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Breast cancer type 1 susceptibility protein (BRCA1) has a multitude
of functions that contribute to genome integrity and tumor sup-
pression. Its participation in the repair of DNA double-strand
breaks (DSBs) during homologous recombination (HR) is well rec-
ognized, whereas its involvement in the second major DSB repair
pathway, nonhomologous end-joining (NHEJ), remains controver-
sial. Here we have studied the role of BRCA1 in the repair of
DSBs in switch (S) regions during immunoglobulin class switch re-
combination, a physiological, deletion/recombination process that
relies on the classical NHEJ machinery. A shift to the use of micro-
homology-based, alternative end-joining (A-EJ) and increased
frequencies of intra-S region deletions as well as insertions of
inverted S sequences were observed at the recombination junc-
tions amplified from BRCA1-deficient human B cells. Furthermore,
increased use of long microhomologies was found at recombina-
tion junctions derived from E3 ubiquitin-protein ligase RNF168-
deficient, Fanconi anemia group J protein (FACJ, BRIP1)-deficient,
or DNA endonuclease RBBP8 (CtIP)-compromised cells, whereas an
increased frequency of S-region inversions was observed in breast
cancer type 2 susceptibility protein (BRCA2)-deficient cells. Thus,
BRCA1, together with its interaction partners, seems to play an
important role in repairing DSBs generated during class switch
recombination by promoting the classical NHEJ pathway. This
may not only provide a general mechanism underlying BRCA1's
function in maintaining genome stability and tumor suppression
but may also point to a previously unrecognized role of BRCA1 in
B-cell lymphomagenesis.

BRCA1 | nonhomologous end-joining | immunoglobulin class switch
recombination | alternative end-joining | B cells

he genome is under constant threat of DNA damage from

external and internal stressors to the cell such as ionizing
irradiation, free radicals, and replication fork collapses. One of
the most deleterious types of DNA lesions is the DNA double-
strand break (DSB), which if unrepaired or misrepaired can re-
sult in cell death or genome instability. DSBs are mainly repaired
by homologous recombination (HR) or nonhomologous end-
joining (NHEJ). HR can only act during the S/G2 phases of the
cell cycle, when a sister chromatid is available as a template for
repair and is considered to be error-free. NHEJ, on the other
hand, can function throughout the cell cycle by joining the broken
DNA ends directly without a homologous DNA template, but is
also seen as error-prone, as insertions or deletions might be in-
troduced at the recombination junctions. The classical NHEJ
(c-NHEJ) pathway requires a number of factors, including X-ray
repair cross-complementing protein 6 (XRCC6, Ku70), XRCC5
(Ku80), DNA-PKcs, Artemis, DNA ligase IV, XRCC4, and XLF
(Cernunnos), and the repair pattern is characterized by a direct
joining of the broken ends or joining based on a few base pairs of
sequence homology (microhomology, MH) at the two DNA ends

www.pnas.org/cgi/doi/10.1073/pnas.1418947112

(1). When the ¢-NHEJ pathway is defective, alternative end-
joining (A-EJ) pathway(s), often associated with resections/dele-
tions and longer MHs, may be operating (1-3).

DSBs are not always pathological, but can also be interme-
diates of physiological processes, such as those that occur during
B-cell development. Then, extensive gene rearrangements/mod-
ifications at the Ig gene loci may occur, resulting in production of
functional antibodies that can recognize and act against an im-
mense number of different pathogens. One of these processes,
class switch recombination (CSR), occurs at the mature B-cell
stage and exchanges the IgM constant region encoding gene (Cp)
with a downstream constant region gene (Cy, Ce, or Ca) to gen-
erate antibody classes with different effector functions (2). CSR is
initiated by the B-cell-specific factor activation-induced cytidine
deaminase (AID) (4), which deaminates cytosines into uracils in
the switch (S) regions—that is, repetitive intronic DNA sequences
that are located upstream of each Ig constant region gene. The
uracil/guanine mismatches are processed by the base excision re-
pair (BER) and mismatch repair (MMR) pathways and finally
converted into DSBs (5), which are subsequently repaired by
NHE]J during the G1 phase of the cell cycle. In addition to the
¢-NHE]J factors, several DNA damage response (DDR) proteins
have been shown to be important for CSR, including histone
H2AX, mediator of DNA damage checkpoint protein 1 (MDC1),
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serine-protein kinase ATM, E3 ubiquitin ligase proteins RING
finger (RNF) 8 and RNF168, tumor suppressor p53-binding protein 1
(53BP1), telomere-associated protein RIF1, and the MRN (Mrell,
Rad50, Nbs1) complex (2, 6).

The gene encoding the DDR factor BRCAL1 was first mapped to
chromosome 17 in 1994 as a breast and ovarian cancer susceptibility
gene (7). Since then, BRCALI has been implicated in a vast number
of processes, ranging from checkpoint control and chromatin
remodeling to transcription and HR (8-10). Its numerous functions
could be attributed to its ability to interact with various proteins
through its different domains. The N-terminal RNF domain binds
to BRCAl-associated RING domain protein 1 (BARDI1) and
promotes its E3 ubiquitin ligase activity (9). Furthermore, regions
within the same domain have been reported to bind, independently
of BARDI, to the c-NHEJ—factor Ku80 (11, 12). The BRCA1 C
terminus contains two BRCT repeats, which are involved in forming
the A-, B-, and C-complexes by interaction with Abraxas, Fanconi
anemia group J protein (FACJ, BRIP1), and DNA endonuclease
RBBPS (CtIP), respectively (8, 9). Furthermore, BRCAI can,
through its coiled-coil domain, form a complex with partner and
localizer of BRCA2 (PALB2) and breast cancer type 2 susceptibility
protein (BRCA2). All of the above-mentioned complexes have, in
addition to other functions, been linked to HR. Although the in-
volvement of BRCAL in HR and cell-cycle checkpoint control
seems to be most important for its tumor suppression activities,
other functional properties of BRCA1 might also contribute (8-10).

Whether BRCAL is involved in NHEJ remains controversial
(9, 11-18). Notably, BRCA1 forms a large complex, termed the
BRCA1l-associated genome surveillance complex, with a number
of DNA damage repair proteins that have been shown to be in-
volved in CSR, including ATM, the MRN complex, and the MMR
proteins MSH2, MSH6, and MLH1 (19). It is thus possible that
BRCAL1 directly or indirectly regulates NHEJ during CSR, and we
therefore tested this hypothesis by analyzing the recombination
junctions generated from in vivo switched B cells from individuals
carrying mutations within the BRCAI gene. To further elucidate
the mechanisms of its actions, CSR junctions from individuals
with defects in the BRCALI interaction partners BRIP1, CtIP,
and BRCAZ2, as well as RNF168, an ubiquitin ligase that recruits
both BRCA1 and 53BP1 to DSBs, were studied.

Results

Longer Microhomologies at Su—Sa Junctions in BRCA1-Deficient B
Cells. Complete absence of BRCAL1 is most likely not compatible
with life, as biallelic, deleterious mutations result in embryonic
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Fig. 1. Schematic figure of the human BRCA1 gene. The boxes represent the
exons (ex), which are numbered from 1 to 24. The positions of the RNF do-
main, the coiled-coil domain, and the BRCT repeats are underlined. Proteins
interacting with these domains are written underneath the domains. The
approximate positions of mutations, carried by the individuals included in the
CSR junctional analysis, are indicated by arrows (blue, nonlymphoma patients;
red, diffused large B-cell lymphoma patients). All mutations are heterozygous.
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Fig. 2. Alignment of CSR junctions with germ-line S region sequences.
Vertical line indicates direct end-joining, boxes highlight MH, and insertions
are underlined. The Sy, Sa, or Sy breakpoints are indicated by W or A, and
positions in germ-line S-region sequences are indicated on top or below the
arrowheads. S regions inserted in the reversed direction are designated by
(r). Three CSR junctions are shown as examples for different types of end-
joining: (A) direct joining; (B) sequential switching from IgM to 1gG3, to I9G1,
and then to IgG2; and (C) ISD.

lethality in mice (20). Sp—Sa switch fragments were thus amplified
from in vivo switched B cells from 15 individuals with heterozygous
mutations in BRCAI (Fig. 1 and SI Appendix, Table S1), using our
previously described nested PCR assay (21, 22). Altogether, 227
switch fragments, representing unique CSR events, were charac-
terized from BRCA1-deficient individuals. Of these, 219 contained
Sp-Sa junctions, representing a direct switch from IgM to IgA (il-
lustrated in Fig. 24), whereas eight showed signs of sequential
switching—that is, switching from IgM to IgA via IgG, resulting in
a Sp-Sy-Sa junction. The Sp-Sa junctions were subsequently
compared with our previously published 155 (23) and 102 newly
generated Sp—So junctions derived from healthy adult blood donors.
The two sets of controls were largely similar and therefore merged.

The Sp-Sa junctions from B cells from BRCA1-deficient
individuals showed a preferential use of longer MHs (>4 bp), a
characteristic of A-EJ. Furthermore, 18% of the junctions showed
unusually long MHs (>10 bp), compared with 5% in controls.
Conversely, the repair by direct end-joining (no MH, no insertion)
or shorter MHs of 1-3 bp, which are typical features for c-NHEJ,
was significantly reduced in B cells from the BRCAI-deficient
individuals (Table 1 and Fig. 3).

The CSR junctions from the BRCA1-deficient cells were fur-
ther grouped based on the effect of the mutations carried by the
patients (SI Appendix, Table S1). Notably, in the BRCT domain-
affected group, the direct end-joining was totally absent. The
repair by long MHs (>10 bp), on the other hand, was strongly
increased in both the BRCT and RNF domain-affected groups
(81 Appendix, Table S2). The junctions from the BRCA1-deficient
individuals with truncating mutations in the middle of the gene,
which are likely to cause haploinsufficiency (24), and the patient
with a splice site mutation also showed an increased frequency of
repair by long MHs (>10 bp; SI Appendix, Table S2). The Sp—Sa
junctions from the individual who has a mutation affecting the
coiled-coil domain, however, showed a largely normal repair
pattern (S Appendix, Table S2). In summary, the c-NHEJ path-
way seems to be affected during CSR in BRCA1-deficient cells,
and both the RNF domain and BRCT repeats, but not the coiled-
coil domain, appear to be involved in the process.

Bjérkman et al.
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Table 1. Characterization of Sp-Sa junctions

Perfectly matched short homology

0 bp

Total no. of
Study subjects Direct end-joining (%) Small insertions (%) 1-3 bp (%) 4-6 bp (%) 7-9 bp (%) >10 bp (%) S fragments
BRCA1*~ 21 (11)*) 40 (18) 45 (21)*** 32 (15) 38 (18)*t 38 (18)***¢ 214
BRIP1+/~ 1(3) 2 (6)*| 6 (19) 11 (35)***¢ 10 (32)***1 1(3) 31
CtIpSKL2 2 (14) 1(7) 321 5 (36)**1 1(7) 2 (14) 14
BRCA2*/~ 4 (14) 5(17) 10 (34) 4 (14) 2(7) 4 (14) 29
RNF1687~ 2 (8) 2 (8) 3 (12)*] 7 (27)*1 8 (31)**¢ 4 (15)*t 26
Controls, adults 41 (16) 56 (22) 91 (36) 29 (11) 25 (10) 14 (5) 256
BRIP17~ 8 (17) 7 (15) 7 (15) 11 (24) 9 (20) 4 (9) 46
BRCA27/~ 2 (6) 9 (29) 4 (13) 5 (16) 5 (16) 6 (19) 31
Controls, 1-13 y 31 (17) 42 (23) 36 (20) 29 (16) 19 (10%) 26 (14) 183

Statistical analysis was performed using y? test, and significant differences are indicated in bold. *P < 0.05, **P < 0.01, ***P < 0.001. All individuals were compared
with adult controls (n = 31) for statistic calculations, except the BRCA2~~ and BRIP1~~ patients, who were compared with controls with younger ages (1-13y, n = 20).

Increased Sequential Switching in Sp-Sy Junctions from BRCA1-
Deficient B Cells. Altogether 137 Sp—Sy recombination junctions
from seven BRCAI1-deficient individuals were characterized and
compared with our previously published 59 Sp—Sy junctions from
adult controls (25, 26). The Sp-Sy junctions derived from
BRCA1-deficient individuals showed a significant reduction in
use of 1-3 bp MH and a borderline increased frequency of repair
by >4 bp MH (SI Appendix, Table S3). Notably, among the Sp—Sy
junctions derived from P1, who carries a mutation in the RNF
domain, two junctions had an unusually long MH of 9 bp. In
controls, no Sp—Sy junction with >6 bp MH was ever observed.

A proportion of Sp—Sy junctions (11%) from the BRCA1-
deficient individuals also exhibit “footprints” of sequential
switching (illustrated in Fig. 2B; see also Table 2). This has pre-
viously been detected in Artemis-deficient patients but never in
controls and could suggest an impaired repair through c-NHEJ
during CSR (23). In conclusion, the c-NHEJ pathway seems to be
affected in BRCA1-deficient B cells, during the processes of both
IgA and IgG switching.

Increased Frequency of Intraswitch Region Recombination in BRCA1-
Deficient B Cells. Aberrant CSR, but normal or enhanced intraswitch
recombination (resulting in intraswitch deletions, ISDs), has
been observed in mouse cells deficient in several DDR or NHEJ
factors (27-30). In contrast to the joining of two heterologous S
regions, which could be located several hundreds of kilobases
apart, ISDs occur when DSBs are introduced and repaired within
the same S region. It may thus be an indication of failed synapsis
of distant S regions and long-range recombination (27). Another,
nonexclusive, explanation is that ISDs are caused by increased
resection and/or use of A-EJ pathway(s), as the probability of
finding a homologous template for MH-dependent repair is in-
creased within the same S region, which consists of highly re-
petitive sequences (31, 32).

As illustrated in Figs. 2C and 4, by analyzing CSR junctions
derived from our PCR assay, it is possible to detect ISDs. The
proportion of Sp—Sa and Sp-Sy junctions containing ISDs was
significantly increased in the BRCA1-deficient group (Table 2).
A similar increase was found at CSR junctions from individuals
with mutations in the RNF and BRCT BRCA1 domains (ST Ap-
pendix, Tables S2 and S3). Taken together, BRCA1 might thus be
involved in the synapsis and long-range recombination of S regions
and/or in preventing resection and A-EJ during CSR.

Increased Proportion of CSR Junctions with Inversions in BRCA1-
Deficient B Cells. A small proportion of Sp—Sa junctions ampli-
fied from BRCAI1-deficient cells contained insertions of inverted
pieces of S regions, which are rarely observed in controls (Table
2 and SI Appendix, Table S2). Most of these junctions comprised

Bjérkman et al.

only one inverted S region, whereas some harbored several in-
verted pieces or in combination with sequential switching, as ex-
emplified by the P6-9 and P4-8 junctions in Fig. 4 and SI Appendix,
Fig. S1. The generation of these junctions might have occurred
through multiple steps of break/inversion/deletion/recombination
processes. Few Sp—Sy junctions from BRCA1-deficient B cells also
comprised inverted pieces of S regions, whereas this has not been
observed in those from control cells. Thus, BRCA1 appears to
inhibit inversions during recombination of the S regions.

Repair Pattern at CSR Junctions from Patients with Defects in the
BRCA1 BRCT Repeat Interaction Partners CtIP or BRIP1. Sp—Sa junc-
tions from patients with mutations in either BRIPI or RBBPS (SI
Appendix, Table S1) were subsequently analyzed. These genes
encode the BRIP1 and CtIP proteins that interact with the
BRCA1 BRCT repeat through the B and C complexes, re-
spectively (8, 9). As the BRIP1-deficient Fanconi anemia patient
was 4.6 y of age at the sampling and we have previously shown
that the CSR pattern differs between children and adults [with
more MH use in children (23)], the Sp—Sa junctions from the
patient were compared with those derived from healthy children
(1-13 y old) (23, 33). There was a slightly increased use of MH at
the CSR junctions derived from the BRIP1-deficient patient.
More specifically, the changes were significant only when com-
bining the 4-6 bp and 7-9 bp groups (x* test, P = 0.022). Sur-
prisingly, the Sp—Sa junctions from a heterozygous parent showed
a more significant change, with increase in the use of long MHs as
well as a reduction of small insertions and direct joining (Table 1
and Fig. 3). The frequency of ISDs and inversions, however, were

BRCA1" x4 Eit m Direct end-joining
" ok ok ok m Small insertions
&
BRIPL . m 1-3bp MH
SCKL2 - * i
cup 1 IS m4-6bpMH
BRCA2" W3t e
. > * % * 210bp MH

RNF168"

Adult controls

BRIP1”

gﬂ-r

BRCA2”

Children controls

=)
&

20% 40% 60% 80%

Fig. 3. Frequencies of different repair patterns at CSR junctions. All groups
were compared with adult controls, except for BRCA2 ™'~ and BRIP1~~ patients,
who were compared with children controls (1-13 y). Statistical analysis was
performed using x? test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Table 2. Frequencies of I1SDs, inversions, and sequential switching at CSR junctions
Study subjects I1SDs (%) Inversions (%) Sequential switching (%) Total no. of S junctions
Sp—Sa
BRCA1*~ 85 (37)*1 9 (4)*1 8 (4) 227
BRIP1+/~ 11 (34) 0 (0) 1(3) 32
CtIpSKL2 2(14) 0 (0) 0 (0) 14
BRCA2*~ 14 (44) 2 (6)*1 1(3) 32
RNF1687~ 11 (42) 0 (0) 0 (0) 26
Controls, adults 78 (29) 2(1) 7 (3) 268
BRIP17/~ 15 (31) 1(2) 2 (4) 48
BRCA27/~ 8 (25) 1(3) 0 (0) 32
Controls, 1-13y 59 (32) 1(1) 3(2) 187
Sp—Sy
BRCA1+~ 59 (41)***1 3(2) 16 (11)**1 143
RNF168~"~ 8 (24) 0 (0) 7 (21)***q 33
Controls, adults 7 (12) 0 (0) 0 (0) 59

Statistical analysis was performed using y? test, and significant differences are indicated in bold. *P < 0.05, **P <
0.01, ***P < 0.001. All individuals were compared with adult controls (n = 31 for Sp-Sa junctions and n = 33 for Sp-
Sy junctions) for statistical analysis, except the BRIP1™~ and BRCA2™/~ patients, who were compared with controls

with younger ages (1-13 'y, n = 20).

largely normal in both the BRIP1-deficient patient and the het-
erozygous parent (Table 2).

In total, 14 Sp—Sa junctions were isolated from the two CtIP-
compromised Seckel syndrome patients. A significant increase in
the use of 4-6 bp MH was observed (Table 1 and Fig. 3). The
proportions of ISDs and inversions were, on the other hand, nor-
mal in these patients (Table 2). Taken together, the repair pattern
at the Sp—Sa junctions from the CtIP-compromised and BRIP1-
deficient patients and the parent with heterozygous mutations in
BRIPI showed some similarity with the BRCA1l-deficient indi-
viduals—that is, a shift in using the MH-mediated A-EJ. However,
the increased frequency of ISDs and inversions seems to be more
specific for BRCA1-deficient individuals.

Repair Pattern at CSR Junctions from BRCA2-Deficient Individuals.
BRCA?2 is another breast and ovarian cancer susceptibility gene,
which encodes a protein that is known to be important for HR,
but has not been implicated in NHEJ (34). It forms a complex
with BRCA1 and PALB2 through the BRCA1 coiled-coil domain.
Sp—Sa junctions from a Fanconi anemia patient with compound
heterozygous mutations in BRCA2 were analyzed, and these
junctions had a slightly elevated MH use and reduced frequency of
direct joining compared with the children controls, albeit not to
asignificant degree (Table 1 and Fig. 3). The Sp—Sa junctions from
the heterozygous mother, who developed breast cancer at 38 y of
age, showed a similar repair pattern as adult controls. Thus, it
seems that the role of BRCA1 in NHE] is independent from its
interaction with BRCA2. Nevertheless, the frequency of inver-
sions at CSR junctions was significantly elevated in the BRCA2
heterozygous mother (Table 2).

Altered Pattern of CSR Junctions from RNF168-Deficient Cells. Several
studies have shown an involvement of BRCA1 and 53BP1 in
DSB repair pathway choice, where 53BP1 promotes NHEJ and
BRCAL facilities end resection and HR (35-37). As 53BP1 has
also been implicated in NHEJ during CSR (2, 6, 38), it is some-
what surprising to observe that BRCA1 may have similar rather
than opposite function(s) during this process. CSR junctions from
B cells derived from an ataxia-telangiectasia-like patient were
thus studied, where the recruitments of 53BP1 and BRCA1 were
both affected, due to a lack of RNF168 protein in this patient
(39). The Sp—Sa junctions from the RNF168-deficient cells showed
a significant shift to the use of longer MHs, even more prominent
than that observed in the BRCA1-deficient cells (Table 1 and Fig.
3). The MH use at Sp—Sy junctions from patient’s cells was largely
similar to controls (SI Appendix, Table S3). However, the fre-
quency of sequential switching was markedly increased in the
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RNF168-deficient cells, again more prominent than that observed
in the BRCAl-deficient cells (Table 2). Thus, in contrast to the
previous finding that the HR defect observed in BRCA1-deficient
cells can be rescued by knockdown of 53BP1 (36, 37), the com-
bined deficiency in BRCAIL and 53BP1 resulted in a more severe
NHE]J defect during CSR (SI Appendix, Fig. S2).

Discussion

The involvement of BRCA1 during NHEJ has been unclear, with
studies showing that BRCA1 promotes, inhibits, or has no effect
on the process (11-18). All previous experiments on the partic-
ipation of BRCAI in NHEJ have been performed in in vitro
systems, such as cell lines or cell-free extracts. In this paper, we
have analyzed the function of BRCA1 in NHEJ in a more phys-
iological setting, by characterizing the recombination breakpoints
derived from in vivo switched B cells in individuals with delete-
rious mutations in BRCAI. The pattern of these CSR junctions
showed a shift from direct end-joining to MH-dependent repair,
suggesting that BRCA1 may promote the c-NHEJ pathway and/or
inhibit the resection/MH-mediated A-EJ pathway. An indirect
role of BRCAL1 on CSR through regulation of transcription of
genes encoding proteins important for CSR, such as AID, BER,
and c-NHEJ factors or DDR proteins including 53BP1, was ex-
cluded by mRNA expression analysis in BRCA1-deficient sam-
ples (SI Appendix, Figs. S3 and S4). BRCAL is, however, unlikely

VDI Sp Cu C8 Sy3Cy3 Syl Cyl SalCal 842 Cy2 Sy Cyd Se Ce Sa2Cal
N — - - - - - -

l \ \ Break + 6bp  Break +1bp

duplication  duplication
Sy e— s
(1-269) (2441-2535)

i{ Break and sequential
switching to TgA1
(1-269) (2441-2535)

Sal
(1868-2583)

I $SEEE
(1868-1900) (1894-2129) (2129-2583)
\ Inversion

[ 3 o Bl PE—
(1-269) (2441-2479) (1868-1900) (2129-1894) (2129-2583)

Sp $y3 Sal Sal(r) Sal
/ \I
2bp MH 2bp insertion Obp MH 4bp MH

269 1868 1900 2129

Sp oo TOEACTGAGCTGAGCTGRACTGACCTGGECT . - TAAGCTGRGCTGACTTGTGCTCo0

Recombination

erafETjesTTrosTIGACATGACT §

P69 CTCOAGIOCTGALGTOUACTAGCTO0CY. . -TAMGGTGRCAGCTCAGOSTAGETCAG,

Sy3 o ACOCAGOCAGCTCARCCTAGCTCAG. . . COCMCTITAGCTTAGCCCAGITCAST S0t | (Tev)

2441 2479 2028 1891
Fig. 4. An example of CSR junction containing sequential switching, ISDs,
and inversion. Symbols are explained in the Fig. 2 legend.
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to be a component of the core NHEJ machinery, but instead
might modulate the NHEJ pathway through a number of mech-
anisms, as discussed below.

First, BRCA1 may regulate NHEJ through interactions with
the key NHEJ component Ku80. Mediated by its N terminus,
BRCAL seems to stabilize the binding of Ku80 to DSBs (11, 12).
In the absence of Ku binding, DSBs are preferentially repaired
by A-EJ (29).

Second, the functional roles of BRCA1 during NHEJ could be
executed through its BRCT repeats that interact with a number
of DNA repair factors. The CSR junctions from the heterozy-
gous BRIP1- and CtIP-compromised individuals showed a sig-
nificant increased use of longer MHs but not as dramatic as those
observed from the BRCA1 BRCT-affected individuals. Thus,
binding to BRIP1 or CtIP alone does not seem to explain the
involvement of the BRCA1 BRCT repeats during NHEJ; instead,
there could be a combined effect of impaired formation of several
distinct complexes that have varying functions. The BRCT
repeats containing A (Abraxas/RAP80/BRCC36) (40) and B
(BRIP1) (41) complexes have both been shown to inhibit re-
section through interaction with MRE11 and/or CtIP, whereas
the C (CtIP) complex appears to promote resection and A-EJ
(42). Accordingly, one of the functions of BRCA1 during NHEJ
could be to modulate the resection process and thus affect the
choice between c-NHEJ and A-EJ. This is furthermore supported
by the increase in ISDs, which have been suggested to be caused
by extensive resection at the DSBs in the S regions, in BRCA1-
deficient B cells (32).

Third, BRCA1 may potentially affect NHEJ during CSR through
chromatin remodeling (43). It has been proposed that DDR pro-
teins, including H2AX, ATM, and 53BP1, could induce chromatin
conformational changes that facilitate synapsis between distant
S regions (44-46). This has been supported by the increased fre-
quency of ISDs in B cells from mice deficient in the above-men-
tioned proteins (27, 28, 30). BRCA1 might thus collaborate with
other DDR factors, such as ATM, which is part of BRCA1-asso-
ciated genome surveillance complex, to induce changes in chro-
matin that would promote long-range repair during CSR.

Our results from CtIP-compromised patients differ from pre-
vious studies, where a reduction or no change in MH use has been
observed at CSR junctions derived from a mouse B-cell line
treated with CtIP shRNA (42) or from CtIP-depleted mouse B
cells (32). It should be noted that the Seckel syndrome patients in
our study did not carry null mutations. Instead, cells from our
patients expressed normal levels of wild-type CtIP and, in addi-
tion, C-terminal truncated protein with an intact BRCA1 inter-
acting site (44). Hence, the CtIP-BRCA1 complex would be
expected to form in patients’ cells, but the resection mechanism
would be hampered due to the incorporation of truncated CtIP
into the CtIP homodimers. Thus, in contrast to the CtIP-depleted
mouse models, CtIP-mediated resection might still occur in the
cells from the patients, albeit with lower efficiency, which could
possibly favor intermediate lengths of MHs at the CSR junctions.

BRCAZ2 seems to be less important than BRCAL1 for c-NHEJ.
The balance between the direct end-joining and MH-mediated
A-EJ at CSR junctions from the BRCA2-deficient patients and
the individual with a mutation affecting the BRCA1 coiled-coil
domain, which is necessary for formation of the BRCA1/PALB2/
BRCA2 complex, was not significantly altered. However, CSR
junctions from these individuals showed a similar increased fre-
quency of inversions as those from the other BRCA1-deficient
cells, suggesting that both BRCA1 and BRCA2 might be involved
in preventing these events. It is unclear, however, whether an
increased frequency of inversions is due to an NHEJ defect or
rather due to general chromosomal instability in BRCA1- and
BRCAZ2-deficient cells as a result of impaired HR. Although
AlID-induced breaks are believed to be repaired during the G1
cell-cycle phase by NHEJ, some of these breaks may persist to the
S/G2 phases and are expected to be repaired by HR (45-47). It is
therefore possible that an HR defect in these cells contributes to
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an elevated level of unrepaired DSBs, which might increase the
chance for unconventional joining through inversions.

Several recent studies have suggested a central function for
BRCAL in the choice of repair pathways, through promotion of
resection and HR during the S/G2 cell-cycle phases (35-37).
Thus, it might seem contradictory that BRCA1 could also inhibit
resection and promote NHEJ during the G1 cell cycle. However,
several DNA repair proteins have opposing functions during HR
and NHEJ, including ATM, H2AX, BLM, and RIF1 (48, 49).
Furthermore, by studying RNF168-deficient cells, we showed
that combined deficiency of 53BP1 and BRCAL1 did not rescue
the NHEJ defect, as it did for HR. Our results highlight the
complexity of the DNA repair machinery. With new cancer ther-
apies, such as poly(ADP ribose) polymerase inhibitors (50), tar-
geting specific DNA repair pathways, it is important to delineate
the functional properties of each DDR/repair factor in different
contexts, including cell-cycle stages.

The tumor-suppressing activity of BRCA1 has mainly been
attributed to its roles in HR and checkpoint control (9, 10). In
light of our findings here, the involvement of BRCAL1 in regu-
lating the NHEJ pathway may also contribute to its cancer-pre-
venting function. The importance of efficient repair through
NHE]J, especially in lymphocytes, becomes evident when studying
mice double deficient for p53 and any of the c-NHEJ factors, as
most of them develop aggressive lymphomas that often harbor
translocations involving the Ig loci (51). Moreover, we have pre-
viously shown that DNA repair genes are frequently mutated in
human B-cell lymphomas, and NHEJ mutations are associated
with IgH translocations in these tumors (52). With the contribu-
tion of BRCA1 to both HR and NHEJ, two repair pathways that
are important for the maintenance of genome stability and reso-
lution of AID-induced DSBs during CSR, BRCA1 could function
as a tumor suppressor in mature B cells. Accordingly, one of the
most common tumors observed in BRCA1-deficient mouse mo-
dels is lymphoma (20). Furthermore, by going through our re-
cently published coding genome sequencing data on 31 diffuse
large B-cell lymphomas (53) as well as data from an additional 22
germinal center-related B-cell lymphoma cases, we have observed
a number of somatic and germ-line mutations or rare SNPs in
BRCAI in these samples, including a germ-line, pathogenic frame
shift mutation (p.Q1111fs) (SI Appendix, Table S4). Notably, CSR
junctions from several of these patients showed a similar skewed
repair pattern as those from the BRCA1-deficient patients with-
out lymphoma (S1 Appendix, Table S5). Furthermore, somatic and
germ-line mutations were also found in BRCA2, BRIP1, PALB?2,
UIMCI (RAPS80), and FAM175A (Abraxas) in a number of sam-
ples, including nonsense mutations in BRCA2 (p.P3063X) and
BRIPI (p.R162X). BRCA1, BRCA2, and related FA pathway
genes might thus also be good candidates for cancer-susceptibility
genes in B-cell lymphomas, although further screening of varia-
tions in these genes in a larger cohort of patients will be required.
Taken together, BRCAL1 and its interacting proteins, through their
functions in HR and NHEJ, may play an important role in main-
taining the chromosome/genome stability and thus in preventing
tumorgenesis in mature B lymphocytes.

Materials and Methods

BRCA1-, BRCA2-, BRIP1-, and RNF168-Deficient and CtIP-Compromised Patient
Samples. Fifteen individuals carrying heterozygous mutations in BRCA1 (P1-P15)
(Fig. 1), two Fanconi anemia patients (P16 and P17), two previously described
Seckel syndrome patients (P18 and P19) (54), and one RNF168-deficient patient
(P22) presented with ataxia, microcephaly, and immunodeficiency (39) were
included in the study. P16, who carried compound heterozygous mutations in
BRCAZ2, presented with intrauterine growth retardation, short stature, and de-
veloped acute myelocytic leukemia at 21 mo of age (55). P17 carried homozy-
gous mutations in BRIPT (56). P18 and P19 presented with dwarfism, micro
cephaly, and café au lait spots and carried homozygous SCKL2 mutations, which
consist of a splice mutation in the RBBP8 gene, encoding CtIP. In addition, the
heterozygous parents of P16 and P17 were also studied (P20 and P21). The
details of mutations, age at sampling, and cancer status for P1-P22 are
shown in S/ Appendix, Table S1. Four lymphoma patients with mutations in
BRCAT1 (described in S/ Appendix, Table S4, and Fig. 1) were furthermore
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studied. Finally, 14 newly recruited healthy adult blood donors were in-
cluded in the study as controls. The institutional review board at Karolinska
Institutet approved the study.

Characterization of in Vivo Switch Recombination Junctions. The recombina-
tion junctions were characterized as previously described (2, 21). The se-
quences around the recombination breakpoints (+25 bp) from BRCA1-,
BRCA2-, BRIP1-, and RNF168-deficient and CtIP-compromised individuals, as
well as from controls, are shown in S/ Appendix, Fig. S5.
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