + shRad51D, n = 91; 4-OHT + shRad51C, n = 52; 4-OHT + shXrcc2, n = 61; 4-

OHT + shXrcc3, n = 29.
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neoplastic transformation (Fig. 7). We do not rule out

the possibility that MUS81 nuclease might play a role

in this pathway, as MUS81 is required for compen-

satory DNA synthesis during mitosis when Brca2 is

absent [48].

Unexpectedly, the depletion of Rad51, and its par-

alogs as well, did not result in ALT features, unlike

abrogation of Brca2 (Figs 4 and 5). This result suggests

that the role of Brca2 abrogation in keeping the telom-

ere homeostasis is independent from Rad51 and Rad51

paralogs. Rad51 and Rad51 paralogs have been impli-

cated in the maintenance of stalled replication forks. It

was expected that telomere replication stress would be

increased when Rad51 or Rad51 paralogs are depleted.

However, the effect was marginal, compared to the

effect of Brca2 depletion alone. Therefore, it is possible

that the role of Brca2 in telomere homeostasis is more

than regulating HDR through Rad51 and Rad51 par-

alogs. Brca2 may have as-yet-unidentified association

with telomere structure and protect from Mre11-

mediated degradation of stalled replication forks. It

would be interesting to explore if telomere-specific G-

quadruplex is associated with Brca2 function.

There were indications that Brca2 depletion might

induce BIR and ALT using established ALT cancer

cell lines [36]. However, the process of ALT induction

by the loss of Brca2 from primary cells and mice were

not shown. We have shown with mouse models and

the primary MEFs and organoids derived from them

that Brca2 abrogation indeed is associated with the

induction of ALT.

In telomerase-deficient context, telomeres shorten

with proliferation then senesce. In cells that have

overcome senescence from the critical shortening of

telomeres, the status of Brca2 will be critical in the

pathway choice associated with telomere mainte-

nance: HDR or BIR, like type I or type II in yeast

telomerase mutant survivors. Taking these pieces of

information into account, assessing ALT phenotypes

may be useful when targeting Brca2-mutated cancers.

For example, targeting Mre11 or Rad52 may be

effective to Brca2-deficient ALT cancers. It will be

interesting to see if inhibitors of BIR are effective to

Brca2-dysfunctional tumours that acquired resistance

to poly (ADP-ribose) polymerase (PARP) inhibitors

[49].

Resection by Mre11
ssDNA

AATCCC

TTAGGG

: Replication stress at telomeres
Break-induced Replication 

at Telomeres 

ALT 
Induction

ALT 
Maintenance

p53 mutation

Brca2
(mTR –/–)

: HDR inactivated

S phase

Brca2 Deficiency

G2/ Prophase

Fig. 7. Model for how Brca2 abrogation engages with ALT through the induction of BIR. Step-wise induction of Brca2-deficient ALT. In the

absence of telomerase RNA, Terc, abrogation of Brca2 results in replication stress. Stalled replication forks are resected by Mre11,

accumulating single-stranded telomeric DNA. As Brca2 is abrogated, HDR is impaired. If the cells are allowed to progress to the next cell

cycle, these single-stranded telomeric DNAs trigger telomere synthesis in a conservative manner (telomeric MiDAS, BIR) in the following

G2 and prophase.

Fig. 6. Brca2-deficient ALT involves conservative telomere synthesis. (A–D) Telomeric sister chromatid exchange (T-SCE) was assessed

by chromosome orientation (CO)-FISH [11]. Leading and lagging strand probes localize in a diagonal orientation without T-SCE (I). The

non-diagonal orientation of the leading (Red) and lagging strands (Green) represents T-SCE (arrow in II & III). Representative image of

unequal T-SCE (II) and equal T-SCE (III) in Brca2-deficient telomerase-null MEFs are shown in inset. Scale bar, 5 lm. (B) The frequency

of T-SCEs in bar graphs: x/y, Total number of T-SCEs/number of chromosome ends analysed; n, number of cells. (C–E) T-SCE (C, D)

and MiDAS assay (E) were performed in MEFs immortalized with the transduction of SV40 LT. The effect of Brca2 abrogation in time

(days after 4-OHT treatment) are compared. (D) T-SCE on single chromatid (unequal) or both chromatid end (equal) are scored. The

process of DNA synthesis in equal (semi-conservative synthesis) versus unequal (conservative) T-SCE is illustrated on top. (E) The

frequency of telomeric MiDAS: EdU-positive telomeres per metaphase spread were scored in the top right. Non-telomeric MiDAS were

scored and shown (Bottom left). Broken chromosomes with chromosomal MiDAS were scored (Bottom right) after 4-OHT treatment

for 5 days. Data are from two independent experiments (mean � SEM). Representative image of telomeric MiDAS is shown on the

top left. Scale bar, 5 lm. (A–E) Data are from two independent experiments. (F) Number of indels from telomeric sequences. P-value

was calculated by Fisher’s exact test.
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Materials and methods

Animal care

Brca2F11 mice were from A. Berns [18] (NCI, the

Netherlands). Terc- heterozygous knockout [50] (B6.Cg-

Terctm1Rdp/J: also named mTR+/�) and Cre-ERTM trans-

genic [17] [B6.Cg-Tg(CAG-cre/Esr1*)5Amc/J] mice were

purchased from the Jackson Laboratory. Mice were housed

in a specific-pathogen free facility, and all mouse experi-

ments were approved by the Institutional Animal Care and

Use of Committee (IACUC) of Seoul National University

(SNU-130219-4-9). We strictly followed the Seoul National

University guidelines, politics, and regulations for the Care

and Use of Laboratory Animals.

Mouse breeding, generation of MEFs, cell culture

and adenoviral infection

First-generation mTR�/� MEFs were generated by the

intercross of Brca2F11/F11; mTR+/� mice. Second to fourth

generation mice were generated by the intercrosses of for-

mer generation Brca2F11/F11; mTR�/� mice. MEFs were iso-

lated from E13.5 embryos. To delete Brca2 allele, MEFs

were infected with Cre-expressing adenovirus (Ad-Cre) at a

multiplicity of 100 as previously described [11]. In the pres-

ence of Cre-ERTM, 200 nM or 1 lM of 4-hydroxytamoxifen

(4-OHT) was applied to delete Brca2 exon 11.

Antibodies

Antibody to mouse anti-Brca2 protein was described [11].

The following antibodies were purchased: anti-Rad51 (H-

92; Santa Cruz Biotechnology, Santa Cruz, CA, USA),

anti-Mre11 (4895S; Cell Signaling Technology, Danvers,

MA, USA), anti-phospho-Histone H2AX (Ser139) (clone

JBW301, 05-636; EMD Millipore, Billerica, MA, USA),

anti-PML (MAB3738; EMD Millipore), anti-actin (AC-15;

Santa Cruz Biotechnology) and anti-SV40 large T antigen

(SC-147; Santa Cruz Biotechnology).

Lentiviral shRNA constructs, retroviral vector,

production and infection

Hairpin RNA was generated by subcloning the annealed

oligonucleotides into the pLentiLox 3.7 (pLL 3.7) lentiviral

vector. Oligonucleotide sequences are as follows:

shRad51 sense, 50-TGGGAATTAGTGAAGCCAAATT-

CAAGAGATTTGGCTTCACTAATTCCCTTTTTTC-30,
antisense, 50-TCGAGAAAAAAGGGAATTAGTGAAG

CCAAATCTCTTGAATTTGG-CTTCACTAATTCCCA-30;
shMre11: sense, 50-TACAGGAGAAGAGATCAACTTTC

AAGA-GAAGTTGATCTCTTCTCCTGTTTTTTTC-30,
antisense, 50-TCGAGAAAAAAACAGGA-GAAGAGAT

CAACTTCTCTTGAAAGTTGATCTCTTCTCCTGTA-30.

shTrp53 sense, 50-TGTACATGTGTAATAGCTCCTTCA

AGAGAGGAGCTATTACACATGTACTTTTTTC-30, an-
tisense, 50-TCGAGAAAAAAGTACATGTGTAATAGCTC

CTCTCTTGAAGGAGCTATTACACATGTACA-30. sh-

Xrcc3 sense, 50-TGACGGTTAGTCTGTCAGTATT

CAAGAGATACTGACAGACTAACCGTCTTTTTTC-30,
antisense, 50-TCGAGAAAAAAGACGGTTAGTCTGTCA

GTATCTCTTGAATACTGACAGACTAACCGTCA-30.
Lentiviral vector for shRad52, shRad51C, shRad51D and

shXrcc2 were purchased from Sigma Mission (Sigma-

Aldrich Co., St Louis, MO, USA).

shRad52 (TRCN0000233363): CCGGTTGAAGGTCATC

GGGTAATTACTCGAGTAATTACCCGATGACCTTCA

ATTTTTG. shRad51C (TRCN0000071259): CCGGCCCT

TCGTACTCGATTACTAACTCGAGTTAGTAATCGAG

TACGAAGGGTTTTTG shRad51D (TRCN0000324997):

CCGGGATGATAGACATTGGGACATTCTCGAGAAT

GTCCCAATGTCTATCATCTTTTTG shXrcc2 (TRC-

N0000294883): CCGGGCACTAAGGCAAGTCTTTAAA

CTCGAGTTTAAAGACTTGCCTTAGTGCTTTTTG

Lentiviral packaging plasmid psPAX2 (#12260) and

envelope plasmid pMD2.G (#12259) were obtained from

Addgene company (Cambridge, MA, USA). To generate

lentiviral particles, Lenti-shRNA constructs were trans-

fected into 293FT cells using lipofectamine 2000 (Invitro-

gen, Carlsbad, CA, USA). Lentiviral supernatant was

collected and concentrated using a Lenti-X concentrator

(631232; Clontech, Mountain View, CA, USA). Lentiviral

infection of target cells was performed in the presence of

4 lg�mL�1 polybrene (Hexadimethrine bromide, H9268;

Sigma-Aldrich). Efficiency of lentiviral infection was tested

by observing GFP signals 2 days after infection.

C-circle assay

Genomic DNA was prepared and digested with MboI/

AluI. The CC assay was performed as described [26] with

slight modifications. Genomic DNA was incubated with

equal amount of phi29 DNA polymerase reaction. Results

from hybridization with telomere probes were obtained by

exposure to FLA 7000, and signal intensity was quantified

using MULTI GAUGE V3.0 software (Fujifilm, Tokyo,

Japan).

Microscopy and time-lapse imaging

Fluorescence microscopy images were acquired using a

CoolSNAP HQ2 cooled CCD camera on a DeltaVision

Spectris Restoration microscope built around an Olympus

IX70 stand with a 100 9 NA 1.4 or 60 9 NA 1.42 numeri-

cal aperture lens (GE Healthcare Life Sciences, Chicago,

IL, USA). For live cell imaging of telomeres, MEFs were

cultured in the absence or presence of 200 nM 4-OHT for

24 h and changed into fresh DMEM supplemented with
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16% FBS. After 2 days, MEFs were transfected with

EGFP-TRF1 or DsRed-PML4 plasmid and seeded onto a

glass-bottom dish and analysed after 1 day. The images

were acquired using a 40 9 NA 1.30 objective on a micro-

scope in a CO2 chamber at 37 °C as previous described

[28,51,52]. Images were deconvoluted using the iterative

algorithm in SOFTWORX software (GE Healthcare Life

Sciences).

Telomere-fluorescence in situ hybridization,

quantitative-FISH and chromosome orientation-

FISH

Metaphase chromosome spreads and telomere-fluorescence

in situ hybridization (T-FISH) were performed as previ-

ously described [53]. Briefly, metaphase spreads on Fisher-

brandTM Superfrost Plus Microscope Slides (FIS#12-550-

15; Fisher Scientific, Hampton, NH, USA) were washed

in 1 9 PBS and dehydrated in 70%, 90% and 100% etha-

nol. After air drying, metaphase spreads were hybridized

with Tel-Cy3 PNA probe (F1002-5; PANAGENE, Dae-

jeon, South Korea). For quantitative-FISH, telomere-

fluorescence intensity was analysed using TFL-TELO soft-

ware (Peter Lansdorp, University of British Columbia).

CO-FISH was performed as previously described [11].

TelG-Cy3 (F1006-5; PANAGENE) and TelC-FAM

(F1001-5; PANAGENE) telomeric PNA probes were used

for CO-FISH analysis.

Meta-TIF assay

The meta-TIF assay was carried out as previously described

[54]. Briefly, cells were cytocentrifuged onto Superfrost Plus

Microscope Slides at 450 g for 10 min in a Shandon Cytos-

pin 4 (Thermo Scientific, Waltham, MA, USA) and then

fixed immediately with 4% paraformaldehyde in 19 PBS.

Slides were treated with c-H2AX antibody at 4 °C over-

night and with secondary antibody for 1 h at RT.

Hybridization was performed with TelC-Cy3 PNA probe in

hybridization solution [70% formamide, 10 mM Tris (pH

7.5), 0.25% blocking reagent (Roche, Basel, Switzerland)

and 0.5% MgCl2]. Colocalization between c-H2AX foci

and telomeric signals was analysed.

Telomeric MiDAS assay

The synchronization of the cells and 5-ethynyl-20-deoxyuri-
dine (EdU) labelling were performed as previously described

[46] with slight modifications. Briefly, MEFs were synchro-

nized in late G2 with CDK1 inhibitor RO-3306 (S7747; Sel-

leckchem, Houston, TX, USA) for 16 h and then released

into fresh medium with 50 lM EdU (NE08701, Carbosynth,

Compton, Berkshire, UK). T-FISH, coupled with EdU

staining, was performed.

Detection of telomeric repeat

To enrich for telomeric DNA, genomic DNA was digested

with frequent-cutting restriction enzymes AluI and MboI

(New England Biolabs, Ipswich, MA, USA). Fragments > 10

kilobases (kb) were isolated and purified using ZymocleanTM

Large Fragment DNA Recovery Kit (Zymo Research, Irvine,

CA, USA). The purified DNA was used to generate a library

using the Accel-NGS� 2S Plus DNA Library Kit and the

Accel-NGS 2S Indexing Adapter Kit following the manufac-

turer instructions (Swift Biosciences, Ann Arbor, MI, USA).

The resulting library was run on an Illumina MiSeq platform

generating 300-base-pair (bp) indexed paired-end reads.

Telomere sequence analysis

Adaptor sequences on the high-throughput sequencing reads

were trimmed by CUTADAPT (v1.4.1) [55]. The sequence read

containing more than two telomeric repeat units (TTAGGG

or CCCTAA) with mean quality score of 30 were selected as

a putative telomere sequence. From the Brca2F11/F11; Cre-

ERTM; mTR�/� MEFs (G4) with or without 4-OHT, 57 928

reads or 55 150 reads were selected respectively. Telomeric

non-hexamer repeat units within canonical telomeric hex-

amer repeat were regarded as telomeric indels. The telomeric

indels were classified by their sequence.

Quantification and statistical analysis

GRAPHPAD PRISM 5 software (GraphPad Software, San

Diego, CA, USA) was used for drawing all other graphs

and statistical analysis. The Student’s t-test was used for

calculating P values unless stated otherwise. The

mean � SEM is shown when appropriate.
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Movie S1. Time-lapse video microscopy of telomere

movement with TRF1-GFP. Movie for Fig. 2B, top

panel. mTR�/� (�4-OHT).

Movie S2. Time-lapse video microscopy of telomere

movement with TRF1-GFP. Movie for Fig. 2B, mid-

dle panel. TRF1-GFP. mTR�/� (+4-OHT).

Movie S3. Time-lapse video microscopy of telomere

movement with TRF1-GFP. Movie for Fig. 2B, bot-

tom panel. TRF1-GFP. mTR�/� (+4-OHT).

Movie S4. Time-lapse video microscopy of TRF1-GFP

and PML4-RFP. Movie for Fig. 2F. TRF1-GFP in

grey. mTR�/� (�4-OHT).

Movie S5. Time-lapse video microscopy of TRF1-GFP

and PML4-RFP. Movie for Fig. 2F, top panel. TRF1-

GFP and PML4-RFP merged. mTR�/� (�4-OHT).

Movie S6. Time-lapse video microscopy of TRF1-GFP

and PML4-RFP. Movie for Fig. 2F, bottom panel.

TRF1-GFP in grey. mTR�/� (+4-OHT).

Movie S7. Time-lapse video microscopy of TRF1-GFP

and PML4-RFP. Movie for Fig. 2F, bottom panel.

TRF1-GFP and PML4-RFP. mTR�/� (+4-OHT).
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