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Abstract
The breast cancer gene, BRCA2, is essential for viability, yet patients with Fanconi anemia-D1 subtype are born alive with
biallelicmutations in this gene. The hypomorphic nature of themutations is believed to support viability, but this is not always
apparent. One suchmutation is IVS7+2T>G, which causes premature protein truncationdue to skipping of exon 7.Wepreviously
identified a transcript lacking exons 4–7, which restores the open-reading frame, encodes a DNA repair proficient protein and is
expressed in IVS7+2T>G carriers. However, because the exons 4–7 encoded region contains several residues required for normal
cell-cycle regulation and cytokinesis, this transcript’s ability to support viability can be argued. To address this, we generated a
Brca2 knock-in mouse model lacking exons 4–7 and demonstrated that these exons are dispensable for viability as well as
tumor-free survival. This study provides the first in vivo evidence of the functional significance of a minor transcript of BRCA2
that can play a major role in the survival of humans who are homozygous for a clearly pathogenic mutation. Our results
highlight the importance of assessingprotein function restoration by premature truncating codonbypass byalternative splicing
when evaluating the functional significance of variants such as nonsense and frame-shift mutations that are assumed to be
clearly pathogenic. Our findings will impact not only the assessment of variants that map to this region, but also influence
counseling paradigms and treatment options for such mutation carriers.
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Introduction
BRCA2, a tumor suppressor located on chromosome 13 encodes a
340 kDa protein consisting of 3418 amino acids (1). Mutation of
BRCA2 is predominantly associated with an increased risk of fa-
milial breast cancer. Inheritance of a deleterious BRCA2mutation
increases the lifetime risk of developing breast and ovarian can-
cer to 88 and 27%, respectively (2) while also increasing the risk of
developing primary contralateral breast cancer (3,4). Mutation
carriers also have an increased lifetime risk ofmale breast cancer
(6.8%), pancreatic (4–8%) and prostate cancer (10.9–20.2%) (5,6).
Functionally, BRCA2 plays an important role in homologous re-
combination to repair DNA double-strand breaks (DSB) through
its interaction with DNA recombinase RAD51 (7,8). BRCA2 is
also required for the protection of stalled replication forks
(9,10). Defects in these functions result in genomic instability
that contributes to tumor development.

BRCA2 is also the gene (FANCD1) that underlies the FA-D1 sub-
type of Fanconi anemia (FA), which is a rare autosomal recessive
disorder characterized by bone marrow failure and developmen-
tal abnormalities. A total of 19 FA complementation groups have
been identified to date (11–13). Although FA-D1 accounts for only
2% of FA cases, patients exhibit more severe clinical symptoms
compared with other FA complementation groups (14). BRCA2
mutations are usually found in a heterozygous state in breast,
ovarian, pancreatic or other cancers, where the loss of wild-
type allele facilitates neoplastic transformation. However, indivi-
duals with FA-D1 carry biallelic BRCA2 mutations, which can be
either homozygous or compound heterozygous. Although such
individuals succumb to hematopoietic disorders and cancers
within the first decade of life (15–17), their ability to survive has
been puzzling because studies in mice have demonstrated that

BRCA2 is essential for normal embryonic development and via-
bility (7,18). It is believed that at least one of the compound het-
erozygote mutant alleles of BRCA2 is hypomorphic, i.e. retains
partial function, as mice carrying such alleles are viable and in
some cases fertile (19,20).

IVS7+2T>G is a splice-site mutation in intron 7 of BRCA2 that
causes skipping of exon 7 resulting in a frame-shift, which gener-
ates a premature truncating stop codon in exon 9 (21). At least two
children homozygous for IVS7+2T>G are reported to have been
born alive (22). We previously identified a novel splice variant
lacking exons 4–7 (BRCA2Δex4–7) that was expressed at relatively
high levels in cells with the IVS7+2T>G mutation (23). This dele-
tionwas predicted to bypass the premature stop codon and result
in a stable protein with an internal deletion of 105 amino acids
(residues 107–211, BRCA2Δ105). These residues contain multiple
evolutionarily conserved sites that are phosphorylated selective-
ly during mitosis by Polo-like kinase1 (PLK1) (Fig. 1A–C) (24); the
region also has several putative CDK1 phosphorylation sites.
Knockdown of BRCA2 has been shown to abrogate G2 checkpoint
causing cells to entermitosis in the presence of DNAdamage (25).
This premature entry was blocked by inhibition of PLK1 activity
(25). Also, phosphorylation of Serine193, which is lost in
BRCA2Δ105, has been shown to be required for the localization of
BRCA2 to the midbody and normal cytokinesis (26).

Using a mouse embryonic stem (mES) cell-based functional
assay, we demonstrated the hypomorphic nature of IVS7+2T>G
based on the ability of BRCA2Δ105 to rescue the lethality of Brca2
null mES cells, albeit with reduced efficiency compared with
WT BRCA2 (23). We found BRCA2Δ105 to be proficient in RAD51 re-
cruitment aswell as repair of DSB by homologous recombination.
Furthermore,we found the BRCA2Δex4–7 transcript to be expressed

Figure 1. Human BRCA2 protein showing the distribution of PLK1 phosphorylation sites and their evolutionary conservation. (A) Schematic representation of BRCA2

protein showing its functional domains and binding partners. The 105-amino acid region containing multiple PLK1 (Ser 193, a widely studied PLK1 phosphorylation

site is highlighted in red) and CDK1 phosphorylation sites and region deleted in BRCA2Δ105 is marked by a red box. BD, binding domain; HD, Helicase Domain; OB1,

OB2 and OB3, oligonucleotide-binding folds 1, 2 and 3. (B) A sequence of 284 N-terminal amino acids of BRCA2; residues highlighted in yellow are in BRCA2Δ105. CDK1

phosphorylation sites highlighted in green and PLK1 phosphorylation sites in bold. Residue T77, in bold, is phosphorylated by CDK1. (C) Evolutionary conservation of

PLK1 phosphorylation sites.
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in the fibroblasts of a patient who was compound heterozygous
for IVS7+2T>G, but its expressionwas down-regulated in leukem-
ic cells (23). Whether the loss of the BRCA2Δex4–7 transcript is the
cause or effect of disease progression, is not known.

Based on our results demonstrating that the protein encoded
by the BRCA2Δex4–7 transcript is proficient in DNA repair functions
of BRCA2,wehypothesized that this transcript support the viabil-
ity of humans who are homozygous for IVS7+2T>G mutation. To
test this, we have now generated a knock-in mousemodel with a
targeted deletion of Brca2 exons 4–7. Our results show that at the
level of expression achieved in these mice, the transcript lacking
exons 4–7 can indeed support viability. Interestingly, on a Trp53
mutant background, thesemice exhibited an increase in the inci-
dence of lymphomas and an increase in γH2AX foci in hemato-
poietic progenitor cells. We used mES cells to mechanistically
examine how the loss of the 105 amino acids can contribute to
the phenotypes observed in mutant mice. The functional rele-
vance of an alternatively spliced transcript described here will
impact the risk assessment of truncating mutations identified
not only in BRCA2, but other genes aswell. Our findings also high-
light the need to exercise caution when patients carrying poten-
tially pathogenic splicingmutations are offered targeted therapy.

Results
Brca2Δex4–7 knock-in mice are viable and fertile

We assessed the ability of the BRCA2Δex4–7 transcript to support
viability of humans by generating a knock-in mouse model. We
replaced exons 4–7 with a loxP-Neo-loxP cassette in mES cells
(Supplementary Material, Fig. S1A and B). We used targeted ES
cells to generate Brca2Δex4–7-Neo heterozygous mice. We, then, ex-
cised the Neo cassette by crossing these mice with β-actin Cre
transgenic mice and obtained Brca2Δex4–7/+ mice (Supplementary
Material, Fig. S1C). Expression of Brca2 transcriptwith proper spli-
cing from exon 3 to exon 8was confirmed by sequencing (Supple-
mentary Material, Fig. S1D and E). Brca2Δex4–7/+ mice were
intercrossed to obtain Brca2Δex4–7/Δex4–7mice. Thesemicewere ob-
tained at expected Mendelian ratio, which supports our hypoth-
esis that the Brca2Δex4–7 transcript, at least when expressed at the
levels of endogenous Brca2, can support viability inmice (Supple-
mentary Material, Table S1). Both males and females were fertile
and phenotypically indistinguishable from WT and Brca2Δex4–7/+

littermates. To examine the effect of expressing Brca2Δex4–7 allele
in a hemizygous state, we also crossed Brca2Δex4–7/+ mice with
Brca2Ko/+ mice that carry Brca2 null allele (referred to as Ko) to ob-
tain Brca2Δex4–7/Ko mice (7). These mice were obtained at the ex-
pected Mendelian ratio (Supplementary Material, Fig. S2 and
Table S2), and were also viable, fertile with no apparent develop-
mental defect.

We examined the mouse embryonic fibroblasts (MEFs) de-
rived from Wt and Brca2Δex4–7/Δex4–7 and Brca2Δex4–7/ko embryos
and found normal RAD51 foci formation (Supplementary Mater-
ial, Fig. S3A and B), which was consistent with previous observa-
tions in mES cells (23).

Loss of exons 4–7 does not affect bone marrow
hematopoietic homeostasis

To examine if loss of exons 4–7 has any deleterious effect on the
hematopoietic system,we examined the peripheral blood aswell
as the bone marrow cells. Complete peripheral blood analysis of
8-week-old mice revealed that the red blood cell, white blood
cell, monocyte and neutrophil counts in Brca2Δex4–7/Δex4–7 and

Brca2Δex4–7/Ko mice were within the normal range and similar to
the control groups (Supplementary Material, Fig. S4A). To exam-
ine the effect of exons 4–7 loss on bonemarrow homeostasis, we
isolated mononuclear cells from femur marrow of 8-week-old
mice (Wt, Brca2+/Ko, Brca2Δex4–7/Δex4–7 and Brca2Δex4–7/Ko) and ana-
lyzed them by flow cytometry.We did not observe any difference
in the bone marrow cellularity, lineage negative or progenitor
cells across various genotypes. In addition, the percentage of im-
mature, pre-B and B-cell populations, myeloid cells and erythro-
cytes at various stages of maturation were similar, suggesting
that differentiation of Hematopoietic stem cells (HSCs) into the
various lineages was not affected by the loss of the 105-amino
acid region (Supplementary Material, Fig. S4B–D).

We also examined the effect of irradiation (IR) on the bone
marrow stem and progenitor cells of mutant and control mice.
While there was no difference in the stem cell compartment in
terms of DNA damage and proliferation across various genotypes
(Supplementary Material, Fig. S5A, left), a significant increase in
DNA damage was seen in more committed progenitors (Lin−Sca-
1−Kit+) of Brca2Δex4–7/Ko mice compared with WT (P = 0.0133) and
Brca2Δex4–7/Δex4–7 (P = 0.0301) mice, (Supplementary Material,
Fig. S5A, top left). An increase in Ki67 staining intensity indicat-
ing increased proliferation was also observed in Brca2Δex4–7/Ko

compared with WT mice (P = 0.0423) (Supplementary Material,
Fig. S5A, lower left). However, the increase in DNA damage and
proliferation in Brca2Δex4–7/Ko progenitor cells did not reveal any
significant difference in the growth kinetics of mononuclear
cells isolated from femurs of unirradiated (Supplementary Ma-
terial, Fig. S5B, top) compared with irradiated mice of various
genotypes (Supplementary Material, Fig. S5B, lower).

To examine if the increase in IR-induced DNA damage ob-
served in vitro in more committed progenitors (Lin−Sca-1−Kit+)
cells affected the survival of mice, we exposed mice to 8 Gy
whole body IR. About 50% of Wt mice die at this dose. We found
no difference in the survival of Brca2Δex4–7/Δex4–7 and Brca2Δex4–7/Ko

mice compared with Wt littermates (Supplementary Material,
Fig. S5C). Similarly, we observed no defect in the ability of
stem cells to repopulate the bone marrow in response to the
depletion of proliferating hematopoietic cells by treating
the mice with 5-fluorouracil (5-FU) (Supplementary Material,
Fig. S5D).

Loss of exons 4–7 does not affect tumor susceptibility of
Brca2Δex4–7/Δex4–7 and Brca2Δex4–7/Ko mice

Toexamine theeffect of thedeletionof exons4–7on tumorigenesis,
we aged a cohort of Brca2Δex4/+, Brca2Δex4–7/Δex4–7 and Brca2Δex4–7/Ko

mice, 20 mice of each genotype for 30 months. These mice exhib-
ited a median survival of 23–26 months. We observed no signifi-
cant difference in the tumor-free survival of mice of the three
genotypes (Fig. 2A, upper). Overall, the tumor spectrum of these
mice was also similar (Fig. 2B and C). We concluded that the loss
of the region encoding the 105 amino acids is not essential for
the tumor suppressor function of BRCA2. It is known that the effect
of BRCA2 loss on tumorigenesis ismore evident on a Trp53 hetero-
zygous background, which provides a cellular environment that
promotes cell proliferation (27). Therefore, we crossedmice lacking
exons 4–7 to Trp53Ko/+ mice to obtain Brca2Δex4–7/+;Trp53Ko/+ and
Brca2Δex4–7/Δex4–7;Trp53Ko/+ mice. Brca2Δex4–7/Ko mice were not in-
cluded in this study becausewe have not observed any significant
difference in Brca2Δex4–7/Δex4–7 and Brca2Δex4–7/Ko mice. Twenty mice
of each genotype were aged for 24 months. Mice on a Trp53Ko/+

background exhibited shorter survival rate, as themedian survival
timewas 17–18months,which is 6–8months less than theTrp53+/+
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cohort (Fig. 2A, lower). However, the survival of Brca2Δex4–7/+;
Trp53Ko/+ and Brca2Δex4–7/Δex4–7;Trp53Ko/+ mice was not significantly
different. Interestingly, when we examined the cause of death,
we found that 47% of Brca2Δex4–7/Δex4–7;Trp53Ko/+ mice succumbed
to hematopoietic neoplasm, solely lymphomas, while 11 and 6%
of Brca2Δex4–7/+;Trp53Ko/+mice developed lymphoma andhistiocytic
sarcoma, respectively (Fig. 2B). Sarcoma was the second leading
cause of death, however, no difference in incidence was seen be-
tween genotypes. Interestingly, while 17% of Brca2Δex4–7/+;Trp53Ko/+

mice developed solid tumors none was seen in Brca2Δex4–7/Δex4–7;
Trp53Ko/+ or Brca2Δex4–7/Δex4–7 mice. A widespread increase in
hematopoietic neoplasia in multiple organs was also observed
in Brca2Δex4–7/Δex4–7;Trp53Ko/+ mice compared with other genotypes
(Supplementary Material, Fig. S6).

Brca2Δex4–7/Δex4–7;Trp53Ko/+ mice exhibit signs of bone
marrow attrition with age

We examined bone marrow of older mice to determine whether
the increased incidence of lymphoma in Brca2Δex4–7/Δex4–7;Trp53Ko/+

could be attributed to an increase in bone marrow attrition. We
assessed the cellularity, DNA damage (γH2AX staining and foci
formation) and proliferation (Ki67 staining) in the HSC compart-
ment of the bone marrow of three 16–18-month-old Brca2Δex4–7/+;
Trp53Ko/+ and three Brca2Δex4–7/Δex4–7;Trp53Ko/+ mice aged 14–21
months (Fig. 3A).We found that while the bonemarrow cellularity
was similar between the two groups, Brca2Δex4–7/Δex4–7;Trp53Ko/+

mice had a 1.9-fold reduction in the number of lineage-negative
cells (Fig. 3B), which translated to a significant reduction in the
long-term stem cells, and a mild reduction in the short-term
stem cells as well as multipotent progenitor cells (Fig. 3C).
Although flow cytometric analysis was unable to discern
differences in levels of DNA damage between the two groups
(Fig. 3D), immunofluorescence analysis of γH2AX foci formation in
multipotent progenitors, however, showed a 2-fold increase
in γH2AX:DNA ratio demonstrating an increase in DNA damage
in Brca2Δex4–7/Δex4–7;Trp53Ko/+ aged mice (Fig. 3E).

ES cells expressing BRCA2Δ105 reveal aberrant cell-cycle
regulation and genomic instability after IR

Given the normal RAD51-mediated DNA repair in cells expressing
BRCA2 lacking 105 amino acids, an increase in γH2AX foci inmulti-
potent progenitors was puzzling. We used mES cells that lack en-
dogenous mouse Brca2, but express human WT BRCA2 or
BRCA2Δex4–7 transgenes cloned in a bacterial artificial chromosome
(BAC) to determine the cause of increase in γH2AX foci formation.
Two previously generated Brca2Ko/Ko;BRCA2Δex4–7 BAC Tg mES cell
clones (here on referred to as BRCA2Δex4–7) and Brca2Ko/Ko;BRCA2WT

BAC Tg control cells (here on referred to as WT) were irradiated
(6 Gy), harvested at 6 h intervals and assessed for cell-cycle pro-
gression by flow cytometry after PI staining (23). The percentage
of cells in various phases of cell cycle at all timepointswere similar
in unirradiated asynchronous cultures of WT and BRCA2Δex4–7

Figure 2. Brca2Δex4–7/Δex4–7;Trp53Ko/+ mice exhibit increased occurrence of lymphomas, solid tumors and other hematopoietic and proliferative abnormalities. (A) The

Kaplan–Meier plot showing tumor-free survival of Brca2Δex4–7/+, Brca2Δex4–7/Δex4–7 and Brca2Δex4–7/Ko mice (10 males and 10 females/genotype) on a Trp53+/+ (upper panel;

Over all: χ2 = 4.226, P = 0.1209) and Brca2Δex4–7/+;Trp53Ko/+ and Brca2Δex4–7/Δex4–7;Trp53Ko/+ (lower panel; over all: χ2 = 1.730, P = 0.4210). (B) Incidence of hematopoietic

neoplasm (Brca2Δex4–7/+ versus Brca2Δex4–7/Ko, P = 0.7206; Brca2Δex4–7/+;Trp53Ko/+ versus Brca2Δex4–7/Δex4–7;Trp53Ko/+, P = 0.0789), (C) Sarcoma and solid tumor (Brca2Δex4–7/+;

Trp53Ko/+ versus Brca2Δex4–7/Δex4–7;Trp53Ko/+, P = 0.1050 for solid tumor). N = confirmed pathology per genotype.

1937

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw066/-/DC1


| Human Molecular Genetics, 2016, Vol. 25, No. 10

mutant cells. However, while the majority of WT cells
accumulate at G2/M phase following IR, a significantly
reduced the number of BRCA2Δex4–7 cells were in G2/M phase
(84 versus 61% at 12 h and 80 versus 51% at 18 h post-IR P≤ 0.0001)
(Fig. 4A). This suggests that BRCA2Δex4–7 cells are less prone to
arrest cell-cycle progression in response to IR induced DNA
damage.

Next, we examined whether the reduction in the number of
mutant cells at G2/M was because the cells progressed through
the cell cycle in the presence of DNA damage. We pulse labeled
the cells with BrdU for 20 min post-IR (6 Gy), harvested every

6 h and analyzed the cell cycle profile after BrdU and PI staining
(Fig. 4B). While unirradiated asynchronous WT and BRCA2Δex4–7

cells exhibited similar cell-cycle profile, upon IR 28% of BrdU la-
beled BRCA2Δex4–7 cells were in G0/G1 phase in contrast to only
12% of WT cells, indicating that BRCA2Δex4–7 cells continued to
cycle even in the presence of damaged DNA.

To determine whether the precocious exit from G2/M phase
affected genomic stability, both WT and BRCA2Δex4–7 mouse ES
cells were given a low dose of IR (2 Gy) because 6 Gy affected via-
bility of cells. Surviving colonies were grown for two passages
and global chromosomal analysis was performed. BRCA2Δex4–7

Figure 3. Brca2Δex4–7/Δex4–7;Trp53Ko/+ mice undergo HSC depletion. (A) Representative FACS analysis of bone marrow mononuclear cells stained with antibodies against

lineage markers [to identify lineage (Lin) negative cells, c-Kit and Sca (to identify stem and progenitor cells), γH2AX and Ki67. CD150 and CD48 were used to analyze

and sort Lin− Sca+ Kit+ cells into long-term (LT), short-term (ST) and multipotent progenitors (MPP). (B) Comparison of total number of mononuclear cells harvested

from bone marrow following gradient separation (post-LSM) and percentage of Lin− cells in Brca2Δex4–7/+;Trp53Ko/+ and Brca2Δex4–7/Δex4–7;Trp53Ko/+ (n = 3 mice/genotype).

(C) Comparison of LT, ST and MPP cell population, extrapolated as part of total mononuclear cells harvested from whole bone marrow, between Brca2Δex4–7/+;Trp53Ko/+

and Brca2Δex4–7/Δex4–7;Trp53Ko/+ (n = 3 mice/genotype). (D) Comparison of the presence of DNA damage (γH2AX) and proliferation (Ki67) staining in stem (Lin− Sca+ Kit+)

and progenitor (Lin− Sca− Kit+) cells of Brca2Δex4–7/+;Trp53Ko/+ and Brca2Δex4–7/Δex4–7;Trp53Ko/+ (n = 3 mice/genotype). (E) Representative images of Brca2Δex4–7/+;Trp53Ko/+ and

Brca2Δex4–7/Δex4–7;Trp53Ko/+ FACS sorted MPP cells stained with γH2AX-Alexa488 and DAPI (left panel). Right panel shows ratio of Alexa488:DAPI as a measure of levels of

DNA damage present in Brca2Δex4–7/+;Trp53Ko/+ and Brca2Δex4–7/Δex4–7;Trp53Ko/+ MPP cells (n = 2 mice/genotype).
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cells exhibited a marked increase in chromosomal aberrations
compared with WT cells (Fig. 4C and D, Supplementary Material,
Fig. S7). Taken together, these results suggest that the failure of

BRCA2Δex4–7 ES cells to effectively arrest in G2/M phase in re-
sponse to DNA damage results in chromosomal abnormalities
leading to genomic instability.

Figure 4. Defects in maintaining G2/M arrest and genomic stability in mES cells expressing BRCA2Δex4–7. (A) FACS analysis of PI stained mES cells expressing WT and

BRCA2Δex4–7. (B) Cell-cycle profile of BrdU and PI-stained unirradiated and 6 Gy irradiated mES cells expressing WT and BRCA2Δex4–7 (left panel). DNA content analysis

of the G2/M fraction of BrdU and PI-stained cells. (C) Representative metaphase spread of irradiated WT and BRCA2Δex4–7 mES cells. (D) Quantification of chromosomal

aberrations observed in mES cells expressing WT and BRCA2Δex4–7 (WT versus BRCA2Δex4–7, P = <0.001); N = 60 metaphase per genotype. Scheme of experimental design

is shown at the top of each panel.
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BRCA2Δex4–7 mES cells have aberrant activation of PLK1
after IR

PLK1 is activated via phosphorylation at residue Thr210 during
G2/M progression. Phosphorylated PLK1 activates CDC25 phos-
phatases that remove the inhibitory phosphorylation on the
CDK1/Cyclin B complex that drives cells through mitosis (28).
To determinewhether PLK1 activity contributes to the premature
exit from IR induced cell cycle arrest in BRCA2Δex4–7 cells, bothWT
and BRCA2Δex4–7 cells were irradiated (6 Gy) and treated with

250 n PLK1 inhibitor (BI2536) for 2 h, and mitotic cells were
trapped in 100 ng/ml nocodazole for 8 h (25). Cells were stained
for the mitotic marker phospho-histone H3 (Ser10) and analyzed
using flow cytometry to detectmitotic entry (29). Flow cytometric
analysis of asynchronous unirradiated cultures showed 31–36%
of cells of both genotypes were phospho-histone H3 positive.
However, after IR only 0.7% of WT cells were positive for phos-
pho-histone H3, whereas 14% of BRCA2Δex4–7 stained positive
(Fig. 5A, left panel). While PLK1 inhibition resulted in a mild

Figure 5. Aberrant activation of PLK1 following IR in BRCA2Δex4–7 expressing mES cells. (A) FACS analysis of phospho-histone H3 (Ser10) stained mES cells expressingWT,

BRCA2Δex4–7 and BRCA2S193Awith or without PLK1 inhibitor treatment, following IR. (B) Western blot analysis of total cell lysate frommES cells expressingWT, BRCA2Δex4–7

and BRCA2S193A showing total PLK1, activated PLK1-Thr210 and CDK1-Tyr15 levels at different time following release from nocodazole. (C) Densitometric analysis of

protein bands shown in (B), normalized against glyceraldehyde-3-phosphate dehydrogenase. The scheme of experimental design is shown at the top of each panel.
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increase in phospho-histone H3-positive cells (36–45%) in unirra-
diated cultures across cell lines, it caused a significant reduction
in irradiated cultures. BRCA2Δex4–7 cells showed a 3.5-fold de-
crease in phospho-histone H3 positive cells (4%) while, similar
to irradiated culture without PLK1 inhibition, almost no phos-
pho-histone three positive cells (0.5%) were seen in WT cells
(Fig. 5A, right panel). These results suggest a defect in PLK1-
mediated regulation in BRCA2Δex4–7 cells.

To further examine whether the failure of BRCA2Δex4–7 cells to
arrest in G2/M in response to IR is indeed due to a defect in PLK1-
mediated regulation, we generated mES cells expressing BRCA2
with a serine to alanine change at position 193 (BRCA2S193A). S193
has been shown to be a PLK1 phosphorylation site (24). Similar to
theWTandBRCA2Δex4–7, 39%ofasynchronousunirradiated cells ex-
pressing BRCA2S193Awere phospho-histone H3 positive. After IR 5%
BRCA2S193A cells stained positive and again PLK1 inhibitor treat-
ment reduced the percentage of phospho-histone H3-positive
cells to 0.9% (Fig. 5A). Interestingly, compared with BRCA2Δex4–7

(4%) almost all BRCA2S193A (0.9%) cells were suppressed following
IR and PLK1 inhibition. These results suggest that a defect in
PLK1-mediated regulation of BRCA2 may contribute to the defect
in cell-cycle regulation observed in cells expressing BRCA2Δex4–7.

To determine how the expression and activation of PLK1 and
its downstream target, CDK1, is differentially regulated following
DNA damage, WT, BRCA2Δex4–7 and BRCA2S193A cells were irra-
diated (6 Gy) andmitotic cells were trapped in 100 ng/ml nocoda-
zole for 10 h. Nocodazole was then removed and cells were
cultured in regular media, and harvested every hour for 6 h and
analyzed for activated PLK1 (PLK1-Thr210) and CDK1 (CDK1-
Tyr15) levels by western blot analysis (Fig. 5B and C). In unirra-
diated culture, WT, BRCA2Δex4–7 and BRCA2S193A cells underwent
cell-cycle progression, upon release from nocodazole, as seen
by decreasing levels of total and activated PLK1, and increasing
levels of CDK1-Tyr15. IrradiatedWT cells, however, remained ar-
rested with 3-fold lower levels of activated PLK1-T210, up to 2 h
post release and consistent high levels of inhibitory CDK1-
Tyr15 (Fig. 5B). In addition, total PLK1 levels were similar to levels
in unirradiated cells at 0 h post-release, and were maintained up
to 6 h. This suggests that in theWT cells, PLK1 protein is present,
but in an inactive form following DNA damage (Fig. 5B and C). In
contrast, irradiated BRCA2Δex4–7 cells have high levels of PLK-
Thr210 upon nocodazole release, which decreased with time,
and a combined decrease in total PLK1 and CDK1-Tyr15 indicate
mitotic progression (Fig. 5B and C). Irradiated BRCA2S193A cells,
however, exhibited reduced total PLK1 and PLK1-Thr210 levels,
but maintained higher levels of CDK1-Tyr15 protein compared
with BRCA2Δex4–7, suggesting that less number of cells progressed
throughmitosis after IR. This observation was corroborated with
the lower number of phospho-histone H3-positive cells found in
irradiated BRCA2S193A (Fig. 5A).

BRCA2 has also been reported to play a role in cytokinesis.
However, the precise role of BRCA2 is unclear as some studies
have ruled out such a function (30) while others show defects in
assembly of midbody related structures and in the time taken
forabscission (26,31,32). Inparticular, it has been reported that dis-
ruption of S193 PLK1 phosphorylation site, prevents localization of
BRCA2 to the midbody, which is predicted to affect the midbody
formation and cytokinesis (26). Therefore, we examined the effect
of loss of exons 4–7 on cytokinesis in MEFs derived from Wt and
BRCA2Δex4–7/Δex4–7mice. We found no difference in the time taken
from anaphase to abscission between Wt and Brca2Δex4–7/Δex4–7

MEFs (Supplementary Material, Fig. S8A and B); the formation
of midbody was also not affected (Supplementary Material,
Fig. S8C).

Taken together, our results show that BRCA2Δ105 is proficient
in RAD51 recruitment and cytokinesis, and supports viability of
whole organism. The loss of the 105 amino acids lead to cell-
cycle perturbations in response to DNA damage, which may
play a chronic rather than an acute role in bone marrow attrition
under physiological condition.

Discussion
BRCA2 has been extensively sequenced in patients with a family
history of breast and/or ovarian cancer as a means of identifying
deleterious mutations that may account for the disease. Inherit-
ance of a deleterious or cancer-causing mutation avails the
mutation carrier to not only conventional surgery and chemo-
therapy, but also to adjuvant or neoadjuvant therapy options,
such as Poly (ADP-ribose) Polymerase (PARP) inhibitors (33). Muta-
tions that affect normal splicing and result in premature protein
truncation due to skipping of exon(s) are considered deleterious
mutations (34,35). While this is generally the case, occasionally
multiple splice variants are generated including some that restore
open-reading frame and result in a partially functional protein
(36). Classification of such variants is challenging (37). IVS7
+2T>G is one such splice site mutation, which is predicted to be
a null allele because it results in premature protein truncation
due to skipping of exon 7. Yet, some homozygous individuals are
born alive. It has been demonstrated that at least one aberrant
transcript lacking exons 4–7 is expressed in IVS7+2T>G carriers
and the protein encoded by this transcript is functional (23).

Our observation of reduced viability seen in cells expressing
BRCA2Δex4–7 (23) raised a serious concern whether this mutant
was indeed capable of supporting the viability of individuals
who are IVS7+2T>G homozygous. To address this, we generated
a knock-inmousemodel with a deletion of exons 4–7. Surprising-
ly, not only are the BRCA2Δex4–7/Δex4–7 as well as BRCA2Δex4–7/Ko

mice viable and born at expected Mendelian ratios, they do not
exhibit any developmental abnormalities. Both males and fe-
males are fertile and exhibit normal fecundity. These findings
show that exons 4–7 of BRCA2 are dispensable, and the preserved
functions of BRCA2Δex4–7 are sufficient for viability, fertility and
normal development of mice.

IVS7+2T>G mutation has been found in patients with FA, a
disease characterized by bone marrow failure resulting in bone
marrow exhaustion leading to leukemia, and an increased sus-
ceptibility to multi-site tumor development. To date the best
mousemodel for the FA-D1 subtype is the onewith a targeted de-
letion of exon 27 of Brca2 (Brca2Δ27) (38). Homozygous mutant
mice are viable and fertile, but have significantly increased over-
all tumor incidence and decreased survival. Thesemice exhibit a
marked proliferation defect in the hematopoietic progenitors and
in the self-renewingHSCs (39). In contrast, in Brca2Δex4–7/Δex4–7 and
Brca2Δex4-/Ko mice, homeostasis of peripheral blood components,
bone marrow cellularity, and homeostasis of hematopoietic
stem cell and committed progenitors were similar to Wt
mice when unchallenged. In irradiated mice, we observed an in-
crease in DNA damage and proliferation in the progenitor cells of
Brca2Δex4–7/Komice, but again, this increase did not contribute to a
difference in in vitro growth of mononuclear cells from irradiated
animals, or survival of animals following whole-body IR, or after
serial 5-FU treatment.

We observed no significant difference in the survival,
tumor susceptibility or tumor spectrum of Brca2Δex4–7/Δex4–7 and
Brca2Δex4-/Ko compared with Brca2Δex4–7/+ mice, which suggests
that the loss of exons 4–7 has no effect on tumor suppressor func-
tion(s) of BRCA2. Even on a Trp53Ko/+ background, no difference in
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tumor-free survival was observed between Brca2Δex4–7/+ and
Brca2Δex4–7/Δex4–7 mice. Although the precise reason for the in-
creased incidence of lymphomas and hematopoietic neoplasia
in Brca2Δex4–7/Δex4–7;Trp53Ko/+ is not understood, decrease in lin-
eage-negative cells and increased DNA damage in multipotent
progenitors in thesemice suggests that, under physiological con-
ditions, activation of the bone marrow to maintain hematopoi-
etic homeostasis may lead to bone marrow attrition. Studies
have shown that treatments that mimic physiological stress
can force stem cells to exit quiescence, a process which elicits
DNA damage, HSC attrition and bone marrow collapse (40,41).

We also performed a detailed functional characterization of
mES cells expressing the BRCA2Δex4–7 variant and demonstrated
that the deletion of the 105 amino acid region containing mul-
tiple PLK1 and CDK1 phosphorylation sites renders cells defect-
ive in their ability to arrest in cell cycle in response to DNA
damage. To date, PLK1 and BRCA2 regulation, and the possible
role of BRCA2 in cell-cycle regulation has only been shown in
vitro using BRCA2 peptides (24,42) and by siRNA-mediated knock-
down of BRCA2 (25). Using BRCA2 peptides, it was shown that
mutating one, or a combination of, PLK1 sites within the 105-
amino acid region results in the loss of PLK1 phosphorylation
(24). In this study, we confirm that this change results in loss of
the ability of BRCA2Δex4–7 cells to arrest cell-cycle progression in
the presence of DNA damage. The higher proportion of cells en-
tering mitosis in BRCA2Δex4–7 compared with BRCA2S193A, and the
ability of PLK1 inhibition to suppress the progression in irradiated
BRCA2S193A almost to the level seen in the WT cells suggest that
while Ser193 is an important regulatory residue, other sites may
play a non-redundant role in PLK1/BRCA2 interaction. The loss of
these additional sites exacerbates the premature activation of
PLK1, as seen in the increase in cells entering mitosis in the
BRCA2Δex4–7 mutant in the presence of DNA damage. Also, sup-
pression of premature activation of PLK1, in the presence of
DNA damage by PLK1 inhibitors, suggests a possible feedback
regulation of the two proteins to prevent premature entry of
cells with DNA damage from entering mitosis. It is also possible
that the 105-amino acid region may play a role in cell-cycle regu-
lation via PLK1 independent pathways, which further highlights
the functional importance of this region.

Considering the significant defects observed in mES cells in
cell-cycle regulation and genomic stability in response to IR, it
is surprising that we did not observe any increase in tumorigen-
esis in Brca2Δex4–7/Δex4–7 or Brca2Δex4–7/Ko mice compared with
Brca2Δex4–7/+ mice. It is also surprising that not only in unchal-
lenged mice, but also in response to acute stress such as IR or
5-FU treatment there was no effect on their overall survival. We
conclude that the loss of exons 4–7 may have subtle effects in
vivo, e.g. on the maintenance of bone marrow homeostasis and
hematopoiesis in response to chronic physiological stress in
oldermice. If this is true, thenwhy do individuals who are homo-
zygous or compound heterozygous for IVS7+2T>Gmutation have
severe developmental abnormalities and succumb to malignan-
cies within few years after birth? The difference may be attribu-
ted to the nature of the two mutations. In the case of mice
expressing the Brca2Δex4–7 allele, the transcript lacking exons 4–
7 is the predominant form. However, in the case of humans
carrying IVS7+2T>G, the predominant transcript is the one lack-
ing exon 7. For normal BRCA2 function, it is critical that skipping
of exons 4–7 occurs at levels that can generate sufficient
BRCA2Δ105 for normal BRCA2 function in cells. However, if the
levels are belowacertain threshold, it will result in a ‘functionally
BRCA2-null’ state. Because splicing is a complex and tightly
regulated process, any physiological, genetic or epigenetic

perturbation may affect the levels of Δexons 4–7 transcripts
with severe consequences (43).

Our findings described here will have a significant impact on
the classification of BRCA2 variants, especially those that result
in a premature stop codon in exons 4–7. The Breast Cancer Infor-
mation Core database includes over a hundred variants in this re-
gion, including 54 potential splice site variants and 15 non-sense
or frame-shift mutations.We have previously shown thatW194X
(c.589G>A), a nonsense mutation, expresses Δexons 4–7 tran-
script in mES cells as well as human lymphoblasts (23). The ex-
pression of alternatively spliced transcripts must be examined
to determine their potential to generate a functional protein be-
fore classifying any non-sense or frame-shift mutation as clearly
deleterious or pathogenic. In addition, it is also possible that the
presence of such splice variants may contribute to resistance to
targeted therapy, e.g. PARP inhibitors that induce synthetic le-
thality in cells that are defective in homologous recombination.
Our findings suggest that caution must be exercised when coun-
seling individuals who inherit such mutations, as well as when
considering treatment options.

Materials and Methods
mES cell culture and differentiation

Mouse ES cells were cultured on feeder cells in supplemented
M15 media, as described previously (44). ES cells were differen-
tiated into embryoid bodies in supplemented Dulbecco’s modi-
fied Eagle’s medium (1×) media as described previously (45).
Five to seven days old embryoid bodies were used to generate
fibroblasts.

mES cells expressing BRCA2 variants

The S193Avariant (c.577T>G)was recombineered into thehuman
BRCA2 cloned in BAC CTD-2342K5, as described previously (46).
Recombinant BAC was electroporated into PL2F7 mES cells, and
the resulting recombinant mES clones were characterized as de-
scribed by Kuznetsov et al. in 2008. Oligonucleotides used for gen-
erating the mutation are listed in Supplementary Material,
Table S3.

Bone marrow stem and progenitor cell culture

For bone marrow stem and progenitor cells culture, marrows
from 8 to 12-week-old mice were harvested from femurs. Mono-
nuclear cell population was isolated by gradient separation using
lymphocyte separation media, and cultured in Iscove’s Modi-
fied Dulbecco’s medium media supplemented with 10% heat-
inactivated fetal bovine serum, glutamine penicillin streptomycin,
100 ng/ml mouse Stem Cell Factor, 100 ng/ml human Thrombo-
poeitin, 100 ng/ml hFlt3L, 50 ng/ml mIL-6 and 30 ng/ml mIL-3.

Functional studies in mice

Mice on 129SvJae X C57BL/6J mixed genetic background, aged be-
tween 8 and 12 weeks and littermate controls were used in all
studies. To assess the effect of IR on bonemarrow compartment,
mice were given a single-IR dose of 6 Gy and femur marrow was
harvested 4-day post-IR for in vitro culture, as described above. For
survival, mice were either given a single dose of 8 Gy or given
serial intraperitoneal injection of 150 mg/kg of clinical grade
5-FU (NDC 633323-117-10, Fresenius Kabi, USA, LLC) on Days 0,
7 and 14. Mice were followed for survival, and sacrificed when
moribund.
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For aging studies, Brca2Δex4–7/Δex4–7 mice were crossed
with Trp53Ko/+ mice to generate Brca2Δex4–7/+;Trp53Ko/+ and
Brca2Δex4–7/Δex4–7;Trp53Ko/+ cohort. Mice were monitored for
survival until they becamemoribund or developed visible tumors
after which they were sacrificed for pathological evaluation.
All experimental protocols were approved by the NCI-Frederick
Animal Care and Use Committee.

Flow cytometry

For cell-cycle analysis, asynchronous mES cells were given a sin-
gle dose of 6 Gy IR and mitotic cells were trapped with 100 ng/ml
nocodazole for 10 h or treatedwith 250 nBI2536, a PLK inhibitor,
for 2 h followed by nocodazole treatment for 8 h. Cells were then
fixed with BD CytoFix/CytoPerm solution (Becton Dickinson) and
stained with propidium iodide (PI) or Alexa647-phosphohistone
H3 (Ser10) (Cell Signaling, #3458) for analysis. BI2536 predomin-
antly inhibits the kinase activity of PLK1, but also affects PLK2
and PLK3 activity, while its effect on PLK4 has not been deter-
mined (47).

To detect DNA synthesis in the presence of DNAdamage,mES
cells were irradiated (6 Gy) and given a BrdU (31 µg/ml) pulse for
20 min before harvesting at 6, 12, 18 and 24 h post-IR for analysis.
BrdU incorporation was detected using fluorescein isothiocyan-
ate-conjugated anti-BrdU antibody (eBioscience, 11-6071-71) as
described in (48).

For assessment of the bone marrow compartment, femur
marrow was harvested from aged mice, unirradiated mice or
from irradiated mice 4 days post 6 Gy IR. Mononuclear cells
were isolated and stained for flow cytometric analysis with a
combination antibodies described in the Supplementary Mater-
ial, Methods section.

Protein expression

For western blot analysis, proteins were extracted in lysis
buffer (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid [HEPES] [pH 7.5], 100 mM NaCl, 1 mM EDTA, 1 mM ethylene
glycol tetraacetic acid [EGTA], 1 mM NaF, 1 mM Dithiothreitol
[DTT], 0.1% Triton X-100, 1 mM PMSF, protease inhibitor cocktail
[Roche]), separated on 10% sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis gels and detected using the ECL Plus
western blotting detection system (Amersham). Levels of total
PLK1 [PLK1 (F-8), Santa Cruz, sc-17783], activated PLK1 (pT210;
Becton Dickinson, 558400), CDC2/CDK1-Tyr15 (Cell signaling,
#4539) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Cell Signaling, #2118) were assessed. Relative expression levels
were measured by normalizing the levels of the respective pro-
teins to GAPDH using GeneTools from Syngene, Frederick.

Immunofluorescence

To stain bone marrow cells, sorted cells grown in culture for 36 h
were dropped onto polylysine-coated slides and left to adhere for
1 h, fixed and stained with antibodies against γH2AX. Staining
and quantification of γH2AX staining density is described in
Supplementary Material.

Statistical methods

Animal survival data were analyzed using Prism 6, and P-values
were estimated using the Gehan–Breslow–Wilcoxon test. Statis-
tical significance for Rad51 and γH2AX foci in MEFs, and FACS
data were evaluated using two-way analysis of variance and
T-test, respectively. Statistical significance for incidence of

hematopoietic neoplasm and solid tumor was evaluated using
two-tailed Fischer’s exact test.

Supplementary Material
Supplementary Material is available at HMG online.
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