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ABSTRACT

Homologous Recombination (HR) is a major double-stranded break (DSB)
DNA repair pathway. It utilizes the sister chromatid as a template, thus promoting
error-free repair. The initial HR step is DNA end resection with the creation of
RPA coated single-stranded DNA (ssDNA) overhangs. This is followed by
RAD51 loading onto the resected DNA, triggering strand invasion, and homology
search. The BRCA1 protein is fundamental for HR mediated DNA repair, and
patients with germline BRCA1 mutations have a high risk of developing cancer.
These BRCA1 mutant tumors are HR deficient, and as a result, sensitive to
PARP inhibitors (PARPi). BRCA1 likely promotes DNA end resection by
displacing 53BP1 from the DSBs and also promotes RAD51 loading by enabling
the formation of the larger BRCA1-PALB2-BRCA2 complex trough its coiled-coil
region. Although BRCA1 functions in both HR steps, its essential role in each
step is unclear, with previous reports showing that RAD51 loading after DNA end
resection occurred could be BRCA1 independent.
Here, we demonstrated that full HR restoration after activation of end
resection mediated by 53BP1 knockout (KO), requires the expression of a
BRCA1 protein that retained the coiled-coil region and its protein interactions. We
observed that although 53bp1 KO can restore the Mendelian frequencies of a
Brca1 null mouse model, mice were still tumor prone, PARPi sensitive, and had
low levels of RAD51 γ-irradiation-induced foci (IRIF), suggesting that HR levels
were minimal. Moreover, in order to significantly increase PARPi resistance in
ii

human cancer cell lines, 53BP1 loss of function (LoF) need to be associated with
the expression of a hypomorphic BRCA1 protein that retained the PALB2
interaction.
We also demonstrated that Brca1 compound heterozygosity could rescue
the developmental defects observed in Brca1 mutant homozygous mice, as long
as the alleles retained complementary HR-related functions. Additionally, these
compound heterozygotes mice were not tumor prone and had a normal lifespan,
suggesting that HR was restored. In contrast, when the allele combination did not
exhibit complementary functions, the developmental defects persisted. Overall,
we demonstrated that to fully function in mouse development, tumor suppression,
and drug resistance, BRCA1 role is critical in both the DNA end resection and the
RAD51 loading HR steps.
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CHAPTER 1
INTRODUCTION

BRCA1 Germline Mutations and
Hereditary Breast And Ovarian Cancer (HBOC) Syndrome

One of the most substantial known genetic risk factors for both breast
cancer (BC) and epithelial ovarian cancer (EOC) are mutations in
the BRCA1 tumor suppressor gene (Bolton et al. 2012). In 1990, the
association between early-onset familial breast cancer and mutations in the
17q21 locus was initially described by linkage analysis on 23 families (Hall et
al. 1990), with the cloning of the BRCA1 gene occurring four years after (Miki
et al. 1994). In the general population, the prevalence of carriers of
pathogenic mutations is relatively low, averaging 0.2-0.3% (Moyer U.S.
Preventive Services Task Force 2014), but in specific groups, the numbers
are higher. Up to 2.3% of Ashkenazi Jewish individuals are estimated to carry
a Brca1 pathogenic mutation (Roa et al. 1996; Struewing et al. 1997).
When testing patients affected with cancer, pathogenic mutations can
be identified in 6% to 15% of women with EOC (Bolton et al. 2012) and 5% to
10% of all BC cases (Smith et al. 2011). Moreover, germline mutations
carriers present with a cumulative lifetime risk for developing breast and
ovarian cancer that ranges from 47 to 66% and from 35 to 46%, respectively
(Chen and Parmigiani 2007). Besides the increase in lifetime risk, germline
carries also tend to frequently develop the disease at younger ages and with
more aggressive histology. In this population, BC is usually high grade, highly
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proliferative, estrogen/progesterone receptor-negative, and Her-2 negative
referred to as triple-negative breast cancer (TNBC) (Honrado et al. 2006).
EOCs are frequently of the high-grade serous subtype (HGSOC) (Soslow et
al. 2012). More recently, BRCA1 mutations were also associated with an
increased risk of developing uterine, pancreatic, and prostate cancer
(Thompson et al. 2002).
To date, more than 1,700 BRCA1 mutations have been reported, with
at least 850 of those linked to an increased risk in breast or ovarian cancer
(Clark et al. 2012). These mutations are commonly insertions or deletions,
resulting in nonsense-mediated mRNA decay and frameshifts that
prematurely terminate the protein. BRCA1 missense mutations can also
disrupt critical protein-protein interactions leading to loss of function. Still, the
clinical importance of a variety of these reported missense mutations remains
unknown. Beyond small insertions and deletions, large rearrangements (LR)
are also observed in BRCA1 families with HBOC. An Italian cohort reported
that up to 23% of the observed pathogenic mutations were due to LR
(Montagna et al. 2003). The high density of Alu DNA repetitive elements in
the BRCA1 intronic sequence can explain the high frequency of these LR.
These elements facilitate recombination events that can lead to duplications,
inversions, translocations, and deletions (Wang et al. 2019).
BRCA1 is a classical tumor suppressor gene with autosomal dominant
transmission (Silver and Livingston 2012). Loss of the other wild type allele is
usually required for tumor development in a process known as loss-ofheterozygosity (LOH). Interestingly, 2.5% of sporadic BCs (Nik-Zainal et al.
2016) and 10% of sporadic EOCs (Dougherty et al. 2017) displayed somatic
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but not germline BRCA1 mutations. These non-hereditary BRCA1 mutant
tumors tend to be biologically similar to the ones that arise in germline
carriers. The relevance of this finding is that even patients with this genetic
profile can benefit from FDA approved targeted therapies developed for
BRCA deficient tumors.

BRCA1 Protein Structure

The BRCA1 gene spans over an 81 kb region; it contains two noncoding and 22 coding exons. The canonical and largest BRCA1 transcript
encodes an 1863 amino acids (aa’s) protein. BRCA1 is a multidomain protein
that has a crucial function in maintaining genome integrity (Li and Greenberg
2012). It regulates the DNA damage response (DDR) by interacting with
multiple sensors, mediators, and effector proteins (Huen et al. 2009). These
interactions occur in three highly conserved BRCA1 domains: an N-terminal
RING domain encompassing exons 2-6, a coiled-coil region (CCR) located
within exon 13, and two tandem BRCT repeats at the C-terminal region
spanning exons 16 to exon 24 (Figure 1).
BRCA1 interacts with BARD1 via its N-terminal RING domain (Wu et
al. 1996). BRCA1-BARD1 interaction is critical for BRCA1-mediated tumor
suppression. Loss of this heterodimer leads to BRCA1 protein instability and,
consequently, degradation and overall lower levels of BRCA1 expression (Ayi
et al. 1998). This interdependency can be observed in mouse models where
knock-out mice for either Brca1 or Bard1 present with similar phenotypes
(McCarthy et al. 2003).
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in BARD1 have also been reported in HBOC families, thus supporting the role
of the BRCA1-BARD heterodimer for tumor suppressor activity (De Brakeleer
et al. 2016; Weber-Lassalle et al. 2019). As expected, the BRCA1 RING
domain possesses E3-ligase activity, and despite multiple substrates being
identified both in vitro, as well as in vivo, the significance of this BRCA1
function is still not fully clarified. Missense mutations in the RING domain, like
the founder C61G, that disrupt both the BRCA1-BARD1 interaction and the
BRCA1 E3-Ligase function are associate with an increased risk of cancer
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development, although tumors still respond poorly to Poly(ADP-ribose)
polymerase (PARP) inhibitors and cisplatin (Hashizume et al. 2001; Drost et
al. 2011). Meanwhile, missense mutations, like the I26A, that only affect the
E3-ligase function but not the formation of the BRCA1-BARD1 heterodimer do
not seem to be associated with an increased risk of cancer development
(Shakya et al. 2011). Beyond protein stabilization, previous studies showed
that the BRCA1-BARD1 complex could also promote in vitro the homology
search between the RAD51 coated single-stranded DNA and the sister
chromatid during homologous recombination (HR) (Zhao et al. 2017).
Within BRCA1 exon 13, a conserved CCR facilitates direct interaction
with the PALB2 CCR, enabling the formation of the larger BRCA1-PALB2BRCA2-RAD51 complex (Zhang et al. 2009c). The BRCA1-PALB2 interaction
is required for BRCA1 tumor suppression function, as missense mutations
that disrupt this interaction (e.g., M1400V, L1407P, and M1411T) have
already shown to segregate with cancer patients in HBOC families (Sy et al.
2009).
The BRCT repeats have a phosphoprotein recognition motif and
specifically interact with targets containing the pSer-Pro-x-Phe sequence. This
region is responsible for the interaction of BRCA1 with several binding
partners, including CtIP, BACH1, and Abraxas (Wu et al. 2015). The proper
folding of this domain is critical for protein stability. Mutations in the BRCT
repeats that either prevent proper protein-protein interaction or disrupt
accurate folding will substantially impair BRCA1 function, and are commonly
found in hereditary breast or ovarian cancer patients (Williams and Glover
2003) .
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Despite being classified as an unstructured region without any
recognizable domains (Yadav et al. 2015), exon 11 codes for 1142 aa’s of the
BRCA1 protein and contains two nuclear localization signals (NLS). Loss of
the NLS sequences leads to altered subcellular protein localization with
increased BRCA1 expression in the cytoplasmic compartment, although the
protein can still be transported to the nucleus through alternative
mechanisms. BRCA1 binding to EF2, cyclins and cyclin dependent kinases
(CDKs) are possible described mechanisms of nuclear transport (Wilson et al.
1997). Moreover, a non-canonical NLS was described and could also account
for nuclear transportation (Korlimarla et al. 2013). Additionally, exon 11
residues are phosphorylated by ATM and Chk2 kinases in DNA damage
dependent manner (Gatei et al. 2000; Chabalier-Taste et al. 2008).
Besides the full-length canonical transcript described above, a variety
of naturally occurring splicing variants were already uncovered (Li et al. 2019).
Among them we can cite spliced variants that use an alternative transcription
start site in exon1 (BRCA1 Exon 1B), variants that have the C-terminal 1,103
aa’s of BRCA1 exon 11 spliced out (BRCA1- ∆11q), and a variant that has an
in-frame retention of intron 11 coding a 1399 aa protein that lacks part of the
C-terminal region (BRCA1-IRIS). Even though these proteins retain some of
the critical protein-protein interactions, their ability to fully act as a tumor
suppressor is impaired (Figure 2). Interestingly, some of these splice variants
are highly expressed in BRCA1 mutant cancer-derived cell lines. We can
detect the BRCA1-IRIS transcript in the HCC1937 breast cancer cell line and
in the SNU-251 ovarian cancer cell line, whereas the BRCA1-∆11q transcript
is observed in the SUM149PT and L56Br-C1 breast cancer cell lines as well
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as in the UWB1.289 ovarian cancer cell line. Germline BRCA1 mutations
most frequently occur at the RING domain, exon 11-13 region, and BRCT
repeats (Figure 3), thus highlighting their fundamental role for proper protein
function.

Figure 2. Schematic representation of the naturally occurring
BRCA1 spliced variants.

Intriguingly, it was reported that the mutation site location may impact the
likelihood of developing either BC or EOC. Women with germline mutations at
exon 11 had a higher risk of developing EOC over BC, while women with
germline mutations in the RING domain or the BRCT repeats had an
increased risk of developing BC. The biological reasons for these reported
associations are still unknown and are currently under investigation (Rebbeck
et al. 2015).
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Figure 3. “Hot spot” mutation regions in the BRCA1 gene. The
peaks at the RING domain, exon 11-13 and BRCT repeats also reveal the
critical functional regions of the protein.
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Double-Stranded Breaks DNA Repair Pathways

DNA is continuously damaged in living cells due to mismatched
nucleotides, the formation of adducts, or cross-links that can result in single or
double-stranded DNA breaks (DSBs). DSBs are the most toxic lesions and
can arise from exogenous sources like ionizing radiation or chemotherapy, but
they also occur during physiologic cellular events like replication and
transcription. Moreover, DSBs are essential in normal developmental
processes like lymphocyte maturation and meiotic recombination. In dividing
mammalian cells, up 50 DSBs are estimated to occur per cell cycle (Vilenchik
and Knudson 2003). If not properly repaired, these lesions can cause
insertions, deletions or gross chromosomal aberrations. Additionally, during
development, defects in DSB repair can lead to cell death and early
senescence (White and Vijg 2016; Feringa et al. 2018). DSB repair pathways
can be broadly sub-divided into non-homologous end joining (NHEJ) and
homologous recombination (HR) (Hustedt and Durocher 2017). The latter
uses the sister chromatid as a template and provides error-free DNA repair.
Germline mutations in genes involved in HR are commonly observed in
hereditary cancer syndromes, highlighting the importance of this biological
process.

Non-homologous End-joining

NHEJ is the most frequent DSB DNA repair pathway utilized by human
cells. It mediates the direct ligation between the break ends with no or minimal
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DNA processing. It does not require extensive nuclease activity nor utilizes
the sister chromatid as a template. These features makes NHEJ the primary
repair pathway throughout the cell cycle (Chang et al. 2017), although there is
still some debate if this is also the case in S phase (Karanam et al. 2012).
NHEJ can be divided into distinct steps: (1) recognition of the DSB; (2) linking
of the DNA ends and complex stabilization; (3) DNA ligation. The initial step is
performed by the Ku70-Ku80 heterodimer that binds the DNA ends and
recruits DNA-PKs. The DNA-PK holoenzyme bridges the DNA ends in
proximity and recruits DNA processing factors such as the nuclease Artemis
and the XLF-XRCC4-DNA Ligase IV complex, which is capable of ligating a
variety of DNA ends. One important protein that favors NHEJ repair, but it is
not part of the NHEJ core complex is 53BP1. 53BP1 is recruited to DSB sites
by ubiquitination of histone H2A (Fradet-Turcotte et al. 2013), and limits the
nuclease activity and the 5’-3’ DNA end resection (Bunting et al. 2010).
Moreover, 53BP1 inhibits the accumulation of BRCA1 at break sites in the G1
phase (Escribano-Díaz et al. 2013), ultimately directing repair to NHEJ.
More recently, a novel DSB repair pathway that depends on PARP1
and DNA polymerase θ but not in the Ku70-80 complex or DNA-PKs has been
described. This pathway is known as microhomology mediated end joining
(MMEJ) or alternative end-joining (Frit et al. 2014). In contrast to the classical
NHEJ, this pathway requires more extensive DNA resection and a
microhomology between the DNA strands that ranges from 2 to 20 base pairs;
as a result, this pathway is highly mutagenic (Figure 4). Nevertheless, it has
been shown that in specific circumstances, like BRCA deficiency, this backup
pathway becomes essential for cell survival (Ceccaldi et al. 2015).
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Homologous Recombination

BRCA1 is a key protein in HR (Scully et al. 1997; Moynahan et al.
1999).The HR repair pathway provides a precise method of repairing DSBs
using a sister chromatid as a template. For this reason, HR repair is
constrained to the S-G2 phases of the cell cycle. HR can be divided into two
major steps. The initial step consists of DNA end resection, where extended 3’
single-stranded DNA (ssDNA) overhangs are created; these DNA overhangs
are rapidly coated with the RPA complex in order to avoid degradation. The
second step involves the exchange of RPA to RAD51 on the ssDNA. RAD51
is a recombinase protein that facilitates strand invasion and homology search
in the sister chromatid. Both RPA and RAD51 form discrete foci upon DNA
damage that can be visualized by immunofluorescence and serve as a
readout of the cellular efficiency of DNA end resection and RAD51 loading
steps, respectively (Figure 5).

The Role(s) of BRCA1 in HR

BRCA1 and DNA End Resection

After a DSB occurs, the MRE11/RAD50/NBS1 (MRN) complex detects
the DNA lesion and recruits the ATM kinase to the break site (Uziel et al.
2003). ATM phosphorylates Serine 139 of Histone H2AX (generating a
histone variant known as γH2AX) (Burma et al. 2001). This triggers a
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signaling cascade of ubiquitylation, activating E3-ligases like RNF8/RNF168,
which ultimately leads to recruitment of the BRCA1-Abraxas-RAP80 complex
to the damaged region (Mailand et al. 2007; Wang and Elledge 2007; Doil et
al. 2009). CDK mediated (Yun and Hiom 2009; Chen et al. 2008)
phosphorylation of CtIP at S327 enhances CtIP-BRCA1 interaction through
the BRCA1 BRCT repeats facilitating CtIP’s accumulation at the break sites.
Phospho-CtIP promotes MRE11 endonuclease activity within the MRN
complex, triggering the initial 3’ to 5’ DNA resection at DSBs (Sartori et al.
2007; Anand et al. 2016; Liao et al. 2012). It was previously demonstrated
that after this initial resection, a more extended 5’ to 3’ resection ensues,
which is performed by the EXO1 and Dna2 nucleases (Tomimatsu et al. 2012;
Paudyal et al. 2017). The absolute requirement for BRCA1-CtIP interaction to
trigger this process is still under debate (Cruz-García et al. 2014).
Unexpectedly, Ctip-S326A (Reczek et al. 2013) mutant mice that lack Brca1
interaction demonstrate similar HR proficiency as WT mice. In contrast, a Ctip
knock-out mouse model was shown to be embryonic lethal (Chen et al. 2005).
These findings suggest that CtIP is critical, but its interaction with BRCA1
might be dispensable for HR (Polato et al. 2014).
BRCA1 is also required to displace 53BP1 from the DNA break sites,
thus providing the nucleases described above access to the damaged regions
and promoting DNA end resection (Bunting et al. 2010). It has been shown
that PP4C dephosphorylation of (p)53BP1 is BRCA1 dependent and this is
required to remove the chromatin-bound 53BP1 from regions flanking the
break sites (Isono et al. 2017) (Figure 6).
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It was previously reported that higher levels of 53BP1-phosphoT543 and
impaired DNA end resection are detected when either BRCA1 or PP4C
expression is downregulated (Isono et al. 2017). Interestingly, the
phosphorylation sites of 53BP1 are not required for its accumulation at DSB
regions (Bothmer et al. 2011) since a mutant that had its 28 S/T-Q consensus
sites for ATM phosphorylation mutated to alanine were still able to form foci
after γ-irradiation, but this mutant was unable to inhibit BRCA1 accumulation
in G1 (Escribano-Díaz et al. 2013). These observations suggested that an
effector complex should be involved. RIF1, and more recently the Shieldin
complex were described as being the downstream effector proteins of 53BP1
that prevent extensive DNA resection and favors NHEJ (Mirman et al. 2018;
Noordermeer et al. 2018). RIF1-Shieldin binds to 53BP1 upon its
phosphorylation by ATM and is released from 53BP1 upon BRCA1 induced
dephosphorylation of 53BP1.
Additionally, the activation of end resection mediated by loss of 53BP1
was shown to rescue the embryonic lethality of Brca1 mutant mouse models
(Cao et al. 2009; Li et al. 2016). In contrast, the embryonic lethality of a CtIP
KO mouse model in not rescued by a 53bp1 KO (Polato et al. 2014). This
suggests that DNA end resection could occur independently of Brca1, but that
Ctip is required even in the absence of 53bp1.

BRCA1 and RAD51 Loading

BRCA1 also complexes with PALB2-BRCA2 (Sy et al. 2009; Zhang et
al. 2009a) and participates in the RPA32 to RAD51 exchange onto the ssDNA
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overhangs. Nevertheless, the importance of BRCA1 for RAD51 γ-irradiationinduced foci (IRIF) has been equivocal in the literature. While a previous
report demonstrated similar levels of RAD51 accumulation at break sites in
the HCC1937 BRCA1 mutant cell line in comparison with the MCF10 BRCA1
WT cell line, suggesting that BRCA1 is not required for RAD51 IRIF (Yuan et
al. 1999), others had shown that RAD51 IRIF markedly increased with BRCA1
WT complementation in the HCC1937 cell line (Zhang et al. 2009b; 2009c).
Interestingly, a residual accumulation of RAD51 in HCC1937 could be
detected without the BRCA1 complementation, suggesting that some RAD51
loading can occur BRCA1 independently, but the process is enhanced in the
BRCA1 presence.
The BRCA1 requirement for RAD51 loading in U2OS cell line was also
evaluated. Upon BRCA1 siRNA treatment, U2OS cells displayed only a
modest decrease in RAD51 IRIF when compared with control siRNA treated
ones (Sy et al. 2009). Moreover, upon reconstituting U2OS cells with siRNA
resistant BRCA1 WT or mutants defective in PALB2 interaction, the
differences in RAD51 IRIF were limited, suggesting that, in this setting,
BRCA1-PALB2 interaction was not critical for RAD51 loading. In contrast,
when evaluating RAD51 IRIF in the PALB2 deficient cell line EUFA1341,
derived from fibroblasts of a patient with Fanconi Anemia, the reconstitution of
a PALB2 defective for BRCA1 interaction could not rescue the RAD51 IRIF
observed with a PALB2 WT add-back (Zhang et al. 2009a). Also, upon
evaluating HR by a reporter assay (Pierce et al. 1999), U2OS cells expressing
siRNA resistant PALB2 defective in BRCA1 interaction demonstrated the
same response as the negative control. In a similar experimental setting, the
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expression of a BRCA1 protein with CCR missense mutations that abrogated
PALB2 interaction also failed to restore HR (Anantha et al. 2017). Although
BRCA1 is a significant player in HR, the critical activity of BRCA1 within HR,
whether end resection or RAD51 loading, remains unclear.

Brca1 Mouse Models

A variety of distinct Brca1 mutant mouse models were previously
generated, contributing to a better understanding of the protein function.
These models range from null to hypomorphic alleles and from conventional
to tissue-specific conditional expression models.
One of the early mouse models generated displayed an exon 2 and
flanking intronic deletion, generating what was initially considered a Brca1 null
model (Ludwig et al. 1997). Heterozygous mice for this Brca1ex2 allele did not
display any phenotypic differences compared with WT littermates and were
not tumor prone. However, homozygosity for the Brca1ex2 allele led to early
embryonic lethality. Gross abnormal morphology was detected at day 7.5 of
embryonic life, and already by 5.5 days post coittum (d.p.c), the homozygotes
embryos were histologically smaller. Moreover, when 3.5 days blastocysts
were cultured in vitro, Brca1ex2/ex2 systematically failed to grow. In this
model, loss of Tp53 was able to delay the appearance of morphological
abnormalities by a few days, but by 9.5 days of embryonic life, all the double
mutants displayed developmental delay.
A mouse model that mimics one of the BRCA1 founder mutation
(BRCA1185delAG ) found in the Ashkenazy Jewish population was generated by

18

introducing a stop codon after aa 185 and is referred as Brca1185stop , the
expected protein product with this mutation in the middle of the RING domain
would be a small N-terminal protein with 38 aa. Mice homozygous for this
allele presented with severe developmental delay by day 9.5 of embryonic life
and no live pups were detected (Drost et al. 2016). A more severe phenotype
was observed in a mouse model that harbored an exon 5-6 deletion (Hakem
et al. 1996). Embryos were anatomically abnormal at 6.5 days of embryonic
life, and by day 8.5, they were being reabsorbed. Interestingly, TUNEL
staining of 6.5 days homozygote embryos did not show an increase in
apoptosis. However, they presented with a lower mitotic index, suggesting
that cell proliferation was impaired. A mammary conditional allele with the
same deletion was later generated, being name Brca1SCo.
Since a naturally occurring exon 11 spliced variant is detectable in nontransformed cells, mouse models that targeted Brca1 exon 11 were generated
to evaluate the role of this variant. In one of these models a neomycin
cassette targeted 330 bp of intron 10 and 407 bp of exon 11, including the
exon11 splice acceptor site (Shen et al. 1998). In this model, no embryos with
the Brca111-/- genotype could be detected after 10.5 days of embryonic life,
and by day 8.5, the Brca111-/- embryos were either smaller than expected or
dead. In addition, the Brca111-/- embryos presented with chromosomal
instability. Over 97% of 7.5 days Brca1+/+ embryos had 40 chromosomes;
nevertheless, only 70% of Brca111-/- cells maintained normal chromosome
numbers. Loss of Tp53 was able to delay death by no more than two days
and was associated with a further increase in chromosomal abnormalities,
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with less than 18% of double mutant cells presenting with normal
chromosome numbers.
A distinct model targeting exon 11 was generated by insertions of LoxP
sites flanking exon 11. After crossing Brca1∆11Floxed/+ mice with a mouse that
expresses Cre in germline cells, exon 11 was spliced out (Xu et al. 2001).
Homozygosity for the Brca1∆11 allele was also embryonic lethal, but the
lethality occurred at later stages, with gross abnormalities being detected by
day 12.5 of embryonic life. In WT embryos, northern blot analysis detected 2
transcripts of 7.2 kb and 3.9 kb sizes. However, in the Brca∆11/∆11 only the 3.9
kb transcript was detected. This transcript corresponds to the exon 11 spliced
out variant. In contrast with the models previously described, TUNEL staining
showed an increase in apoptosis. Furthermore, haploid or homozygous p53
loss was able to promote embryonic viability, even though most mice
developed tumors in their first year of life (Cao et al. 2009).
Mouse model that harbors mutations at the BRCT repeats were also
generated. Homozygous mice that carries a premature stop codon at residue
1700 (Hohenstein et al. 2001) preventing the transcription of the second
Brca1 BRCT repeat displayed embryonic lethality at 9.5 -10.5 days of
embryonic life, suggesting that that the C-terminal interactions are critical for
protein function. Finally, a mouse model that displayed a missense mutation
at the BRCT repeats (S1598F) that specifically abrogates the C-terminal
mediated Brca1 protein-protein interaction was generated. When
interbreeding Brca1S1598F/+ mice, about half of the expected Mendelian
frequency for Brca1S1598F/S1598F was observed, but besides male infertility they
were indistinguishable from their littermates. MEFs derived from these mouse
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were less proficient in HR and had a reduced amount of RAD51 foci formation
after γ-irradiation (Chen et al. 2017).

53bp1 Loss of Function Mouse Models

Since the loss of 53BP1 activates DNA end resection and directs DSB
repair to HR, it was previously hypothesized that a 53bp-/- mouse model could
restore embryonic viability of Brca1 mutant mice. It is important to underline
that even though 53bp-/- is fully compatible with life, these mice are smaller
when compared with 53bp1+/+ and 53bp1+/- littermates. Beyond the size, they
also are more radiosensitive and tend to spontaneously develop thymic
lymphomas (Ward et al. 2003). While we were working in this project, there
were three different published Brca1 alleles that were interbred with
the 53pb1-/- model.
Depletion of 53bp1 in the Brca1∆11/∆11 mice restored the embryonic
viability to the expected Mendelian ratios and substantially increased their
lifespan to the same duration to the one observed in the Brca1+/+53bp1-/mice, moreover, these mice were not tumor prone like the Brca1∆11/∆11
Tp53+/- ones. Also, both the early senescence and the premature aging
phenotype observed in the Brca1∆11/∆11Tp53+/- mice were rescued with
the Brca1∆11/∆1153bp1-/- genotype (Cao et al. 2009). Another allele that was
evaluated in the context of a 53bp1 KO was the Brca1ex2 (Li et al. 2016). As
described above, lethality was observed very early in embryos homozygous
for this allele. Similarly to what was observed with the Brca1∆11/∆11 mice,
53bp1 KO was able to fully restore the embryonic viability and the genome
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stability of Brca1ex2/ex2 mice. A cohort of Brca1ex2/ex2 53bp1-/- mice did not show
an increase in tumor development or reduced lifespan when compared to
Brca1+/ex2 53bp1-/- littermates. Surprisingly, the authors could detect a Nterminal truncated Brca1 protein by western blot in cells derived from these
mice. It was predicted that this protein would retain both the CCR and BRCT
mediated protein interactions. Nevertheless, several phenotypes were not
rescued upon loss of 53bp1. Males remained infertile with reduced testicles
size and cells derived from Brca1ex2/ex2 53bp1-/- mice remained sensitive to
cisplatin (Li et al. 2016).
The effects of 53bp1 KO was also evaluated in the Brca1S1598F/S1598F
background. Homozygous deletion of 53bp1 was able to restore HR in
Brca1S1598F/S1598F ear fibroblasts as well as in Brca1S1598F/S1598F mammary
epithelial cells. Additionally, it increased the percentage of cells with RAD51
foci formation after γ-irradiation. Data showing differences of lifespan or tumor
development in this setting were not available (Chen et al. 2017).

Synthetic Lethality Between PARP Inhibition in HR deficient
Tumors

In 2005, two different groups reported that inhibition of the catalytic site
of the PARP-1 enzyme would selectively kill HR deficient cells and have
minimal effect in HR proficient cells (Bryant et al. 2005; Farmer et al.
2005). This interaction between BRCA1 and PARP-1 can be described as
synthetic lethal. Synthetic lethality occurs when the loss of an individual gene
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Allele

gene

features

Tp53 KO

53bp1 KO

Brca1ex2

Replace
exon 2 with
a neo gene

Die
between E6
and 7

2 days delay
in
abnormalities

Restore Mendelian frequencies,
normal lifespan, PARPi resistant,
infertile, cisplatin sensitive. Nterminal truncated protein
detected.

Brca1185stop

Stop codon
at aa 34

Die before
9.5

N/A

N/A

Replaces
exon 5 and
6 with a
neo gene

Die
between E6
and 7

N/A

N/A

Replace
330 bp of
intron 10
and 440 bp
of exon 11
with a neo
gene

Die at E8.5

2 days delay
in
abnormalities
+ increase
chromosomal
instability

N/A

Brca1∆11

Floxed
exon 11

Die
between
E12.5 and
18.5. Keep
short Brca1
protein
intact

Suppress
embryonic
lethality,
display early
ageing and
are tumor
prone

Restore Mendelian frequencies,
normal lifespan, PARPi resistant.

Brca11700stop

neo into
exon 22

Die at
E9.5–10.5

N/A

N/A

S1598F
missense
mutation

Sub
Mendelian,
live pups
infertile

N/A

Restore Mendelian frequencies,
increase in RAD51 IRIF

∆5-6

Brca1

Brca111

S1598F

Brca1

Table 1. Summary of conventional mouse Brca1 mutant alleles,
observed phenotypes and, the effect of Tp53 or 53bp1 KO.
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is compatible with survival but the loss of both gene products leads to cell
death (Figure 7).

Figure 7. Concept of synthetic lethality. Synthetic lethality occurs
when targeting one gene product in cancer cells leads to cell death but it has
minimal effects in non-cancer cells. This occur because non-cancer cells have
redundant pathways that promote survival even though one gene product is
lost. Whereas in cancer cells the redundant pathway is lost due to genetic or
epigenetic changes which leads to cell death.

The initially proposed mechanism of synthetic lethality was that PARP-1 was
required for base excision repair (BER). This DNA repair pathway is utilized
by cells to correct DNA lesions that distort the DNA double helix. The
inhibition of this repair pathway by pharmacologically inhibiting PARP-1
activity would create unresolved single-stranded DNA breaks (SSBs) that
would degenerate into DSBs upon cell division. In BRCA deficient cells the
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accumulation of DSBs would lead to cell death, whereas cells that are HR
proficient would repair the damage and would not be affected by the drug.
This proposed mechanism was later challenged when it was shown that SSBs
do not accumulate after PARPi treatment in either BRCA1 mutant or BRCA1
wild-type cells. Besides, depletion of other BER core proteins like XCRR1 is
not synthetic lethal with BRCA1 (Helleday 2011). Considering these findings,
the currently most accepted mechanism of action is that PARPi prevents
PARP autoparylation, a required step to release PARP-1 from the chromatin.
The trapped protein will collide with the replication machinery giving rise to
DNA breaks (Figure 8). In a BRCA1 deficient setting, this will lead to toxic
DSBs that will ultimately kill the cells (Ström et al. 2011). An alternative
proposed mechanism is that BRCA1 deficient cells rely more on alt-EJ for
repair of DSBs than BRCA1 WT cells. The alt-EJ pathway is dependent on
PARP-1 recruitment of POLθ to the DSB (Wang et al. 2006; Patel et al. 2011;
Black et al. 2016). Inhibition of this backup pathway by a PARPi in a HR
deficient cell would lead to unresolved DSBs and cell death.

PARPi in the Clinical Setting

Currently, four PARP inhibitors are approved by the U.S. Food and
Drug Administration (FDA) for the treatment of BRCA1 mutated OEC, BC, and
pancreatic adenocarcinoma (olaparib, rucaparib, niraparib, and talazoparib).
Olaparib was initially approved in 2014 to treat cisplatin sensitive, BRCA
mutated relapsed ovarian cancer (Figure 9), followed by approval in first-line
maintenance therapy (Ledermann et al. 2012; Moore et al. 2018).
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Mechanisms of PARPi Resistance

As discussed above, BRCA1 is involved both in HR DNA repair but
also in the protection of stalled replication forks through the FA-BRCA
pathway. Thus, resistance to PARPi could arise from mechanisms that
reactivate HR (Figure 10) or fork protection. Even though up to date there is
no evidence that fork protection is a clinical meaningful resistance
mechanism.

Reversion Mutations.

Acquisition of secondary intragenic mutations that restore the open
reading frame (ORF) is the most common mechanism of acquired PARPi
resistance that can be detected in patients. The secondary mutation usually
restores the reading frame but results in short indels near the initial frameshift
restoring the expression of a nearly full-length protein. This phenomenon was
initially described in BRCA1 and BRCA2 mutant cell lines that were cultured
under the selective pressure of cisplatin or PARPi (Sakai et al. 2008; Swisher
et al. 2008; Sakai et al. 2009). This mechanism is of clinical significance,
given that up to 46% of platinum-resistant BRCA mutant HGSOC display ORF
restoring mutations (Norquist et al. 2011). Additionally, in patients with tumors
resistant to PARPi, plasma circulating tumor DNA can often detect reversion
mutations and predict drug response (Lin et al. 2019).
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Loss of PARP-1 Expression

Since, as described above, the most accepted mechanism of action of
PARPi is the trapping of the PARP-1 in the chromatin and subsequent
blockage of the replication machinery, loss of PARP1 expression was
proposed as one possible mechanism of drug resistance. In veliparib resistant
cell lines, lower levels of PARP expression were observed, and a CRISPRCas9 screen recently identified point mutations in PARP1 that led to PARPi
resistance (Pettitt et al. 2018).

Hypomorphic BRCA1 Proteins

BRCA1 hypomorphic proteins lack a specific domain and lose some
protein-protein interactions but still retain other critical parts of the protein,
maintaining some of the protein-protein interactions. These hypomorphic
proteins are able to promote residual HR and PARPi resistance. The BRCA1∆11q and the RING-less BRCA1 are two examples of hypomorphic proteins
that were previously published.
The BRCA1-∆11q isoform is a naturally occurring splice variant that
can be identified in both normal and tumor cells with BRCA1 exon 11
frameshift mutations. Despite maintaining the RING, CCR, and BRCT
repeats, this variant lacks the majority of exon 11. It was shown that PARPi
resistant BRCA1 exon11 mutant cancer cell lines tend to express higher
levels of this isoform. Also, patients with ovarian cancer that harbor exon11
mutations tend to respond poorly to PARPi in comparison with patients that
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present with mutations outside exon 11 (Wang et al. 2016a). More evidence
that the BRCA1-∆11q protein retains some residual HR was presented in
mouse models. Even though homozygosity for Brca1∆11 is embryonic lethal,
death occurs at later stages of embryonic life when compared to Brca1 null
mouse models (Cao et al. 2009).
Another hypomorphic protein was observed in the SUM1315MO2 cell
line. This cell line harbors a BRCA1 185 delAG mutation. Upon selective
pressure with PARPi, cells that have this specific mutation switched to an
alternative start codon downstream of the RING domain and expressed a Nterminal truncated protein that still had the Exon11, CCR, and the BRCT
regions (Wang et al. 2016b). This truncated protein was able to promote
residual HR and PARPi resistance. A mouse model that conditionally
expressed the Brca1185stop allele in the mammary gland develop tumors that
had a poorer response to PARPi in comparison with tumors harboring the
Brca1∆5-13 allele. Similarly to what was observed in the SUM1315MO2 cell
line, an N-terminal truncated protein was detected in the tumors homozygous
for the Brca1185stop allele (Drost et al. 2016). Those findings demonstrate that a
RING-less BRCA1 protein that retain some of the protein-protein interactions
is still able to partially restore HR and drive drug resistance.

Loss of Resection Inhibition

DNA end resection is the initial step in HR, and several proteins
prevent this process and direct the brake repair to the c-NHEJ pathway.
Among them, we can cite 53BP1, RIF1, and the Shieldin complex. Loss of
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53BP1 hyperactivates end resection favoring cells to perform HR, and loss of
resection inhibition is observed regardless of the BRCA1 mutation type. To
some extent loss of RIF1 and the Shieldin complex phenocopies 53BP1 loss
of function (LoF) (Feng et al. 2013; Zimmermann et al. 2013; Gupta et al.
2018; Mirman et al. 2018). The mouse models described above provided
great insight into this process. Beyond the rescue of embryonic viability of the
Brca1∆11 and Brca1ex2 homozygous mice, loss of 53bp1 was able to increase
the PARPi resistance and RAD51 foci formation after γ-irradiation of cells
derived from the double KO mice.
In a cohort of PARPi resistant, germline mutant BRCA1 PDX samples,
20% of the tumors had loss of 53BP1 expression (Cruz et al. 2018)
highlighting the clinical significance of this event.

Fanconi Anemia

Although Fanconi anemia (FA) is a rare genetic disease with an
incidence of 1:100,000 newborns in the US (Rosenberg et al. 2011), it
represents up to 25% of the cases of Aplastic Anemia seen at large referral
centers (Gordon-Smith and Issaragrisil 1992). In certain groups, due to the
founder effect, the numbers of carries can be higher. The incidence in
Afrikaners is reported to be 1: 22,000 (Rosendorff et al. 1987), and in Israel, it
is estimated to be around 1:45,000 newborns (Tamary et al. 2010). This
disorder was initially described by Guido Fanconi in 1927 in 3 siblings
presenting with pancytopenia and physical abnormalities. FA is an autosomal
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recessive disorder, so germline mutations in both alleles are required for the
development of the disease.
Currently, germline mutation in 22 genes are associated with the
disease (FANCA /B /C /D1 /D2 /E /F /G /I /J /L /M /N /O /P /Q /R /S /T /U /V &
/W), and these are known as FA complementation groups. The presentation
varies depending on the affected gene, but the hallmarks of the disease are
early-onset severe bone marrow (BM) failure, dermatological pigmentations,
skeletal abnormalities, short stature, and mental retardation (Figure 11).
Patients are also at an increased risk for developing hematologic
malignancies (-400 fold), and even after receiving a BM transplant and
overcoming BM failure, the risk for solid tumor development is still markedly
increased (Tischkowitz et al. 2003). Some FA genes like BRCA1/FANCS,
BRCA2/FANCD2, and PALB2/FANCN l are also involved in HBOC. If one
mutant copy is inherited, patients are likely to develop breast and/or ovarian
cancer; if two mutant copies are inherited FA phenotype will develop.
Patients with FA present with defects in the DNA interstrand cross-link
(ICL) repair pathway. Besides genetic testing, diagnosis is made by treating
patient-derived fibroblasts or lymphocytes with ICL agents like mitomycin C
(MMC) or diepoxybutane (DEB) and assessing for gross chromosomal
abnormalities like breaks and multiradials.
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and mitomycin. These agents covalently link the two DNA strands blocking
the replication and transcription machinery. So, the most common form of
repair occurs coupled with replication. Still, the final step of this repair process
generates a DSB, which will require the HR machinery. This pathway begins
with the identification of the ICL by CHK1 and ATR. These kinases
phosphorylate multiple FA proteins and enable the formation of the FA core
complex, which is composed of 9 subunits of the FA family of proteins. The
central role of this complex is to ubiquitinate the FANCD2-FANCI heterodimer
(Nalepa and Clapp 2018). FANCD2-FANCI recruits the nucleases FANCP,
FAN1, and ERCC4, which cleaves the DNA close to the lesion, unhooking the
interstrand from one of the two DNA strands. The cleavage will ultimately
generate a DSB in one of the parental strands (Roy and Schärer 2016).
Multiple translesion polymerases (TLS) like Pol η, Pol κ, and Pol ζ can extend
DNA synthesis beyond the ICL (Goodman and Woodgate 2013), ultimately
generating a template for the repair of the DSB formed on the other strand
(Figure 12). Collapsed replication forks, G-quadruplexes, and R-loops, can
also activate the ICL repair pathway.
Interestingly, stalled replication forks also activate the FA-BRCA
pathway to prevent the degradation of the nascent DNA strands (Jasin et al.
2012) by the MRE11 nuclease (Figure 13). The exact role of each protein of
the FA-BRCA pathway in preventing fork degradation is still under
investigation, but it appears that this could be a distinct function from the one
observed in HR.
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Figure 12. Representation of the ICL DNA repair pathway. ICL
lesion will stall DNA replication forks. This activates the phosphorylation of the
family of FA proteins. The role of this complex is to ubiquitinate the FANCD2FANCI heterodimer that will recruit nucleases to unhook the crosslink from
one DNA strand, creating a DSB. A TLS polymerase will continue the DNA
synthesis on the other strand that will be used as a template for the DSB
repair, ultimately allowing the replication fork to restart.
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filament on the extruded nascent strand to prevent nuclease
access (Figure 3). A separation-of37
unction mutant in BRCA2 has been identified, which is predicted to lead to less stable RAD51
filaments; this mutant is defective in fork protection but proficient at HDR and resistant to PARPi

Biallelic BRCA1 Mutations and FA

Up to date, eight patients were described as having pathogenic
mutations in both BRCA1 alleles. Five patients presented with homozygous
mutations, and the remaining 3 displayed distinct mutations in each allele, a
phenomena known as compound heterozygosity.
The first case of a BRCA1 compound heterozygote patient with a FA
phenotype was reported in 2013 (Domchek et al. 2013). This patient
presented with early-onset ovarian carcinoma and experienced significant
chemotherapy toxicity. Additionally, short stature, microcephaly, and
developmental delay were observed. Upon sequencing, this patient was found
to harbor one frameshift mutation in exon 11 (p.Asp821Ilefs*25) and one
missense mutation (p.Val1736Ala) in exon 20. In 2015 another patient
compound heterozygote for BRCA1 was described (Sawyer et al. 2015). She
presented with short stature, microsomia, skin lesions, skeletal abnormalities,
and intellectual disability. At 23 years old, she was diagnosed with ER/PR
positive, Her-2 negative breast cancer. Exome sequencing revealed a
frameshift mutation in exon 10 (p.Ser198Argfs*35) and a missense mutation
in exon 18, inside the BRCT repeat (p.Arg1699Trp). DEB treated
lymphocytes, as well as, MMC treated skin fibroblasts showed increase
chromosome breakage and radial formation in comparison with a
heterozygous control sibling, thus supporting the diagnose of FA.
In 2018, 5 patients were described as having homozygous mutations in
BRCA1 exon 11. All of them presented with short stature, microcephaly, skin
lesions, skeletal abnormalities, and chromosomal fragility. One was a 2,5
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years old female that harbored a p.Cys903* mutation (Freire et al. 2018). The
others were two siblings with a p.W372X mutation and another pair of siblings
with a p.L431X mutation (Seo et al. 2018) . In all cases, the sequencing of the
parents revealed heterozygosity for the pathogenic allele. Moreover, somatic
reversion mutations were not identified. One of the patients with the p.W372X
mutation developed T acute lymphocytic leukemia at age 5.
Finally, another compound heterozygote patient was described in 2019
(Keupp et al. 2019). This patient was diagnosed with breast cancer at age 30
and presented a milder FA phenotype, and albeit short stature, skin lesions,
and microcephaly, chromosomal instability was not present. Next-generation
sequence revealed the common p.C61G founder BRCA1 mutation in one
allele and a p.Arg1699Gln point mutation within the BRCT repeats in exon 18.

Goals / Hypothesis

The current ambiguity in the literature regarding the critical role of
BRCA1 within HR, may arise due to the variety of cell lines, mouse models
and experimental settings that were used to investigate BRCA1 functions so
far. It was previously suggested that BRCA1 might not be required to initiate
end resection, and also that its role is dispensable after end resection
occurred. In this work we investigated how BRCA1 mutations distinctively
affected HR after resection is activated by 53BP1 LoF, and how this translates
in organism development, RAD51 loading, and PARPi resistance (Chapter 3).
Finally, we specifically examined how critical is the role of the BRCA1 CCR
domain for mouse development, HR, and PARPi (Chapter 4).
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We hypothesize that BRCA1 function in both HR steps is critical for its
function in development, tumor suppression and, drug resistance. Moreover,
activation of end resection by 53BP1 LoF would not be sufficient to restore
HR to levels that would provide significant resistance to PARPi unless the
largest BRCA1-PALB2-BRCA2 complex is intact.
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CHAPTER 2
MATERIALS AND METHODS

Cell Lines

Cell lines were obtained from the ATCC or Asterand and tested for
mycoplasma. Cell line identities were confirmed by IDEXX analysis. All cell
lines were grown in media with 10% FBS and penicillin/streptomycin except
otherwise mentioned. The media used for cell lines is summarized in the table
below:

Cell line

Media

Supplements

MDA-MB-231

RPMI1640

FBS / PS

MCF7

RPMI1640

FBS / PS

MDA-MB-436

RPMI1640

FBS / PS

OVCAR5

RPMI1640

FBS / PS

OVCAR3

RPMI1640

FBS / PS / Glutamax / Insulin

HCC1395

RPMI1640

FBS / PS / HEPES / Sodium Pyruvate

L56BRC1

RPMI1640

FBS / PS / HEPES / Sodium Pyruvate

SUM1315MO2

HAMS-F12

FBS / PS / Insulin /EGF / HEPES / Hydrocortisone

SUM149PT

HAMS-F12

FBS / PS / Insulin /EGF / HEPES / Hydrocortisone

HEK293T

DMEM

FBS

IMR-90

DMEM

FBS / PS / NEAA / Glutamax / Sodium Pyruvate

MEF

DMEM

FBS / PS / NEAA / Glutamax / Sodium Pyruvate

MCF10F

High Calcium

FBS / PS
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H-TERT RPE1

DMEM:F-12

FBS / PS / Glutamax / Sodium Pyruvate / Sodium
Bicarbonate / HEPES

Table 2. Cell lines and media.

IMR-90 and non-immortalized MEFs media was supplemented with
15% FBS. Except for the non-immortalized MEFs that were grown in a 2%
oxygen incubator, all cell lines were incubated at 37C degrees with 5% CO2 in
a humidified incubator.

Mice

All experiments involving mice were approved by the Fox Chase
Cancer Center (FCCC) Institutional Mouse Care and Use Committee. The
mouse Brca1∆C and Brca1CC alleles were generated by the FCCC transgenic
mouse facility (detailed below). Before initiating experiments, germline
transmission of the allele was confirmed. Mice harboring the Brca1∆11 allele
were obtained from the NCI and are from a mixed background. Mice with the
Trp53bp1-/+ (Ward et al., 2003) allele were obtained from the Jackson
Laboratory (Strain B6;129-Trp53bp1tm1Jc/J). B6C3/F1 were acquired from Jax
Laboratory and Swiss Webster females were acquired from Taconic. For
xenograft experiments 6-8 weeks old NOD-scid IL2Rgnull females were
acquired from the FCCC Laboratory Animal Facility.
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Generation of the Brca1CC and Brca1∆C Mice

Guide RNAs that targeted the CCR region of Brca1 were evaluated
using crispr.mit.edu. Candidate guides selected were the ones that targeted
closer to the residue 1363, had the lowest off-target scores and highest cut
efficiency. Four distinct sgRNA were transcribed and tested for cut efficiency
in vitro using the Guide-it Complete sgRNA Screening System (Takara)
following manufacture instructions.
The guide with highest cut activity was further purified using the
MEGAclear™ Transcription Clean-Up (Invitrogen) and used for embryo
injection. The transcribed RNA together with Alt-R Cas9 (IDT) were
resuspended (20 ng/µl) in injection buffer (1 mM Tris HCl, pH 7.5; 0.1 mM
EDTA) and 1-2µl injected in B6C3/F1 (F1 between a cross of C57BL/6J
females (B6) and C3H/HeJ males (C3) single cell 0.5 day embryos
(pronuclei). The embryos were transferred to Swiss Webster recipient females
(Taconic Tac:SW).
The F0 generation was crossed with Brca1 WT mice and we evaluate
the germline transmission and the mutant status by PCR and Sanger
sequence.
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Mouse Genotyping

DNA was extracted using 240 µl of 50 mM NaOH. Samples were
incubated at 97 oC degrees for 30 minutes and vortexed every 10 minutes.
After, 60 µl of Tris-HCl 1 M pH 8 was added for pH neutralization. After
centrifugation 1 µl was used for each PCR reaction.
To evaluate Brca1 status a 1kb fragment was generated using
Forward and Reverse primers (Table 2). Following amplification, the PCR
products were analyzed by Restriction Enzyme Map Analysis. Fragments
were incubated with restriction enzymes (RE) at 37oC degrees for 2 hours.
The Bpu10I RE was used for the Brca1∆C allele and the PstI RE was used for
the Brca1CC allele. The mutant copy sequences gains the restriction site
whereas the WT does not. After digestion samples were run in a 1% Agarose
gel. WT mice displayed 1 band, heterozygous mice 3 bands and homozygous
mutant 2 bands.
The Trp53bp1 gene and the Brca1∆11 allele were genotype by PCR
using a combination of 2 pairs of primer (WT/common and mutant/common).
The genotype was determined by the visualization of the amplification product
in a 1% agarose gel (Ward et al., 2003; Xu et al., 2001).

PARP inhibitor treatment and peripheral blood analysis

To evaluate tolerability to PARPi, 6 to 8 weeks old, sex matched males
and females littermates were randomly selected to receive a known tolerated
dose of either 200 mg/kg rucaparib or vehicle orally bi-daily for 5 days. Mice
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were euthanized in accordance with institutional guidelines. Retro-orbital
blood was also collected from rucaparib and vehicle treated mice and
analyzed using an automated analyzer using mouse specific parameters
(Abaxis VetScan5).

Embryo Dissection

Mating cages were checked in the morning for females with a vaginal
plug and separated from the male. Brca1∆C/+ pregnant mice were euthanized
9.5 days postcoitum, (d.p.c.), the uterus was removed and separated from the
mesometrium. Individual embryos were dissected under microscope vision
(Nikon SMZ1500). Brca1CC pregnant mice were euthanized 16.5 d.p.c. and
individual embryos were dissected under direct vision.

MEF Generation

Pregnant females were euthanized 12.5-13.5 d.p.c. Mouse embryos
were dissected and internal organs removed. Dissociation was performed by
aspiring embryos through a 16-G needle followed by 5-10 minutes incubation
with 0.25%Trypsin at 37oC. The solution was mixed again by trituration and
incubated for an additional 5-10 minutes. After centrifugation cell pellet was
resuspended in 75 cm2 flasks. Experiments with MEFs described in chapter 3
were carried out within 3 passages of their derivation to avoid senescence
and MEFs were also cultured in hypoxic incubator prior to being set up for
experiments to increase proliferative capacity and avoid senescence. MEFS
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utilized in chapter 4 were immortalized before passage 3 by electroporation of
pBabe-SV40LTAg vector with the Amaxa Mouse/Rat Hepatocyte Nucleofector
Kit program N-24 (VAPL-1004 Lonza).

Peripheral blood analysis and staining of Hematopoietic Stem
Cells

After anesthesia, peripheral blood was collected from 3-4 weeks old
mice via retro-orbital bleeding and analyzed in an automated analyzer using
mouse-specific parameters (VectScan5 -Abaxis). After sacrifice, tibias and
femurs were isolated and bone marrow flushed with 2% FBS/PBS (F-PBS).
Red blood cell lysis was performed after centrifugation and cells were
suspended in 0.16 M ammonium chloride solution for 5 minutes on ice. Cells
were then resuspended in 0.5 ml of F-PBS, counted, and incubated on ice for
60 minutes with the following antibodies: CD3 (145-2C11 Biolegend), CD4
(RM4-5 eBiosience), CD8 (53-6.7 eBioscience), CD19 (6D5 Biolegend), B220
(RA3-6B2 Biolegend), Gr1 (RB6-8C5 Biolegend), Ter119 (Ter119 Biolegend),
cKit (2B8 BD Pharmingen), Sca-1 (25-5981-81 eBioscience), CD150 (TC1512F12.2 Biolegend), CD34 ( RAM34 BD Pharmingen), FcgRII/III (93
Biolegend), CD48 (HM48-1 Biolegend). Cells were washed, resuspended in
F-PBS and analyzed by Flow Cytometry (BD LSR II). FlowJo software was
utilized to analyze data generated by Flow Cytometry.
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Xenograft Studies

MDA-MB-436 cell lines expressing different BRCA1 constructs were
subcutaneously implanted in the flank of 6-8 weeks-old female NSG mice.
When tumor size reached between 150 and 180 mm3 mice were randomly
selected for rucaparib (provided by Clovis Oncology) or vehicle (PBS)
treatment. Rucaparib was administered by oral gavage 200 mg/kg, twice a
day for 10 days with a 2-day break after the first 5 days. Tumors were
measured twice a week with digital calipers and volume was calculate using
the formula (length x width2)/2. When tumors reached 1500 mm3 mice were
euthanized in accordance with institutional guidelines. Tumors were collected
for H&E and I.H.C studies.

END-seq

MEFs with the indicated genotypes were stably infected with a
retrovirus encoding AsiSI (pTRE3G-HA-ER-AsiSI) and clones with high
expression were selected by evaluating percentage of cells positive for
γH2AX after 10 Gy of γ-irradiation. Exponentially growing AsiSI-expressing
MEFs were treated with 1 μM doxycycline (DOX) for 24 hours and then, for 5
hours with 4-hydroxitamoxifen, resulting in the nuclear translocation of the
restriction enzyme. MEFs were harvested and 9 million cells were embedded
in agarose plugs, after which END-seq was performed as described (Canela
et al. 2016). END-seq reads were aligned to the mouse (GRCm38p2/mm10)
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genomes using Bowtie (version 1.1.2) (Langmead et al. 2009) with
parameters -n 3 -k 1 -l 50.
Break intensity was measured by integrating the RPKM values within
100 bp of each AsiSI break site. To quantify the width of maximum resection
endpoint (in bp), a sliding window containing twenty 100 bp bins was used,
starting from the AsiSI site out to 20 kb to the right side. When more than half
of the bins within this sliding window had an RPKM value equal to or lower
than the background, then the last bin within the window with a detectable
signal over background was regarded as the maximum resection endpoint.
The background was determined by the maximum END-seq signal for 100 bp
bins more than 20 kb (within 20 kb-30 kb) away from individual AsiSI sites.

SA-β-Gal Staining

MEFs were seeded in a 12 well plate and SA-β-Gal Staining was
performed using a commercial staining kit (Sigma). Cells were incubated
overnight at 37C degrees in a low CO2 incubator.

Homologous Recombination Assays

The HR reporter assay was previously described (Wyatt et al. 2016).
Briefly, 2 X 106 cells were transfected with 5 μg pGL3-U6-sgRNA-PGKpuromycin (A gift of Xingxu Huang, Addgene # 51133), 5 μg Flag-Cas9 (A gift
of Xingxu Huang, Addgene # 44758), 10 μg HR long donor (Langmead et al.
2009) and 1 μg pEGFP-N2 (Clontech) by Neon transfection kit (Invitrogen)
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using a 1350V, 30 ms pulse in a 100 μL chamber. The Rosa26-specific
sgRNA sequence used here was: 5’-ACTCCAGTCTTTCTAGAAGA. 48 hours
post transfection, a portion of the cells were analyzed by flow cytometry to
quantify the transfection efficiency, and the remaining cells were harvested for
genomic DNA extraction (Qiagen). Digital PCR was performed to quantify the
frequency of gene conversion events using the primers and Taqman probe
listed below. The HR signal was normalized to 5000 copies of genomic DNA,
measured using a Chromosome 6 control dPCR assay, using primers/probes
sequences listed below. Analysis of dPCR data was performed using
QuantaSoft (Bio-Rad).

Figure. 14 Schematic representation of the CRISPR/Cas9 assay. In
this assay Cas9, sgRNA targeting the Rosa26 locus, an homology donor
sequence and eGFP cDNA are electroporated in MEFs. Electroporation
efficiency is controlled by GFP. Digital droplet PCR is used to quantify the
absolute number of repaired sequences.
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BRCA1 mutant cDNA generation

HA-BRCA1 cDNA was cloned into the pENTR1A Gateway Entry vector
(Invitrogen) and shuttled into a pDest-IRES-GFP, pDest-IRES-BFP or pLX034
Destination vectors using Gateway™ LR Clonase™ II Enzyme Mix
(Invitrogen). To generate cDNA that would translate to C-terminal truncated
proteins an AscI site was introduced at the end of BRCA1 exon 24 by sitedirected mutagenesis. Restriction digestion was made using the AscI site
(BRCA1 5773 nt) and a BssSI site present at BRCA1 4771 nt. This was
followed by site-directed mutagenesis with the insertion of a stop codon at the
end of the exon 11 coding region (c.4099G>T) generating BRCA1∆CC+∆BRCT or at the end of the exon 15 coding region (c.4675G>T)
generating BRCA1-∆BRCT. The BRCA1-∆11q construct was previously
described (Wang et al., 2016a). The L1407P, M1411T, R1443G and CC
missense mutations were generated by site directed mutagenesis using the
QuikChange II Site-Directed Mutagenesis Kit from Agilent. Primers sequence
can be found in Table 3.

Lentivirus Production and Cell Infection

HEK293T were transfected with a destination vector and with psPAX2
packaging and VSV-G/pMD2.G envelope plasmids usingTransit-LT1 (Mirus).
The following morning media was replaced with fresh high serum media (30%
FBS). 48 hours later media was collected and filtered through a 0.45 µm filter.
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Cell lines were infected with lentivirus using Polybrene (Boston Bioproducts)
and infected cells were selected based on either immunofluorescence
expression or antibiotic resistance.
Clones were generated from the pCW-Cas9 infected cells to select for
cells with high Cas9 expression. Cas9 expression was conditionally induced
by the addition of doxycycline (4 μg/ml) to culture media. sgRNA targeting
53BP1 or GFP was cloned into the pLX-SG1 vector using BsmBI sites. After
blasticidin selection clones were generated. sgRNA targeting mouse
53BP1 or GFP was cloned into the lentiCRISPR v2 vector (gift from using
BsmBI sites and selected by puromycin resistance.

siRNA Transfection

For siRNA experiments cells were transfected using 10 to 40 nM of
siRNA with Lipofectamine RNAimax. All the experiments were carried out at
least 48 hours after siRNA transfection. Decrease in protein expression was
determined by Western Blotting or qPCR.

RNA Extraction /qRT-PCR

RNA was extracted using the RNeasy Plus Mini Kit (Qiagen) following
manufacture instructions. For quantitative RT-PCR, RNA was tested for
quality on a Bio- analyzer (Agilent). RNA concentrations were determined with
a spectrophotometer (NanoDrop; Thermo Fisher Scientific). RNA was reverse
transcribed using Moloney murine leukemia virus reverse transcriptase
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(Ambion, Thermo Fisher Scientific) and a mixture of anchored oligo-dT and
random decamers. Two reverse transcription reactions were performed for
each sample using either 100 or 25 ng input RNA. Assays were used in
combination with Taqman Universal Master Mix or Power SYBR Green
Master Mix and run on a 7900 HT Sequence Detection System (all from
Applied Biosystems, Thermo Fisher Scientific). Cycling conditions were 95°C
for 15 minutes, followed by 40 (2-step) cycles (95°C, 15 s; 60°C, 60 s). Ct
values were converted to quantities (in AU) using a standard curve (4 points,
4-fold dilutions) established with a calibrator sample. For Hprt expression the
Taqman assay (Life Technologies: Mm00446968_m1) was used. Primers
used for p53, p21, Palb2, Brca2 and Brca1 are listed in Table 3.

Colony Formation Assay

Cells were seeded in 6-well plates at 300-1000 cells per well
(depending of the cell line) in the presence of increasing concentrations of
mitomycin C or rucaparib. For doxorubicin sensitivity experiments MEFs were
seeded in 6 well plates at 300 cells per well and exposed to the drug at
increasing concentrations for 1 hour. After, the drug was removed and cells
were maintained in drug-free media. For taxol and cisplatin sensitivity
experiments 5,000-10,000 cells were seeded in 24 well plates and exposed to
the drugs for 24 hours. After, cells were reseeded in 6 well plates and cultured
in drug-free media. Colony formation was assessed after 10-14 days with
crystal violet staining. Lethal concentration (LC50) values (concentration
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required to reduce colony formation by 50%) were calculated using GraphPad
Prism software.

PARPi Resistance Assays

MDA-MB-436 cells expressing different BRCA1 proteins were seeded
in 6 well plates in the following seeding densities: 2x104, 1x104, 0.5x104,
0.25x104, 1.25x103 and 0.625x103 cells/ well. The cells were treated with 100
nM of rucaparib for 2-3 weeks. Media containing rucaparib was changed
every 48-72 hr. When the highest seeding density well reach confluency,
plates were fixed with 3:1 methanol: acid acetic solution and stained with
crystal violet. The mean colony formation from 3 different experiments was
expressed as the mean percentage of resistant colonies ± SEM relative to
BRCA1 full-length expressing PARPi treated cells.

Sulforhodamine B (SRB) Assays

Depending on growing rate MEFs were seeded at densities ranging
from to 2000 to 5000 cells per well in 24 well plates. The next day increasing
concentrations of PARPi was added to culture media. Media was changed
every 3 days. After 10 days cells were fixed with 50% Trichloroacetic acid
followed by 30 minutes incubation at room temperature with 0.4% SRB in a
1% acetic acid solution.
Plates were washed and SRB solubilized with 10 mM Tris base pH
10.5. Staining intensity was read on a plate reader at 510 nm wavelength. Cell
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growth was calculated as a percentage of the DMSO vehicle treated control
wells for each group.

DNA Replication Fork Protection

To measure replication fork protection MEFs were labeled with 50 μM
CldU for 30 min, washed 3 times with warm PBS and exposed to 250 μM IdU
for 30 minutes. After 3 washes with warm PBS cells were exposed to 2 µM of
hydroxyurea for 3 hours (Sigma). Cells were then collected and resuspended
in ice-cold PBS. Cells were lysed using a lysis buffer for 8 minutes (200 mM
Tris-HCl, 50 mM EDTA, 0.5% SDS, pH 7.4), and DNA fibers stretched onto
glass slides (Superfrost Microscope Slides precleaned, Fisher Scientific, 12550-123) by tilting slides 30 degrees. Slides were dried for 3 hours at room
temperature and fixed in a methanol: acetic acid solution (3:1) for 10 minutes.
The fibers were denatured with 2.5 M HCl for 2.5 h, washed with PBS 3 times
and blocked with 2% BSA in PBST for 40 min. Labeled DNA with CldU and
IdU were stained with anti-BrdU antibodies recognizing CldU and IdU (Novus
1:500 and BD Bioscience 1:100, respectively). Anti-mouse Alexa 594 (1:300)
and anti-rat Alexa 488 (1:300) were used for secondary antibodies. Images
were captured with Nikon NIU Upright Fluorescence Microscope. Fiber
lengths were quantified using ImageJ software
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Immunofluorescence and Microscopy

Cells were fixed with 4% paraformaldehyde (PFA) and permeabilized
with 1% Triton-X in PBS. Primary antibodies used: RAD51 ([N1C2] GeneTex),
RPA32 (19/NA18 CalBiochem), RPA32 (4E4 Cell Signaling), CtIP (271339
Santa Cruz), RIF1 (A300-569A Bethyl), 53BP1 (3802 Millipore),
phospho53BP1 (3428 Cell Signaling), BRCA1 (6954 Santa Cruz) BRCA1 (07434 Millipore), BRCA1 (MS110 Millipore), PCNA (sc-56 Santa Cruz) and, HA
tag (Cell Signaling 1:500). Primary antibodies were incubated overnight at 4
degrees in 5% goat serum. To evaluate RPA32 and PCNA we pre-extracted
cells prior to fixation as previously described (Di Micco and d'Adda di
Fagagna 2006). Briefly, we treated cells with ice-cold cytoskeleton buffer
(10 mM Pipes pH 6.8, 100 mM NaCl, 300 mM sucrose, 3mM MgCl2, 1mM
EGTA, 0.5% Triton X-100) for 5 min on ice followed by 5 min incubation with
ice-cold cytoskeleton stripping buffer (10 mM TrisHCl pH 7.4, 10 mM NaCl,
3mM MgCl2, 1% Tween 40(v/v), 0.5% sodium deoxycholate) then fixed in 4%
PFA and continued to be processed as described above. Alexa-Fluor or FITC
conjugated antibodies (Jackson ImmunoResearch Labs or Thermo Fisher
Scientific 1:1000) were incubated for 1 hour at room temperature. For PCNA
and BRCA1 co-localization experiments cells were treated with 2 µM of HU
for 3 hours before fixation. Slides were mounted with mounting media
containing DAPI. Images were captured using a Nikon NIU Upright
Fluorescence Microscope and generated images using Nikon NIS Elements
software. Unless otherwise specified, we routinely fixed cells 24 hours after
exposure to 1 µM of PARPi or 8 hours after 10 Gy of γ-irradiation. For
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analyses, we counted a minimum of 100 cells per condition per cell line. Foci
positive cells were nuclei that contained at least 5 foci for RAD51 and BRCA1
or 10 foci for 53BP1, phospho53BP1, RIF1, RPA32, CtIP, and PCNA. Each
experiment was performed at least 3 times with biological replicates. To
evaluate co-localization of BRCA1 ∆11q-GFP and HA-BRCA1del800 M1411T
we used a confocal microscope (Leica SP8 advanced).

Western Blotting and Immunoprecipitation

Nuclear extracts were derived using the NE-PER Nuclear and
Cytoplasmic Extraction Kit following the manufacturer’s instructions (Thermo
Scientific). Protease inhibitor and phosphatase inhibitors were added
(Millipore, Cat#524625 and #539131). Membranes were blocked for 1 hour
with 5% nonfat milk in PBS. Lysates were separated by SDS-PAGE and
transferred to a PDVF membrane (ImmobilonP Millipore). Primary Antibodies
were incubated in 5% non-fat milk overnight at 4 degrees directed against:
Rabbit Anti-53BP1 (NOVUS 1:1000), BARD1 (Bethyl 1:2000), BRCA1
(Millipore MS110, 1:500), BRCA2 (Bethyl 1:2000), CtIP (Bethyl 1:2000),
PALB2 (Bethyl 1:2000), RAD51 (Genetex 1:1000), RPA32 (Santa Cruz
1:1000), Tubulin (Cell signaling 1:2000), HA tag (Cell Signaling 1:1000), GFP
(Santa Cruz 1:1000) and Histone 3 (Cell signaling 1:1000). Brca1 recognizing
mouse species was a gift from A. Nussenzweig. HRP conjugated secondary
antibodies were used. Immunoprecipitation of BRCA1 complexes was done
using the Pierce Classic IP Kit (Thermo Fischer). Briefly, 500 µg of nuclear
extract was pre-cleared with Control Agarose Resin Slurry for 1 hour at 4
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degrees. Each lysate was incubated with 10 µg of anti-HA antibody (Cell
Signaling) or with GFP trap (Chromotek) and incubated at 4 degrees
overnight. To retrieve the complex 20 µl of Protein A/G agarose beads was
incubated with the antibody/lysate sample for 3 hours. The beads were
washed three times and eluted with 50 μl of acidic Elution Buffer provided by
the manufacturer. To neutralize the low pH of the buffer, 5μl of 1 M Tris pH
9.5 was added.

Metaphase Spreads

Assay was performed by the Fox Chase Cancer Center Cytogenetics
Core Facility. Briefly, cells were exposed to colcemid (0.01 µg/ml) for 12 h,
harvested with 0.075 M KCl and fixed with methanol-acetic acid (3:1) (Testa
et al. 1994).

Cell cycle Analyses

Cells were harvested and fixed with 50% ethanol. Cells were then
washed with PBS and re- suspended in 0.5 mL FxCycle PI/RNase Staining
Solution (Life Technologies, Thermo Fisher Scientific) and incubated at room
temperature for 30 min. Data were acquired using a BD LSR II Flow
Cytometer and analyzed using FlowJo software.
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Histologic and immunohistochemical staining

Slides were deparaffinized with xylene and hydrated with ethanol.
Antigen retrieval was performed using Tris/EDTA buffer (DAKO Target
Retrieval Solution) and endogenous peroxidase was quenched by immersing
slides in 3% hydrogen peroxide solution (30% H2O2, Fisher BP2633-500)
diluted in methanol. The following primary antibodies were used: BRCA1 Nterminal (MS110 Millipore 1:400), BRCA1 C-terminal (EMD Millipore #07-434,
1:7,500), 53BP1 (Millipore 1:4000) and anti-CD3 (0452 DAKO).
Antibodies were diluted with DaVinci Green Diluent (Biocare) and
incubated on slides overnight at 4°C in a humidified slide chamber. Slides
were then washed and incubated with EnVision+ System HRP Labeled
Polymer Anti-Rabbit or Anti-Mouse for 1 hour at RT. Specimens were
washed, then developed with DAB solution (Dako) and counterstained in
Meyer’s Hematoxylin (Sigma-Aldrich).

Quantification and Statistical Analysis
Statistical analysis was performed using GraphPad Prism software.
Statistically tests, significant p-values and number of replicates are indicated
in the figure legends. There were similar variances between statistical groups
compared.
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Forward

Reverse

BRCA1

CACACCCAGATGCTGCTTAA

ATGGATTCAAACTTAGGTTA

∆CC+∆BRCT

CCTAAGTTTGAATCCAT

AGCAGCATCTGGGTGTG

BRCA1

CTTACTTGCCAAGGCAAGAT

AAGGGGTTCCCTATAGATCT

∆BRCT

CTATAGGGAACCCCTT

TGCCTTGGCAAGTAAG

AcsI site

CTCAGTATGGCTGTGGGGGA

GGACACCTACCTGATACCCC

mutagenesis

TCTGGGGTATCAGGTAGGTG

AGATCCCCCACAGCCATACT

TCCA

GAG

L1407P

CAGCCATTTCCTGCTGGGG

ACATAACCTGATAAAGCCCC

mutagenesis

CTTTATCAGGTTATGT

AGCAGGAAATGGCTG

M1411T

CTTCTAGTTCAGCCGTTT

GATAAAGCTCCAGCAGGAAA

mutagenesis

CCTGCTGGAGCTTTATC

CGGCTGAACTAGAAG

R1443G

CTTTGTTCTGGATTTCCCAG

GCCCTTGAGGACCTGGGAA

mutagenesis

GTCCTCAAGGGC

ATCCAGAACAAAG

CC

CCATGCAACATAACCTGC

TCAGCCATTTCCTGCTGCAG

mutagenesis

AGCAGGAAATGGCTGA

GTTATGTTGCATGG

p53 qPCR

CGGAACATCTCGAAGCGTTT
AC

p21 qPCR

GCAGACCAGCCTGACAGATT

Brca1 qPCR

CCTTGGAATCGTGAGATCAG
T

Brca2 qPCR

TCACAGTTTCACGGAGATGA
AC
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Palb2 qPCR

ACAGTTGGTTTCAGAGTTAAA
GAATC

53BP1

AAACCAGTAAGACCAAGTATC

shRNA #1
53BP1

AATCAATACTAATCACACTGG

shRNA #2
sg_GFP

GATGTGATCGCGCTTCTCGT

sg_53BP1

GCCATCCAGTCCTCAAGGAG

sg_53bp1

ACAAGCTGCTCTTTGATGAT

sg_Brca1

CTATTTCGACGTCGTCCTTT

Brca1

ATGGCTTCAATGCCCTTCCG

CCGCACACCAGGATTCTCTA

CCGCCCATAGTACTCTGGAG

AGAAAACTGGCCCTTGCCAT

genotyping
HR

T
HR probe

TCAGTAAGGGAGCTGCAGTG
GAGTA

Chr6-control

TCAGCAAAGACCGCGGAAAG

probe

ATCT

Chr6-control

GGGAAGTGAGAGAGAAACTG

AAACCTGAGCCAGACTTTCC

AAG

Table 3. Primers for site directed mutagenesis, qRT-PCR, shRNA,
sgRNA, mouse Brca1 genotyping and HR assay.
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CHAPTER 3

RESULTS

BRCA1 Mutation-specific Responses to 53BP1 Loss-induced
Homologous Recombination and PARP Inhibitor Resistance

53BP1 Depletion Augments the Activity of BRCA1 CCR-containing
Proteins

To initially evaluate the role of the BRCA1 exon11, BRCT, and CCR
domains in HR steps, we evaluated the kinetics of IRIF of critical HR-related
proteins after 10 Gy of γ-irradiation in cells expressing distinct BRCA1
truncating proteins and compared with cells expressing the BRCA1 WT fulllength protein (BRCA1-FL). Moreover, we also evaluated how shRNAmediated 53BP1 depletion modulated the IRIF formation. To perform this
experiment, we used the MDA-MB-436 cell line. This cell line is a BRCA1
mutant cell line (5396+1G>A ) that was derived from a metastatic pleural
effusion of a patient with breast cancer (Elstrodt et al. 2006). This BRCA1
mutation results in undetectable BRCA1 protein expression, these cells do not
have detectable RAD51 foci formation and are extremely sensitive to PARPi.
We add-back a cDNA coding for (Figure 15A) a WT full-length protein
(BRCA1-FL), a BRCA1 protein lacking the majority of exon 11 (BRCA1-∆11q),
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Figure 15. Truncated BRCA1 expression in MDA-MB 436 cell line.
(A) Cartoon representing the different add-back proteins. The red region
represents the RING domain, the black region depicts the CCR, the green
denotes the tandem BRCT repeats, and the orange shows exon 11. (B)
Western Blot of the cytoplasmic and nuclear fractions of the MDA-MB 436
plus the indicated add-backs. Arrows indicate the expected migration patterns
of the mutant proteins. Asterisks indicate non-specific bands. An N-terminal
antibody was used to identify C-terminal truncated proteins.

Figure 1. Effects of 53BP1 Depletion on BRCA1 Protein Activity

(A) Cartoon showing BRCA1 constructs expressed in MDA-MB-436 cells: BRCA1 full-length, BRCA1-D11q, BRCA1-DBRCT, and BRCA1-DCC+BRCT. Retaine
peptide domains and protein interactions are indicated. Red indicates the RING domain location, orange indicates exon-11-encoded amino acids, black i
dicates coiled-coil domain amino acids, green shows BRCT domain locations, and blue shows non-assigned-domain amino acids.
(B) Western blot analyses of MDA-MB-436 cells engineered to express mCherry, BRCA1 full-length (FL) protein, BRCA1-D11q (D11q), BRCA1-DBRCT (DBRC
and BRCA1-DCC+BRCT (DCC+BRCT) truncated proteins as well as non-target (NT) or 53BP1 shRNA (53). Arrows indicate truncated BRCA1 proteins, an
asterisks indicate nonspecific bands.
(C) Cells from (B) were assessed for RPA32 IRIF formation using immunofluorescence assays. For comparison, FL-BRCA1-expressing cells are included as so
black bars in graphs showing data for mCherry-expressing cell lines. At the indicated time points post-g-irradiation (IR) (10 Gy), cells were fixed and those with
least 10 foci per nucleus counted positive for IRIF. For each protein, a minimum of 100 nuclei per time point and cell line were counted per experiment. Mean an
SEM percentages of cells containing RPA32 foci are shown from three independent experiments. Solid lines represent NT shRNA, and dashed lines represe
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(legend continued on next pag

a BRCA1 protein lacking the BRCT repeats (BRCA1-∆BRCT), a protein
lacking both the BRCT and CCR (BRCA1-∆CC+BRCT), and also a mCherry
negative control and assessed the kinetics of BRCA1, RPA32 and RAD51
IRIF with non-target (NT) or 53BP1 shRNA. Since BRCA1 mutations can lead
to protein mislocalization, we first examined the protein expression in the
nuclear and cytoplasmic compartments (Figure 15B). As expected, the
mCherry control did not have any detectable BRCA1 expression, and the
BRCA1-FL was entirely localized in the nucleus. The BRCA1-∆11q that lacks
the two canonical NLS was equally expressed in both cellular compartments,
and the BRCA1-∆BRCT and BRCA1-∆CC+BRCT proteins were mainly
expressed in the nucleus. All our add-backs had nuclear expression similar or
higher than the BRCA1-FL, making it unlikely that any difference in HR activity
could be attributed to protein mislocalization. Additionally, BRCA1 expression
was not altered by 53BP1 status (Figure 16).

Figure 16. Effect of 53BP1 depletion on BRCA1 expression.
Western blot showing the BRCA1 expression of the different add-backs
depicted in figure 15A plus NT or 53BP1 shRNA. Arrows indicate the
truncated proteins. Asterisks represent non-specific bands.
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All cells expressing truncated proteins had lower levels of RPA32 IRIF
when compared with cells expressing the BRCA1-FL protein at all measured
time points. However, upon 53BP1 depletion, end resection was activated,
and all our add-backs displayed an increase in RPA32 foci formation,
reaching similar levels to the ones observed in the BRCA1-FL (Figure 17A),
confirming the finding that 53BP1 depletion activates end resection regardless
of BRCA1 mutational status. As expected, the mCherry negative control had
undetected BRCA1 foci formation, and this was not changed upon 53BP1
depletion. In contrast, both BRCA1-∆11q and BRCA1-∆BRCT revealed an
increase in BRCA1 foci formation when 53BP1 was depleted in comparison
with the non-target (NT) shRNA expressing cells. Of note, the BRCA1-∆11q +
NT shRNA expressing cells displayed higher levels of BRCA1 IRIF than the
BRCA1-∆BRCT ones, pointing to the importance of the BRCT mediated
protein interaction for the recruitment of BRCA1 to DSBs. The CCR seems
critical for the 53BP1 mediated BRCA1 foci increase since the levels of
BRCA1 foci in cells expressing the BRCA1-CC+∆BRCT protein remained low
independent of 53BP1 expression (Figure 17B).
A similar kinetics to the BRCA1 IRIF was observed with the RAD51
IRIF. 53BP1 shRNA treated cells that expressed proteins that retained the
CCR displayed higher levels of RAD51 foci when compared to the NT shRNA
ones. The RAD51 IRIF of both the mCherry negative control and the BRCA1CC+∆BRCT expressing cells were not affected by 53BP1 status, keeping up
with low levels (Figure 17C).
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Figure 1. Effects of 53BP1 Depletion on BRCA1 Protein Activity
(A) Cartoon showing BRCA1 constructs expressed in MDA-MB-436 cells: BRCA1 full-length, BRCA1-D11q, BRCA1-DBRCT, and BRCA1-DCC+BRCT. Retained
peptide domains and protein interactions are indicated. Red indicates the RING domain location, orange indicates exon-11-encoded amino acids, black indicates coiled-coil domain amino acids, green shows BRCT domain locations, and blue shows non-assigned-domain amino acids.
(B) Western blot analyses of MDA-MB-436 cells engineered to express mCherry, BRCA1 full-length (FL) protein, BRCA1-D11q (D11q), BRCA1-DBRCT (DBRCT),
and BRCA1-DCC+BRCT (DCC+BRCT) truncated proteins as well as non-target (NT) or 53BP1 shRNA (53). Arrows indicate truncated BRCA1 proteins, and
asterisks indicate nonspecific bands.
(C) Cells from (B) were assessed for RPA32 IRIF formation using immunofluorescence assays. For comparison, FL-BRCA1-expressing cells are included as solid
black bars in graphs showing data for mCherry-expressing cell lines. At the indicated time points post-g-irradiation (IR) (10 Gy), cells were fixed and those with at
least 10 foci per nucleus counted positive for IRIF. For each protein, a minimum of 100 nuclei per time point and cell line were counted per experiment. Mean and
SEM percentages of cells containing RPA32 foci are shown from three independent experiments. Solid lines represent NT shRNA, and dashed lines represent

Figure 17. Effect of 53BP1 depletion in distinct HR steps. (A)

RPA32 foci formation kinetics in the cells expressing the add-backs shown in
figure 15A. BRCA1-FL expressing cells are represented as solid black line in

(legend continued on next page)

3514 Cell Reports
24, 3513–3527,
September
25, 2018
the mCherry
panels.
Cells
were

fixed at the indicated time points after 10 Gy

of γ-irradiation. Mean and S.E.M. percentages of three independent
experiments are presented. (B) BRCA1 IRIF formation was assessed as
described in A. Mean and S.E.M. percentages of three independent
experiments are presented (C) RAD51 IRIF was assessed as described in A.
Mean and S.E.M. percentages of three independent experiments are
presented. (D) Dose- response curves to Rucaparib of the cell lines
65

expressing the different BRCA1 constructs plus NT or 53BP1 shRNA. Solid
black line represents BRCA1-FL. *p<0.05, **p<0.01, ***p<0.001 (2-way
ANOVA).
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Finally, we evaluated the increase in PARPi resistance mediated by
53BP1 LoF by calculating the LC50 (lethal concentration required to decrease
50% of colony formation) of our cell lines. Increase in PARPi resistance was
only seen in cells that expressed BRCA1 proteins with the CCR. When
compared with the NT-shRNA versions, 53BP1 depletion increased rucaparib
LC50 4-fold in the BRCA1-∆11q expressing cells and 21-fold in the BRCA1∆BRCT ones. In contrast, 53BP1 had no impact in PARPi resistance in the
mCherry or BRCA1-CC+∆BRCT expressing cells (Figure 17D). These data
suggests that the BRCA1 CCR is critical for 53BP1 mediated increase in
RAD51 IRIF and PARPi resistance.

53bp1 KO Rescues Brca1ΔC/ΔC Embryonic Viability

As discussed in the introduction, 53bp1 KO was able to rescue the
embryonic lethality of mice homozygous for the Brca1∆2/∆2 and the Brca1∆11/∆11
alleles. Given that the in the MDA-MB-436 add-back experiments described
above, the CCR was a key protein region to promote HR and PARPi
resistance upon 53BP1 depletion, we sought to investigate the effect of 53bp1
KO in mice harboring a similar Brca1 mutation. We expected that in this
setting, 53bp1 KO would not be able to rescue embryonic development or HR.
To achieve this we used CRISPR/Cas9 to introduce mutations in the Brca1
CCR-encoding region. We generated a mouse with a Brca1 c.4080del4
frameshift mutation (Figure 18), resulting in a p.1361fs28X that prevents the
transcription of the C-terminal region of the protein, including the CCR and the
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Figure 18. Generation of the Brca1∆C/∆C mouse and predicted
protein product. Top: Brca1 coiled-coil sequence region targeted by sgRNA.
The red arrow represents the expected cleavage site generating the 4
nucleotide deletion (c.4080 del4) and the predicted frameshift mutation.
Middle: Predicted protein sequence (p.1361fs28X) displaying the loss of the
CCR Bottom: Schematic cartoon of the predicted protein product.

Figure 2. Generation and Assessment of Brca1DC/DC;53bp1!/! Mice

(A) Brca1 coiled-coil genomic region targeted using CRISPR/Cas9. Red arrow indicate
4083 4-bp deletion mutation. The Brca1 coiled-coil wild-type peptide region is shown
green. Amino acid changes resulting from the 1361fs28X mutation are red. Bottom: c
(B) Representative photograph of 6-week-old littermates with indicated genotypes. S
(C) Weights of individual mice with the indicated genotypes at 6 weeks of age. **p
comparisons).
(D) Kaplan-Meier survival curves of mice with the indicated genotypes.
(E) Representative photograph of Brca1DC/DC;53bp1!/! mouse with thymic lymphoma
(*). Scale bar, 20 mm.
(F) Primary MEFs (before passage 4) with the indicated genotypes were assessed for B
gel migrations of Brca1 wild-type (WT) (top arrow), a potential Brca1DC protein (mid
nonspecific band.
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A previous study reported that senescence occurred in early
passages of Brca1D11/D11;53bp1+/+ MEFs but was rescued in

pair
type

tandem BRCT repeats, this mutation should also prevent the transcription of
the alternative spliced Brca1-∆11q variant. Therefore we refer to this allele as
Brca1∆C. As observed with other Brca1 mutant mouse models, homozygosity
for the Brca1∆C allele resulted in embryonic lethality. We could not detect live
embryos with the Brca1∆C/ ∆C genotype as early as 9.5 days (E9.5) of
embryonic life (Table 4), indicating early embryonic lethality.

Live Pups
Expected
Observed
Embryos(9.5)
Expected
Observed

+/+
27
36
+/+
6.75
13

+/∆C
54
72
+/∆C
13.5
14

∆C/∆C
27
0
∆C/∆C
6.75
0

Table 4. Brca1∆C/∆C mice display early embryonic lethality.
Expected and observed frequencies of the cross between Brca1+/∆C x
Brca1+/∆C mice at birth and at 9.5 days of embryonic life.

Contrary to our hypothesis that loss of the CCR would prevent the 53bp1-KOinduced rescue of embryonic development, interbreeding Brca1+/∆C 53bp1-/ mice resulted in live Brca1∆C/∆C 53bp1-/- pups with the expected Mendelian
ratios (Table 5).
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Live Pups
Expected
Observed

+/+
27.25
32

+/∆C
54.5
52

∆C/∆C
27.25
25

Table 5. 53bp1 KO restore Brca1∆C/∆C Mendelian frequencies.
Expected and observed frequencies of the intercross between Brca1+/∆C
53bp1-/- x Brca1+/∆C 53bp1-/- mice at birth.

Six weeks old Brca1∆C/∆C 53bp1-/- mice were indistinguishable from their
Brca1+/+ 53bp1-/- littermates in terms of size and weight (Figure 19A, B).
Nevertheless, the lifespan of the Brca1∆C/∆C 53bp1-/- mice was shorter when
compared with the Brca1+/+ 53bp1-/- mice (Figure 19C), with mice developing
T- cell lymphomas between 3 and 6 months of age (Figure 19D). This finding
was in contrast with the previously published Brca1∆2/∆2 and Brca1∆11/∆11
mouse models. In these models, besides rescuing the embryonic viability,
53bp1 KO mice had the same lifespan that the Brca1+/+53bp1-/- mice and were
not tumor prone. MEFs derived from the Brca1∆2/∆2 and Brca1∆11/∆11 expressed
hypomorphic Brca1 proteins, that despite not having the RING domain and
exon 11, respectively, still possessed the CCR.
Due to early embryonic lethality, we were not able to obtain Brca1∆C/∆C
53bp1+/+ MEFs, but we were able to obtain Brca1∆C/∆C 53bp1-/- MEFs. Despite
similar Brca1 mRNA levels observed in the Brca1+/+ and the Brca1∆C/∆C
53bp-/- MEFS (Figure 20A), we could not detect any Brca1 protein expression
in the latter (Figure 20B), suggesting that the absence of the C-terminal region
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Figure 19. Phenotypic assessment of the Brca1ΔC/ΔC 53bp1-/- mice.
(A) Representative image of 6 weeks old littermates with the indicated
genotypes. (B) Individual weights of 6 weeks old mice with the indicated
genotypes. (C) Kaplan-Meyer curves for the indicated genotypes. (D)
Representative images of the thymic lymphomas developed by the Brca1∆C/∆C
53bp1-/- mice. Representative photography of the thymus and H&E staining of
the primary tumor and liver, bone marrow, and kidney metastasis. Scale bar
20 µm. NS = statistically non-significant, **p<0.01, *** p<0.001 (one-way
ANOVA).
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B

A

C
;53bp1!/! Mice

DC/DC

RISPR/Cas9. Red arrow indicates single guide RNA (sgRNA)-targeting location and the resulting c.4080ld-type peptide region is shown with the critical L1363 residue (equivalent to human L1407) highlighted
8X mutation are red. Bottom: cartoon of predicted truncated protein product.
es with indicated genotypes. See also Table 1.
otypes at 6 weeks of age. **p < 0.01, ***p < 0.001, NS, not significant (one-way ANOVA with multiple

ated genotypes.
mouse with thymic lymphoma. H&E of thymus, liver, bone marrow, and kidney showing tumor infiltrates
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leads to protein misfolding and likely proteasomal degradation. Treatment of
the Brca1∆C/∆C 53bp1-/- MEFs with the proteasomal inhibitor MG132 for a few
hours killed the cells, precluding us from collecting enough cells for western
blotting (Figure 20C).

Brca1ΔC/ΔC 53bp1-/- Mice Do Not Tolerate PARPi

To investigate overall HR proficiency in Brca1ΔC/ΔC 53bp1-/- mice, we
challenged the mice with oral rucaparib for five days. We expected that HR
proficient mice would tolerate the treatment regimen without side effects. We
used a dose of 200mg/kg b.i.d. since NSG mice tolerate it without side effects.
When treated with PARPi all Brca1ΔC/ΔC 53bp1-/- mice lost more than 20% of
their pre-treatment weight and needed to be euthanized within nine days of
the beginning of the drug administration (Figure 21A). The Brca1+/+ 53bp1+/+,
Brca1+/+ 53bp1-/-, and Brca1∆11/∆11 53bp1-/- mice tolerated this dose and did not
lose any weight. Before euthanizing, peripheral blood was taken, and white
blood cells (WBC) were measured. In the Brca1ΔC/ΔC 53bp1-/- PARPi treated
mice, there was a marked decrease in both neutrophils and lymphocytes
counts; this was not observed in mice with other genotypes (Figure 21B),
suggesting that Brca1ΔC/ΔC 53bp1-/- mice are HR deficient.
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Figure 3. Assessment of HR and PARPi Sensitivity

(A) MEFs were subject to 10-Gy IR and assessed for Rpa32 and Rad51 foci formation as desc
from three independent experiments is shown (*p < 0.05, ***p < 0.001, compared to WT, un
genotypes are shown. Scale bar, 10 mm.
(B) Cell lines were electroporated with plasmids expressing Rosa26-targeting sgRNA and Cas
a homology donor sequence. The number of gene conversion events from three independent
S3G for additional controls and information.
(C) Metaphase spreads were prepared from the indicated genotypes of MEFs treated with 5
chromosomes per 10 metaphases are shown. The number of metaphases assessed wer
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Brca1ΔC/ΔC 53bp1-/- MEFs Are HR Deficient

To further investigated HR proficiency, we derived MEFs from the
Brca1+/+ 53bp1+/+, Brca1+/+ 53bp1-/-, Brca1∆11/∆11 53bp1-/-, and Brca1ΔC/ΔC
53bp1-/- embryos. It was previously reported that due to oxidative damage,
MEFs with mutations in DNA repair genes frequently senesce at early
passages (Parrinelo et al. 2003). The senescence phenotype is caused by the
activation of the p21-p53 axis. Brca1∆11/∆1153BP1+/+ MEFs display early
senescence that is restored upon 53bp1 KO, most likely because HR is reestablished (Cao et al. 2009). In contrast, over 80% of the Brca1∆C/∆C 53bp1-/MEFs displayed positivity for senescence-associated b-galactosidase (SA-bgal) staining at passage 6. Senescence was postponed when keeping them in
hypoxic conditions (Figure 22), suggesting that these cells are sensitive to
DNA damage induced by oxidative stress and that 53bp1 KO is unable to
restore DNA repair to avoid the early senescence phenotype in the Brca1∆C/∆C
genetic background. All experiments done in primary cells were done within
the three initial passages after derivation to avoid senescence to interfere with
our results.
To specifically evaluate MEFs proficiency in DNA end resection and
Rad51 loading steps of HR, we performed immunofluorescence experiments
measuring Rpa32 and Rad51 IRIF. According to previous experiments, 53bp1
KO fully restored Rpa32 and Rad51 foci formation after γ-irradiation in the
Brca1∆11/∆11 background. In the Brca1∆C/∆C setting, 53bp1 KO also activated
DNA end resection, with Rpa32 reaching similar levels to the ones observed
in the Brca1+/+ 53bp1+/+ MEFs, but this did not translate to a significant
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increase in Rad51 foci formation. Rad51 IRIF was 5-fold lower in the
Brca1∆C/∆C 53bp1-/- cells when compared to the Brca1+/+ 53bp1+/+ ones and
only marginally higher when compared with the Brca1∆11/∆1153bp1+/+ (Figure
23A, B) cells. We directly measured HR levels by targeting the Rosa26 locus
using a CRISPR/Cas9-based assay. In this assay, Brca1∆C/∆C 53bp1-/- MEFs
had 2 fold fewer gene conversion events than the Brca1∆11/∆1153bp1-/- ones
(Figure 23C).

Figure 22. 53bp1 KO is unable to prevent senescence in Brca∆C/∆C
MEFs. Top: Non immortalized MEFs were cultured in low or normal oxygen
and staining for β-gal in the indicated passages. Bars represent Mean and
S.E.M. of positive cells. Bottom: Representative images of cells described on
the top panel. Scale bar 100 µm.
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Figure 23. Brca1ΔC/ΔC 53bp1-/- MEFs are HR deficient. (A) Rpa32 and
Rad51 foci were measured in MEFs with the indicated genotypes 8 hours
after 10 Gy of γ-irradiation. Mean and S.E.M. of three independent
experiments are shown. (B) Representative images from A. (C) Number of
gene conversions observed in the CRISPR/Cas9 HR reporter for the indicated
genotypes. Mean and S.E.M. for three independent experiments are shown.
Scale bar 10 µm. *p<0.05, *** p<0.001 (unpaired t-test)
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Gross chromosomal abnormalities like multi-radial chromosome
structure and chromosome breaks can arise as a result of defective
recombination, and it is considered one of the hallmark of DSBs DNA repair
deficiency. To asses for gross chromosomal abnormalities, metaphase
spreads were performed after 24 hours treatment with 500 nM of rucaparib.
Brca1∆11/∆11 53bp1+/+ and Brca1∆C/∆C 53bp1-/- MEFs had 17- and 3.3- fold
increase in radial chromosomes and 6.4- and 3.9-fold increase in
chromosome breaks, respectively, when compared with Brca1∆11/∆11 53bp1-/ones (Figure 24A).
Even though, in cell growth experiments the PARPi GI50 value (drug
concentration value that inhibits growth by 50%) of the Brca1ΔC/ΔC 53bp1-/MEFs was 6.3-fold higher than the Brca1Δ11/Δ1153bp1+/+ value (2.5 nM and 0.4
nM, respectively); Brca1∆C/∆C 53bp1-/- were still exquisitely PARPi sensitive
with their GI50 values 1766-fold lower in comparison with Brca1+/+ 53bp1+/+
MEFs (2.5 vs 4440 nM). Moreover, no differences were observed in GI50
values between Brca1Δ11/Δ1153bp1-/- and Brca1+/+ 53bp1+/+ cells (Figure 24B).
Overall, these data suggest that 53bp1 KO is likely providing some residual
HR activity in the Brca1∆C/∆C setting, but the observed effects are much
reduced from the ones observed in the Brca1Δ11/Δ11 setting.
Of note, cell cycle analysis of the MEFs revealed similar S/G2
percentages, making it unlikely that the observed differences could be
attributed to alterations in cell cycle progression (Figure 25).
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Figure 24. Brca1ΔC/ΔC 53bp1-/- MEFs are PARPi sensitive. (A)
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Figure 25. Cell cycle analysis of MEFs. Cell cycle profiles of MEFs
with the indicated genotypes were analyzed with Propidium Iodide (PI)
staining and flow cytometry. There were no differences in the cell cycle
fractions among the different genotypes, making it unlikely that the observed
results were due to differences in cell proliferation.
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53bp1 HR-independent Functions Are Not Associated With the
Brca1ΔC/ΔC 53bp1-/- MEFs

Given that the Brca1ΔC/ΔC 53bp1-/- genotype restored the Mendelian
frequencies of live pups but did not fully restored HR, we investigate possible
53bp1-mediated HR-independent mechanisms that could account for the
observed phenotype.
Since it was previously demonstrated that p53 loss rescued the
Mendelian frequencies of Brca1∆11/∆11 mice, and that p53 transcriptional
activity can be affected by the loss of 53BP1 expression, we assessed the
p53 response in the Brca1ΔC/ΔC 53bp1-/- MEFs. Upon treating cells with either
nutlin (a p53 activator) or γ-irradiation, we detected similar responses in p53
and p21 mRNA levels in Brca1+/+ 53bp1+/+, Brca1+/+ 53bp1-/-, and Brca1ΔC/ΔC
53bp1-/- MEFs (Figure 26A). Additionally, Brca1ΔC/ΔC 53bp1-/- MEFs senesce
rapidly in normal O2. These findings indicate that p53 activity is intact in
Brca1ΔC/ΔC 53bp1-/- MEFs and this mechanism do not account for their
embryonic viability. BRCA1 mutations are also associated with deficient
protection of stalled DNA replication forks, and that restoration of fork
protection drives PARPi resistance. We assessed fork protection in the
Brca1ΔC/ΔC 53bp1-/- cells by sequential treatment with IdU and CldU, followed
by HU for 3 hours. Fork protection was assessed by calculating the IdU/CldU
ratio. In accordance with previous findings (Chaudhuri et al. 2016), 53bp1 KO
did not rescue the fork protection defects observed in Brca1∆C/∆C mutant cells
(Figure 26B).
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Figure 26. 53bp1 HR-independent mechanism did not account for
the embryonic viability of Brca1∆C/∆C mice. (A) mRNA was collected from
MEFs with the indicated genotypes 4 hours post 7 Gy of γ-irradiation (IR) or 8
hours after 5µM of Nutlin treatment (N). p21 and p53 expression were
measured by qRT-PCR. Levels were expressed as a percentage of untreated
(-) WT MEFs from three independent experiments. (B) Left: IdU/CldU ratios
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viability was not related to defective p53 signaling.

If 53bp1 KO is able to restore embryonic viability by providing minimal
HR activity, we hypothesized that depletion of other key HR proteins involved
in Rad51 loading would abrogate any residual HR activity. As predicted,
siRNA mediated depletion of Palb2 or Brca2 (Figure 27A) eliminated any
residual Rad51 IRIF formation (Figure 27B). These data suggest that the
residual HR detected in our Brca1ΔC/ΔC 53bp1-/- cells is Brca1 independent but
Palb2-Brca2 dependent. Also, Palb2 and Brca2 siRNA treatment did not affect
cell cycle progression that could account for the observed effect (Figure 28).

53BP1 Depletion Promotes PARPI Resistance in a Subset of
BRCA1 Mutated Cells

To gain a better understanding of how 53BP1 loss of function could
differently affect HR and promote PARPi resistance in a panel of BRCA1
mutant cell lines, we decreased 53BP1 expression by shRNA and assessed
PARPi LC50 values, RPA32, and RAD51 IRIF. Despite having mutations in
different protein regions, we could broadly group our cell line panel as having
mutation either inside or outside exon 11. The SUM149PT, UWB1.289, and
L56BRC1 cells have frameshift mutations in exon11, whereas the MDA-MB463, HCC1395, and SUM1315MO2 cell lines have mutations outside exon 11
(Figure 29A). All cancer cell lines with exon 11 mutations were still able to
express the naturally occurring BRCA1-∆11q isoform variant, but we could not
detect any BRCA1 protein expression in cells with mutations outside exon 11,
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most likely due to protein degradation (Figure 29B). BRCA1 mutation site did
not affect the expression of other essential HR proteins (Figure 29B).
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Figure 28. Cell cycle profile of Brca1ΔC/ΔC 53bp1-/- MEFs. Cell cycle
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remained between 106 and 311-fold more sensitive to PARPi than the MDAMB-231 cell line (Figure 29D). Using the same cell line panel, we investigated
the impact of 53BP1 depletion in specific HR steps. To measure activation of
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Figure 4. 53BP1 Depletio
Cancer Cell Lines

Figure 29. A subset of BRCA1 mutant cell lines displayed
increased HR and PARPi resistance upon 53BP1 depletion. (A)
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end resection we measured RPA32 IRIF. Upon 53BP1 depletion, all cell lines,
regardless of the BRCA1 mutation site, showed a statistically significant
increase in the number of RPA32 IRIF positive cells in comparison with the
NT shRNA ones (Figure 30A). Nonetheless, 53BP1-mediated RAD51 IRIF
only increased in cells expressing the BRCA1-∆11q protein (Figure 30B).
These data corroborate the previous results with the MEFs that to mediate
significant HR restoration 53BP1 LoF must be coupled with the expression of
a hypomorphic BRCA1 protein.

BRCA1 Hypomorphs Promote 53BP1-Gene-KO-Induced PARPi
Resistance

In order to asses if incomplete 53BP1 LoF could account for some of
the previous results we observed, we decided to further asses the MDA-MB436 and SUM149PT cell lines after CRISPR/Cas9 mediated 53BP1 KO. After
infecting cells with the sgRNA targeting 53BP1 and antibiotic selection, we
selected 3 clones for each cell line with non-detectable 53BP1 protein
expression by western blot (Figure 31A). As a control, we used a sgRNA
targeting GFP. We characterized the PARPi response (Figure 31B), as well
as RAD51 IRIF (Figure 31C, D). In the SUM149PT 53BP1 KO clones, we
observed a 55-, 54- and a 67-fold increase in rucaparib LC50 when compared
with the sgGFP controls. In the MDA-MB-436 clones, there was no statistical
difference observed in PARPi sensitivity between the 53BP1 KO and control
cells.
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Figure 30. Effects of 53BP1 depletion on RPA32 and RAD51 IRIF in
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D

Figure 31. Effect of CRISPR/Cas9 mediated 53BP1 KO. (A) 53BP1
expression was assessed by western blot. Selected clones with undetectable
protein expression are shown in comparison with sgGFP ones. (B) Doseresponse curves to rucaparib of SUM149PT and MDA-MB436 clones
Figure 5. 53BP1 Gene KO Using CRISPR/Cas9
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Additionally, the MDA-MB-436 clones remained with undetectable RAD51
IRIF, but a statistically significant increase was observed in the SUM149PT
53BP1 KO clones.
SUM149PT cell line harbors a c.2228delT frameshift mutation (Elstrodt
et al. 2006) that translates to a stop codon at residue 735. This mutation
prevents the expression of the BRCA1-FL transcript, but the ∆11q alternative
spliced transcript is readily detected. We investigated the role of this spliced
variant in the observed 53BP1 KO-mediated increase of RPA32 IRIF, RAD51
IRIF, and in PARPi resistance. SUM149PT 53BP1 KO clone 12 was treated
with 3 individuals BRCA1 targeting siRNA or a scramble siRNA control
(Figure 32A). BRCA1 depletion sensitizes cells to rucaparib, with a decrease
in colony formation by 4-, 6-, and 46-fold in the BRCA1 depleted cells (Figure
32B). We also observed a statistically significant decrease in RAD51 IRIF in
the BRCA1 depleted cells when compared with the scramble controls. BRCA1
depletion did not affect RPA32 IRIF (Figure 32C-D). These results supported
our previous findings with 53BP1 shRNA treated cells and confirmed the
requirement of the hypomorphic BRCA1-∆11q splice variant in the intrinsic
resistance mechanism to PARPi of the SUM 149PT cells.
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A
Figure 5. 53BP1 Gene KO Using CRISPR/Cas9

(A) Cells were treated with sg_GFP or sg_53BP1. For sg_53BP1-treated cells, we established multiple clones per cell line and assessed 53BP1 protein expression
by western blotting. Selected clones with undetectable 53BP1 protein expression are shown for protein expression relative to the sg_GFP control cells.
(B) Cells from (A) were treated with increasing concentrations of rucaparib and colony formation assessed. Mean and SEM colony formation is shown from 3
independent experiments.
(C) Cells from (A) were assessed for RAD51 IRIF as described in Figure 1. The number of foci-positive cells (mean and SEM) from 3 independent experiments and
representative images are shown. *p < 0.05, **p < 0.01 compared to GFP (unpaired t test). MDA-MB-436+BRCA1 FL proteins were also assessed as a positive
control. Scale bar, 10 mm.
(D) SUM149PT sg_53BP1 KO clone#12 cells were subjected to scrambled (Sc) or each of 3 different BRCA1-targeting siRNAs. Top: western blot showing
BRCA1-D11q depletion. Bottom: mean and SEM colony formation of cells treated with 1 mM rucaparib normalized to vehicle-treated cells from 3 independent
experiments. *p < 0.05, **p < 0.01 compared to Sc (unpaired t test).
(E) Cells from (D) were assessed for RPA32 and RAD51 IRIF as described in Figure 1. The number of foci-positive cells (mean and SEM) from 3 independent
experiments and representative images are shown. ***p < 0.001 compared to Sc (unpaired t test). Scale bar, 10 mm.
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(A) Cells were treated with sg_GFP or sg_53BP1. For sg_53BP1-treated cells, we established
by western blotting. Selected clones with undetectable 53BP1 protein expression are show
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BRCA1 and 53BP1 Mutational Status Impacts Tumor PARPi
Sensitivity

As previously discussed, missense mutations in the BRCA1 CCR can
disrupt the interaction between BRCA1 and PALB2, thus preventing the
formation of the larger complex BRCA1-PALB2-BRCA2-RAD51. The L1407P
missense mutation was previously shown to disrupt this interaction. We
introduced this mutation in the MDA-MB-436 + BRCA1-FL and the MDAMB436 + BRCA1-∆BRCT cells, and initially assessed protein-protein
interactions by co-immunoprecipitation. In cells expressing the FL protein, the
introduction of the L1407P missense mutation abrogated the formation of the
BRCA1-PALB2-BRCA2-RAD51 complex, but the interactions with BARD1
and CtIP mediated by the RING domain and BRCT repeats, respectively,
were unaffected. In cells expressing the BRCA1-∆BRCT protein, the
introduction of the L1407P missense mutation did not affect the RING
domain-mediated interaction with BARD1 but, similarly to the FL, prevented
BRCA1-PALB2-BRCA2-RAD51 interaction. Given that the stop codon in the
BRCA1-∆BRCT hypomorphic protein is localized upstream of the BRCT
repeats, interactions mediated by this domain were also lost (Figure 33).
Next, we evaluated how 53BP1 depletion by shRNA would affect the
BRCA1-∆BRCT WT and the BRCA1-∆BRCT L1407P expressing cells with
regards to PARPi sensitivity, RPA32, and RAD51 IRIF. Upon 53BP1
depletion, cells expressing the BRCA1-∆BRCT WT protein reached similar
levels of PARPi resistance, RPA32, and RAD51 IRIF, as the cells expressing
the BRCA1-FL protein. This response was mitigated in cells expressing the
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BRCA1-∆BRCT + L1407P (Figure 34A). Beyond losing the residual HR
function observed in the BRCA1-∆BRCT WT expressing cells, the end
resection activity mediated by 53BP1 depletion was not translated in changes

Figure 33. BRCA1 Coiled-coil missense mutations prevent PALB2
interaction. Immunoprecipitation was performed in cells expressing BRCA1FL WT, BRCA1-FL+L1407P, BRCA1-∆BRCT, BRCA1-∆BRCT +L1407P,
followed by immunoblotting for the indicated proteins. The introduction of the
L1407P (L-P) missense mutation abrogated the formation of the larger
BRCA1-PALB2-BRCA2-RAD51 complex both in the FL and in the ∆BRCT
BRCA1.
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Figure 34. BRCA1 Coiled-coil missense mutations prevent 53BP1
KO mediated HR. (A) Colony formation was measured in the indicated cells
lines after treatment with 100 nM of rucaparib. Mean and S.E.M. of three
Figure 6. Effectindependent
of BRCA1 andexperiments
53BP1 Mutational
Status on
Sensitivity
normalized
to Tumor
colonyPARPi
formation
of the BRCA1-FL

(A) Western blot analyses of MDA-MB-436 cells engineered to express mCherry (mCh), FL BRCA1 (FL), and BRCA1-DBRCT (DBRCT) tha
coil region (WT) or expressing
harbored the L1407P
missense and
mutation
and subjected
to immunoprecipitation
using hemagglutinin (HA) antibod
cells. (L-P)
(B) RPA32
RAD51
IRIF were
measured in cells
the indicated proteins.
(B) Western blot analyses of MDA-MB-436 cells expressing either BRCA1 FL or BRCA1-DBRCT (DBRCT) proteins, which are either coi
expressing the indicated proteins 8 hours after 10 Gy of γ-irradiation. Mean
L1407P (L-P) mutation. Additionally, cells expressed NT or 53BP1 (53) shRNA.
(C) Cells from (B) were assessed for RPA32 and RAD51 IRIF as described in Figure 1. Left: representative images and number of foci
and S.E.M. of three independent experiments are shown. (C) Representative
SEM) are shown from 3 independent experiments. ***p < 0.001 compared with relative NT shRNA cells (unpaired t test). Scale bar, 10
(D) Cells from (B) were assessed for colony formation in the presence of 100 nM rucaparib. Mean and SEM from 3 independent experime
images
of C. (D)
Colony
formation
ofcompared
cells expressing
formation of BRCA1
FL-expressing
cells
are shown.
**p < 0.01
with relativethe
NT indicated
shRNA cellsproteins
(unpaired t test).
(E) MDA-MB-436 tumor xenografts expressing or BRCA1-DBRCT proteins that are either coiled-coil WT or harbor the L1407P (L-P) mut
treatment
with53BP1
20 nM
of rucaparib.
S.E.M.
three by IHC staining. MDA-MB-436
or 53BP1 shRNA after
targeting.
BRCA1 and
expression
status inMean
tumor and
xenografts
wasofconfirmed
BRCA1 FL add-back tumors were included as controls for staining. Scale bar, 10 mm.

independent experiments normalized
colony
formation
the BRCA1-FL
Figure 6.toEffect
of BRCA1
andof
53BP1
Mutational Status on Tumor PA

(A) Western blot analyses of MDA-MB-436 cells engineered to express mCherry

(legend c
expressing
bar 10coil
µm.
**p<0.01,
***p<0.001
(unpaired
t-test).
region
(WT) or harbored
the 7.
L1407P
(L-P)Dmissense
mutationmutation
and subjected
53BP1 Mutational Status
on Tumor cells.
PARPiScale
Sensitivity
Supplemental
Figure
BRCA111q
coiled-coil
bloct

the
indicated
proteins.(DBRCT) that were WT for the coiledB-436 cells engineered to express mCherry (mCh), FL BRCA1 (FL),
and
BRCA1-DBRCT
3522 Cell Reports 24, 3513–3527, September 25, 2018
07P (L-P) missense mutation and subjected to immunoprecipitation
hemagglutinin
(HA)ofantibody
immunoblotted
forBRCA1
(B)using
Western
blot
analyses
MDA-MB-436
cellsfull-length
expressing
either BRCA1
or
(A) MDA-MB-436
cells
thatand
express
(FL),FL
BR
L1407P (L-P) mutation. Additionally, cells expressed NT or 53BP1 (53) shRNA.
MB-436 cells expressing either BRCA1 FL or BRCA1-DBRCT (DBRCT)
proteins,
which
are
eitherincoiled-coil
WT
or RAD51
harbor
(C) Cells
from (B)
were
assessed
for RPA32
and
IRIF
as described
equivalent
to L1407P
full-length,
as
well asthe
non-target
(NT) inorF5
, cells expressed NT or 53BP1 (53) shRNA.
SEM) are shown from 3 independent experiments. ***p < 0.001 compared with
RPA32 and RAD51 IRIF as described in Figure 1. Left: representative
images
and number
of foci-positive
cells
(mean
andpresence
(D) Cells
from
(B)
for
colony formation
in forming
the
of 100 nM
and
assessed
forassessed
colony
formation.
Colonies
are expressed
95were
nt experiments. ***p < 0.001 compared with relative NT shRNA cells
(unpaired
t
test).
Scale
bar,
10
mm.
formation of BRCA1 FL-expressing cells are shown. **p < 0.01 compared with
colony formation in the presence of 100 nM rucaparib. Mean and (E)
SEM
from 3 independent
experiments
normalized
to colony
MDA-MB-436
tumor independent
xenografts
expressing
or BRCA1-DBRCT
proteins that
cells
from three
experiments.
** p < 0.01 compared
to
6. Effect of BRCA1 and 53BP1 Mutational Status on Tumor PARPi
Sensitivity
cells are shown. **p < 0.01 compared with relative NT shRNA cells
(unpaired
t
test).
or
53BP1
shRNA
targeting.
BRCA1
and
53BP1
expression
status
in
tumor
xe
ern blot analyses of MDA-MB-436 cells engineered to express mCherry (mCh), FL BRCA1 (FL), and BRCA1-DBRCT (DBRCT) that were WT for the coiled-

on PARPi resistance or RAD51 loading (Figure 34B,C). The same missense
mutation was introduced in the BRCA1-∆11q isoform, and its residual HR
function was also lost. Cells expressing the BRCA1-∆11q + L304P (equivalent
to the L1407P in the FL) were exquisitely sensitive to PARPi, and 53BP1 LoF
was unable to further increase PARPi resistance (Figure 34D).
To additionally characterized the in vivo responses to PARPi of the
BRCA1 mutant tumors, we subcutaneously injected MDA-MB-436 cells that
expressed mCherry or BRCA1-full-length controls as well as BRCA1-∆BRCT
or BRCA1-∆BRCT+L1407P with NT or 53BP1 shRNA into the flanks of NSG
mice. IHC studies confirmed the tumor expression of BRCA1 and 53BP1
(Figure 35A). Rucaparib treatment markedly delayed tumor growth in mCherry
expressing tumors and had no effect in BRCA1-FL expressing tumors. In
BRCA1-∆BRCT WT + NT shRNA tumors, rucaparib was able to mildly delay
tumor growth, when compared with vehicle-treated mice. This drug response
was lost in BRCA1-∆BRCT WT + 53BP1 shRNA. On the other hand, BRCA1∆BRCT L1407P expressing tumors had their growth similarly delayed,
irrespective of its 53BP1 status (Figure 35B).

BRCA1 Requirement for RAD51 IRIF is Context-dependent

Given that we were able to detect Brca1-independent Rad51 IRIF in
the Brca1∆C/∆C 53bp1-/- MEFs, we further investigated BRCA1 role on the
ability of 53BP1 depletion to rescue RAD51 IRIF in a panel of nontransformed cell lines, and cancer cell lines. In all non-transformed cell lines,
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Figure 35. In vivo assessment of mutation status on PARPi

response. (A) IHC staining of xenograft derived tumors expressing the

indicated BRCA1 protein and expressing either 53BP1 or NT shRNA. BRCA1
was assessed using antibodies that specifically recognize the C- and N-

3522 Cell Reports 24, 3513–3527, September 25, 2018
(legend continued on next page)
terminal epitopes of the protein. Scale bar 10 µM. (B)
Tumor growth curve of

3522 Cell Reports 24, 3513–3527, September 25, 2018

vehicle (black lines) or rucaparib (red lines) treated mice with tumors that
expressed the indicated BRCA1 and 53BP1 proteins. Mice were euthanized
when tumors reached 1500cc. Linear mixed models were used to test
differences in the slope of the log-tumor volume. p values show differences in
growth rate between vehicle and drug- treated mice. n=5 mice per condition.
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the depletion of BRCA1 by siRNA dramatically decreased the number of cells
positive for RAD51 IRIF. The combination of BRCA1 and 53BP1 siRNA
treatment in these cells did not significantly increase the positivity for BRCA1
or RAD51 IRIF (Figure 36A). In the BRCA1 WT cancer cell lines, we
observed, as expected, a decrease in RAD51 foci formation upon BRCA1
siRNA treatment. Depleting BRCA1 and 53BP1 led to the same response in
the OVCAR3 cell line. In OVCAR5 and MCF7 cell lines, we observed a minor
RAD51 IRIF increase upon BRCA1 and 53BP1 siRNA treatment. An increase
in BRCA1 IRIF accompanied these RAD51 IRIF increases. In this setting,
53BP1 depletion most likely facilitated the recruitment of residual BRCA1 to
the break sites, thus leading to an increase in RAD51 positivity. When
considering only the BRCA1 negative cells, we could not detect any increase
in RAD51 IRIF formation in either OVCAR5 or MCF7, suggesting that BRCA1
independent RAD51 loading was not occurring (Figure 36B).
The observed results in BRCA1 mutant cell lines were diverse. In
UWB1.289 cells, BRCA1 siRNA decreased the number of cells positive for
RAD51, and this was not changed by further treating these cells with 53BP1
siRNA. In the SUM149PT cell line, we were able to detect an increase in cells
with RAD51 positive, BRCA1 negative IRIF when both BRCA1 and 53BP1
were depleted, indicating that in this specific cell line once end resection is
activated, some RAD51 loading can occur BRCA1 independently. Strikingly,
despite not having any BRCA1 IRIF positive cells, HCC1937 BRCA1 mutant
cell line presented with robust RAD51 IRIF regardless of siRNA treatment,
suggesting that it developed an efficient mechanism of BRCA1 independent
RAD51 loading (Figure 36C).
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These data points that the absolute requirement of BRCA1 for efficient
RAD51 loading is context-dependent and varies with the model used.
Nevertheless, the majority of tested cells required the expressions of, at least
a hypomorphic BRCA1 protein that retained PALB2 interaction for efficient
53BP1 LoF mediated RAD51 IRIF and HR.
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Figure 36. BRCA1 independent RAD51 loading is observed in a
subset of cell lines. (A) Non- transformed immortalized cell lines MCF10F,
RPE and IMR90 were transfected with scramble, BRCA1 and 53BP1 siRNA
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as indicated and RAD51 and BRCA1 IRIF were measured after 10 Gy of γirradiation. Mean and S.E.M. of three independent experiments are shown.
Right: Percentage of cell lines in the S/G2 phase of the cell cycle. (B) BRCA1
WT cancer cells MCF7, OVCAR3 and, OVCAR 5 were treated and analyzed
as described in A. (C) BRCA1 mutant cancer cells SUM149PT, UWB1.289,
and HCC1937 were treated and analyzed as described in A. Scale bar 10 µm.

101

CHAPTER 4

RESULTS

Brca1 mutant proteins cooperate to promote homologous
recombination and protect against Fanconi Anemia

Homozygous Mice for Brca1 CCR Mutations Display FA
Phenotypes

In order to better understand how specifically disrupting the Brca1Palb2 interaction, while maintaining the RING and BRCT mediated-protein
complexes, would affect mouse development and HR, we utilized
CRISPR/Cas9 to generate a mouse model with an inframe deletion of 3 aa in
the coiled-coil region of Brca1 (Figure 37A). This novel Brca1CC allele has a
deletion of aa’s 1361-1363 (Isoleucine, Lysine and, Leucine), which
correspond to the conserved 1405-1407 aa’s residues in human BRCA1.
To confirm that this inframe deletion would disrupt Brca1-Palb2 interaction, we
used the MDA-MB-436 cell line to express the human BRCA1-CC orthologue.
Upon BRCA1 immunoprecipitation, we could not detect PALB2 interaction in
cells expressing the BRCA1-CC, but could readily immunoprecipitate PALB2
in cells expressing the BRCA1-FL protein, suggesting that the BRCA1 coiledcoil mediated interactions were disrupted with the 1405-1407 deletion (Figure
37B).

102

A

B

WT CC BFP WT CC
Input
IP:HA
Figure 37. Brca1-CC protein lost the ability to interact with Palb2.
(A) Top: Schematic representation depicting the predicted Brca1-CC protein.
Red represents the RING domain; green represents the BRCT repeats, and
black displays the coiled-coil region (CCR). The interacting partners are
shown above each protein domain. Star represents the inframe deletion in the
CCR. Bottom: CCR aa’s sequence of the WT and the mutant protein.
Residues in red represent the aa’s deleted in the mutant Brca1. (B) CoImmunoprecipitation of cells expressing the indicated BRCA1 proteins and
immunoblotting demonstrating loss of PALB2 interaction in the BRCA1-CC
protein. There were no differences in protein expression that could account for
the observed finding.
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In contrast to what was observed in our Brca1∆C mouse model, when
lethality occurred before day 9.5 of embryonic life, homozygosity for the
Brca1CC allele did not demonstrate the same degree of lethality. Albeit at subMendelian ratios, we observed 12 live pups out of the 81.75 expected (Table
6). To determine at what time embryonic death occurred, we set up timed
mattings and evaluated the genotype of the embryos at different days post
coittum (d.p.c). At 16.5 d.p.c. we could detect 8 out of the expected 11
embryos with the Brca1CC/CC genotype, indicating that the lethality occurred
later in the embryonic life. (Table 6).

Live Pups
Expected

+/+
81.75

+/CC
163.5

CC/CC
81.75

Observed

110

206

12

Embryos(16.5)

+/+

+/CC

CC/CC

Expected

11

22

11

Observed

13

23

8

Table 6. Brca1CC/CC mice display late embryonic lethality. Expected
and observed frequencies of the cross between Brca1+/CC x Brca1+/CC mice at
birth and 16.5 days of embryonic life.

Interestingly, the live homozygous mice were smaller than the Brca1+/+
and Brca1+/CC littermates. This size difference could be already observed at
14.5 days of embryonic life (Figure 38A,C). Beyond the small size and weight,
all Brca1CC/CC mice displayed musculoskeletal abnormalities in their
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Figure 38. Brca1CC/CC miceCC/CC
display an FA-like phenotype. (A)

Fig 1. Brca1

mice have FA.

Representative photographs of 16.5 d.p.c embryos and 3 weeks old

littermates with the indicated genotypes. Scale bar 0.5 and 3 cm. (B) Skin

Fig 1. Brca1CC/CC mice have FA.

abnormality observed in Brca1CC/CC is indicated with an arrow. (C) Weights of
individual mice with the indicated phenotype. (D) Ovary and testis of 3-4
weeks old Brca1+/+ and Brca1CC/CC mice were evaluated with histological
sections and H&E staining. Brca1+/+ mice testes showed the intact
architecture of the seminiferous tubules and normal spermatogenesis. In

1. Brca1

+/+
CC/CC
CC/CC comparison with Brca1 mice, testes of mice that harbored the Brca1

mice have FA.
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13

1

mutation were reduced in size and weight. Mutant mice testes showed
marked cell depletion in the seminiferous tubules and intraepithelial vacuoles
in the remaining spermatogenic cells. Exfoliation of cells was found in the
lumens, and abundant Leydig cells were seen in the interstitium. There were
no mature spermatozoa in the lumens of tubules. Similarly, the ovaries of the
Brca1CC/CC mouse were smaller and reduced in weight. HE representative
image showed a conspicuous absence of follicles and corpora lutea and the
presence of increased stroma. Scale bar 100 µm.
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tails (Figure 38B), and also frequently exhibited hypopigmented fur patches.
Additionally, in comparison with Brca1+/+ mice, testes and ovaries of mice that
harbored the Brca1CC/CC mutation were smaller in size. Upon histological
examination, a decreasing number of germinal epithelial cells and abnormal
spermatogenesis were observed. Similarly, the ovaries of the Brca1CC/CC
females were smaller, and we could not detect normal follicular
maturation. These findings suggest both testicular and ovarian atrophy and
accounted for mouse infertility (Figure 38D). Given the phenotypic similarities
with human FA disease, we investigated if these mice presented with
defective hematopoiesis.
We initially characterized the peripheral blood components of 3 weeks
old Brca1CC/CC and Brca1+/+ littermates. Brca1CC/CC had significantly decreased
numbers of red blood cells (RBCs) and white blood cells (WBCs) in the
peripheral blood when compared with Brca1+/+ mice. When we evaluated
specific peripheral cell subpopulations, we observed a decrease in both
neutrophils and lymphocytes in Brca1CC/CC mice. Furthermore, they displayed
lower levels of hemoglobin and hematocrit (Figure 39A,B). Since that BM
aplasia is a defining feature of FA, we evaluated BM cellularity in these mice.
In 3 weeks old mice, the total number of cells in the BM of Brca1CC/CC mice
was markedly decreased in comparison with Brca1+/+ littermates (Figure 39C).
This hypocellularity could also be observed in histologic sections of the
sternum of Brca1CC/CC mice. Taken together, these results suggest that the
Brca1CC/CC mice have BM failure (Figure 36C).
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Supplemental Text and Figures
A

C

Supplementary Figures
B

Fig 1. Brca1CC/CC mice have FA.
Figure 39. Brca1CC/CC mice present with bone marrow failure. (A)
White blood cells and red blood cells of 3 weeks old individual mice with the
indicated genotypes. (B) Neutrophils, lymphocytes, hemoglobin, and
hematocrit of 3 weeks old mice with the indicated genotypes. (C) Bone

marrow cellularity and H&E staining of 3 weeks old mice with the indicated
ig 1. Brca1CC/CC mice
have FA.
genotypes. BM staining shows a marked depletion of mononuclear cells.
Scale bar 100 µM. *p<0.05, **p<0.01, ***p<0.001 (unpaired t-test).
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To better characterize if there was a specific cell subpopulation defect
on the BM of the Brca1CC/CC mice, we performed flow cytometry analysis. We
characterized the presence of long-term hematopoietic stem-cells (LT-HSC),
LSKs cells (Lin-Sca-1+Kit+), myeloid progenitors, common myeloid progenitors
(CMP), granulocyte-macrophage progenitors (GMP) and megakaryocyteerythroid progenitors (MEP) populations. The LT-HSCs are considered to be
the most undifferentiated hematopoietic stem cell (Cheng et al. 2019). They
have the ability to reconstitute the entire hematopoietic system in a lethally
irradiated mouse. LSKs are a more heterogeneous population composed of
the long-term HSC, short-term HSCs and the multipotent progenitors. The
frequency of LT-HSCs in the LSK population is about 1:5-1:10 cells (Oguro et
al. 2013). The myeloid progenitors and CMPs are subpopulations already
committed to differentiating into GMPs (that will further differentiate into
macrophages or granulocytes) or MEPs (committed to differentiating into
erythrocytes or platelets) (Seita and Weissman 2010).
The flow cytometry analysis of the BM revealed striking differences in
the absolute number of cells of all the examined subpopulations (Figure 40A).
The Brca1CC/CC mice were deficient in all lineages with barely detectable
levels of the LT-HSCs (Figure 40B). These findings suggest that HR-related
Brca1 functions have a critical role in promoting hematopoiesis, and mice that
express a Brca1 protein that lost the Palb2 interaction develop early BM
aplasia.
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Supplementary Figures
Supplementary Figures
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Fig 1. Brca1CC/CC mice have FA.

13

Figure 40. Brca1CC/CC mice display severe defects in

Fig. S1. Brca1CC/CC mice have HSPC defects and BM failure. See Fig. 1.
Fig. S1. Brca1CC/CC mice have HSPC defects and BM failure. See Fig. 1.
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CC/CC

Finally, Brca1CC/CC mice had markedly shorter lifespans, with mice unable to
survive beyond 100 days. Mice that did not die of BM failure developed
aggressive, metastatic T-cell acute lymphoblastic leukemia (T-ALL) and had
to be euthanized (Figure 41). These hematological findings further confirmed
the FA-like phenotype of Brca1CC/CC mice .

A

B

Figure 41. Brca1CC/CC mice develop T-ALL. (A) H&E and IHC staining

mice have
FA. of a Brca1
of the thymus

CC/CC

mouse showing atypical lymphocyte infiltration

compatible with the diagnosis of T-ALL (CD3 positive). (B) Summary of
Brca1CC/CC lifespan and cause of death.

Distinct Combinations of13
Brca1 Mutant Alleles Have Unique
Effects on Mouse Development

The severity of the phenotype described in humans with biallelic
BRCA1 mutations varies depending on the specific allele combination. This
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range is likely linked to the unique protein products expressed and the
protein-protein interactions that are lost, and the residual function of the
mutant proteins. We hypothesize that mouse development would also be
differently affected by unique Brca1 alleles combinations.
In Chapter 3, we found that the Brca1∆C allele fails to generate a
detectable Brca1 protein, and homozygosity for this allele is embryonic lethal.
Additionally, we could not detect Brca1∆C/∆C embryos as early as 9.5 days of
embryonic life. In contrast, the Brca1∆11 allele can generate the Brca1-∆11
isoform protein but not full-length Brca1, and mice homozygous for this allele
also do not reach birth with loss of viability occurring around 12.5 days of
embryonic life (Xu et al. 2001). By contrast, we detected Brca1CC
homozygous live pups, and nearly Mendelian ratios were observed at late
embryonic stages. In order to evaluate the effect of different combinations of
compound heterozygous alleles in embryonic development, we interbred mice
that were heterozygous for the alleles described above.
Crossing Brca1+/∆C x Brca1+/∆11 resulted in no live pups harboring the
Brca1∆C/∆11 genotype (Table 7). When we crossed Brca1+/∆C x Brca1+/CC mice,
we observed a sub-Mendelian ratio of live pups with the Brca1∆C/CC genotype
(Table 8). This was similar to what we observed with Brca1CC/CC mice. Those
mice also prematurely died of either BM failure or T-ALL. Surprisingly, when
we crossed Brca1+/CC with Brca1+/∆11 mice, we observed the Brca1∆11/CC at
Mendelian frequencies (Table 9).
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Live Pups
Expected
Observed

+/+

+/∆C

+/∆11

∆C/∆11

21

21

21

21

29

29

26

0

Table 7. Summary of the expected and observed Mendelian
frequencies of the crosses between Brca1+/∆C x Brca1+/∆11 mice.

Live Pups
Expected
Observed

+/+

+/∆C

+/CC

∆C/CC

25

25

25

25

38

33

25

4

Table 8. Summary of the expected and observed Mendelian
frequencies of the cross between Brca1+/∆C x Brca1+/CC mice.

Live Pups
Expected
Observed

+/+

+/∆11

+/CC

CC/∆11

19.5

19.5

19.5

19.5

17

17

22

22

Table 9. Summary of the expected and observed Mendelian
frequencies of the cross between Brca1+/∆11 x Brca1+/CC mice.
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Brca1∆11/CC mice could not be distinguished from their Brca1+/+
littermates. They displayed normal size and weight. (Figure 42A,B). Moreover,
they had a normal lifespan and were not tumor prone (Figure 42C).
Both Brca1∆11/CC males and females were fertile and generated the expected
ratios of Brca1∆11/CC when interbred. As expected, no Brca1CC/CC
nor Brca1∆11/∆11 live mice were observed from this cross (Table 10).
We evaluated the peripheral blood and the BM compartment of 3-4 weeks
old Brca1∆11/CC compound heterozygotes and compared with Brca1+/+
littermates. Brca1∆11/CC and Brca1+/+ had similar numbers of WBC, RBC,
neutrophils, lymphocytes, hemoglobin, and hematocrit (Figure 43A) in their
peripheral blood and also comparable mononuclear BM cellularity (Figure
43B). Flow cytometry studies of the different cell subpopulations in the BM
were also similar between the compound heterozygotes and the Brca1+/+
mice, with the rescue of the LT-HSCs and all downstream hematopoietic
lineages observed in Brca1∆11/CC mice (Figure 44). These data suggest that
even though homozygosity for Brca1∆11 or Brca1CC results in embryonic
lethality or severe developmental defects that mimic FA, the combination of
both alleles can rescue the observed phenotypes, with mice displaying normal
development and lifespans.
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B

A
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Figure 42. The Brca1∆11/CC genotype protects mice from the

Fig. 2. Compound heterozygosity can rescue FA.
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Table 10. Summary of the expected and observed Mendelian
frequencies of the cross between Brca∆11/CC x Brca1∆11/CC mice.
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Figure 44. The Brca1∆11/CC genotype rescues the BM defect
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The Brca1∆11/CC Compound Heterozygous Genotype is Able to
Partially Restore HR

In order to better understand the mechanism that led to the synthetic
viability of the Brca1∆11/CC combination we derived MEFs from mice with the
different genotypes and evaluated their HR proficiency. Since early
senescence was observed in both the Brca1CC/CC and Brca1∆11/∆11 MEFS, we
immortalized all our cell lines by SV40 large T antigen electroporation. Cells
that express the SV40 large T antigen avoid senescence by loss of function of
p53 and Rb.
We initially confirmed by western blotting the Brca1 protein expression
in the Brca1+/+, Brca1∆11/∆11, Brca1CC/CC, and Brca1∆11/CC MEFs. In
the Brca1∆11/∆11, we were able to detect the exon 11 spliced Brca1 isoform but
not the FL protein. In the Brca1CC/CC derived MEFs we could detect the Brca1CC protein that had a similar size compared to Brca1-FL, and we could detect
two bands corresponding to the distinct protein products generated by each
allele in Brca1∆11/CC MEFs (Figure 45A).
In order to evaluate overall HR proficiency, we treated MEFs with
increasing concentrations of the PARPi rucaparib and calculated the
concentration values required to reduce colony formation by 50% (LC50).
PARPi sensitivity can be used as a surrogate indicator of HR deficiency. As
expected, both Brca1CC/CC and Brca1∆11/∆11 MEFs were exquisitely sensitive to
the PARPi with LC50 values of 0,94 and 0.83 nM, respectively. Even though
the Brca1∆11/CC MEFs were 168-fold more resistant to the drug than
the Brca1CC/CC and Brca1∆11/∆11 MEFs, they were still 4-fold more sensitive to
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rucaparib in comparison with Brca1+/+ MEFs (LC50 151nM and 633nM
respectively) (Figure 45B). Given that MMC treatment induces ICL, and is the
hallmark diagnostic test of FA, we performed colony assays with increasing
concentrations of MMC. In line with PARPi experiments, cells expressing both
the Brca1-CC and Brca1-∆11 proteins were more resistant to MMC than each
protein alone. With LC50 values of 2.9 and 1.8 ng/ml for the Brca1∆11/∆11 and
Brca1CC/CC and 9.5 ng/ml for the Brca1∆11/CC MEFS (Figure 45C). Similarly,
cisplatin is another agent that induces ICLs. Brca1∆11/CC MEFs treated with
cisplatin were also more resistant than MEFS expressing either the Brca1-CC
or Brca1-∆11 protein but did not reached the same level of resistance that
was observed in the Brca1+/+ cells (Figure 45D). In contrast, when we treated
cells with a Taxane, an agent that disrupts the mitotic spindle but does not
induce ICL, there were no differences in sensitivity among the different mutant
MEFs (Figure 45E). Finally, to evaluate chromosomal fragility, another FA
feature, we assessed gross chromosomal abnormalities by metaphase
spreads after 24 hours of PARPi treatment. In MEFs expressing both the
Brca1-∆11 and Brca1-CC proteins, the number of radial chromosomes was
similar to the ones observed in MEFs expressing the Brca1-FL protein. These
numbers were significantly lower when compared with MEFs expressing
either Brca1-∆11 or Brca1-CC by themselves (Figure 45F).

Distinct Brca1 Proteins Retain Different HR Functions

To initially evaluate the proficiency of individual HR steps in our MEFs,
we performed immunofluorescence experiments to measure Rpa32 and
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Rad51 foci formation, a readout for the DNA end resection and the Rad51
loading steps, respectively. MEFs expressing the Brca1-∆11 protein had
significantly lower Rpa32 foci after PARPi treatment in comparison with MEFs
expressing the Brca1-FL, Brca1-CC, or the combination of proteins,
suggesting that the Brca1-∆11 protein is defective in DNA end resection
(Figure 46A). When evaluating Rad51 foci formation after PARPi treatment,
cells expressing the Brca1-CC protein had undetectable levels of Rad51 foci,
confirming the importance of the Brca1-Palb2 interaction for this HR step.
Despite decreased levels of Rpa32 foci, we were able to identify Rad51 foci
in the Brca1∆11/∆11 MEFs, suggesting that the Brca1-Palb2-Brca2-Rad51
complex formation is preserved and its confirming its hypomorphic activity
(Figure 46A). Although not reaching the same levels of Rad51 foci observed
in the Brca1+/+ MEFs, the Brca1∆11/C had higher levels of Rad51 foci formation
than the ones observed in the Brca1∆11/∆11 or Brca1CC/CC MEFs.
To further confirm the observed differences in DNA end resection
proficiency, we performed END-Seq. With this assay, we are able to measure
DNA resection extension by detecting double-stranded/single-stranded DNA
junctions at specific DSBs generated by the inducible expression of the AsisI
restriction enzyme (Canela et al. 2016). Using this method, we confirmed that
the extension of resection was shorter in the Brca1∆11/∆11 MEFs when
compared to the Brca1+/+ ones. The Brca1CC/CC and Brca1∆11/CC MEFs showed
a similar resection extension, higher than the observed in the Brca1∆11/∆11
MEFs, although not reaching the same levels detected in the Brca1+/+ MEFs
(Figure 46B).
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A

B

Figure 46. Distinct Brca1 alleles retain different HR-related
functions. (A) Left: Rpa32 and Rad51 foci formation were measured 36
hours after 1 µM of rucaparib treatment in the indicated MEFs. Mean and
S.E.M. of three independent experiments are shown. Right: Representative
images of Rpa32 and Rad51 foci described in A. Scale bar 10 µm. (B) Left:
Heat-map of END-Seq 24 hours after doxycycline treatment to induce the
expression of the AsisI restriction enzyme and 4 hours of 2-OH-Tamoxifen to
promote nuclear translocation of the restriction enzyme and generate specific
DSBs. Right: The extension of resection of the top 10% break sites were
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Overall, these data indicate that despite the Brca1-∆11 protein being
defective for end resection and the Brca1-CC being unable to load Rad51,
they maintain, although sub-optimally, the ability to perform the opposing
function. These complementary residual functions likely drive the embryonic
viability observed in the mice, as well as, the partial HR restoration in MEFs.

53bp1 Loss of Function has Minimal impact in Brca1-CC
Expressing MEFs

In order to evaluate how 53bp1 loss of function would affect the Rad51
loading capability and PARPi sensitivity of Brca1-CC expressing MEFs we
knocked down 53bp1 by using CRISPR/Cas9. In contrast to what we
observed in Brca1∆11/∆11 MEFs when 53bp1 depletion led to a statistically
significant increase in RAD51 foci formation and resistance to PARPi, 53bp1
LoF did not have statistically significant effect in RAD51 loading nor PARPi
resistance in Brca1CC/CC cells (Figure 47A-C).
These findings corroborate the results observed and described in
chapter 3 regarding the importance of the BRCA1 CCR to mediate 53BP1
LoF HR restoration.

BRCA1-related Fork Protection Functions are Distinct from HR

Beyond its role in HR DNA repair, BRCA1 also has a role in protecting stalled
DNA replication forks from degradation. It was previously unknown if this
function required an intact BRCA1-PALB2 interaction. To evaluate this, we
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Figure 47. 53bp1 LoF does not restore HR in Brca1CC/CC MEFs. (A)
Western blot showing 53bp1 expression in the indicated MEFs. A sgRNA
targeting GFP was used as a negative control. (B) Rad51 IRIF in the indicated
MEFs 8 hours after 10 Gy of γ-irradiation. Shown is the mean + S.E.M. of
three independent experiments. (C) LC50 mean and S.D. of three
independent colony formation assays. ns = statistically non-significant,
*p<0.05, **p<0.01 (unpaired t-test).

sequentially labelled cells with CldU and IdU, followed treatment with HU
(Figure 48). The protection efficiency was measured by calculating the ratio of
CldU over IdU in stretched DNA fibers. As previously published, the
Brca1∆11/∆11 MEFS presented with a lower ratio of CldU / IdU suggesting that
replication forks were not being protected. On the other hand, both the ratios
observed in the Brca1CC/CC and Brca1∆11/CC were close to one, and similar to
the ratio observed in Brca1+/+ MEFS, suggesting that fork protection was
maintained and that the Brca1-Palb2 interaction is not required for this
distinctive BRCA1 function (Figure 48).
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Figure 48. Brca1 fork protection function is Brca1-Palb2
independent. Left: Schematic representation of the protocol utilized to
evaluate the protection of DNA stalled replication forks. Representative
images of the indicated genotypes. Right: Ratio of individual CldU /Idu tract
lengths of the indicated genotypes. ns= statistically non-significant ***p <0.001
(unpaired t-test).

BRCA1-∆11q and CC Mutants Preserve the BRCA1-CtIP
Interaction

In order to better understand the cause of defective DNA end resection
in the Brca1∆11/∆11 MEFs, we expressed the BRCA1-FL, BRCA1-∆11q, and
BRCA1-CC proteins in the MDA-MB-436 BRCA1 null cell line. Since the
initiation of effective end resection involves the BRCA1 mediated recruitment
of CtIP to the break sites, we assessed if the BRCA1 interactions were
preserved in the BRCA1 add-back cell lines by co-immunoprecipitation. As
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predicted, the BRCA1-CC protein did not interact with PALB2, BRCA2, or
RAD51, but the BRCT mediated interaction with CtIP was preserved. On the
other hand, the BRCA1-∆11q protein maintained both the BRCT and CCRmediated protein-protein interactions, although the latter were less efficient
compared to the BRCA1-FL (Figure 49A).
We next measured BRCA1, CtIP, RPA32 and RAD51 IRIF in cells
expressing the different BRCA1 proteins, as well as in a BFP negative control.
All BRCA1 expressing add-back cells were able to form comparable amounts
of BRCA1 foci at 8 hours post 10 Gy γ-irradiation or 3 hours of HU treatment
(Figure 49B,D). Additionally, in agreement with the co-immunoprecipitation
findings that showed preserved BRCA1-CtIP interaction in both add-back
mutants, CtIP foci were detectable and equivalent in all BRCA1 expressing
cell lines and higher than in the BFP control (Figure 49B). Despite an increase
in CtIP accumulation at break sites, cells expressing the BRCA1-∆11q protein
failed to increase RPA32 IRIF. In fact, the RPA32 foci formation in cells
expressing the BRCA1-∆11q protein was comparable to what was measured
in the BFP control. RPA32 IRIF was not statistically different between BRCA1FL and BRCA1-CC expressing cells (Figure 49B).
Finally, both BFP and BRCA1-CC cells had undetectable RAD51 IRIF,
but low levels of RAD51 foci could be detected in the BRCA1-∆11q
expressing cells (Figure 49B). Beyond confirming the MEFs findings, these
results suggest that the recruitment of CtIP to DSBs is not impaired in
BRCA1-∆11q cells, and a downstream process likely accounts for the end
resection deficiency detected in cells expressing this splice variant.
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Figure 49. BRCA1-∆11q protein and CtIP interaction is preserved.
(A) Co-immunoprecipitation and western blots for the indicated proteins in
MDA-MB-436 expressing empty vector, BRCA1-FL, BRCA1-∆11q ,or BRCA1CC proteins. (B) Cell lines from A were assessed for BRCA1, CtIP, RPA32,
and RAD51 IRIF 8 hours after 10 Gy of γ-irradiation. Mean and S.E.M. of
three independent experiments are shown. Grey bar represents mean of the
BFP negative control. (C) Representative images from B. (D) MDA-MB-436
cell line expressing the indicated proteins were evaluated for co-localization of
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BRCA1 and PCNA 3 hours after treatment with 2 µM of HU. Mean and S.E.M.
and representative images of three independent experiments are shown.
Scale bar 10 µm. ns = statistically non-significant, **p<0.01, ***p<0.001
(unpaired t-test).
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RIF1 Removal from Break Sites Requires BRCA1 Exon11

Since dephosphorylation of 53BP1 is a required step for the release of
the 53BP1-RIF1-Shieldin complex from the boundaries of the DSB site, we
examined the kinetics of 53BP1, phospho(p)53BP1 and RIF1 IRIF after 2 Gy
of γ-irradiation in our panel of BRCA1 add-back cell lines. As expected,
53BP1, p53BP1, and RIF1 IRIF sharply increased after γ-irradiation in all cell
lines. 53BP1 foci formation remained consistently high, with nearly 70% of the
cells still positive up to 8 hours after the irradiation (Figure 50A). In line with
previously published data, after the initial increase in p53BP1 and RIF1, the
number of cells with positive foci gradually decreased in BRCA1-FL
expressing cells. The same result was observed in cells expressing the
BRCA1-CC construct. In contrast, in cells expressing the BRCA1-∆11q
protein and in the BFP control cells, the reduction in positive cells for
(p)53BP1 and RIF1 was delayed, and even 8 hours after irradiation remained
statistically significantly higher when compared with the BRCA1-FL and
BRCA1-CC (Figure 50A).
Additionally, given the opposing roles of BRCA1 and RIF1 in directing
DNA repair pathway choice, their foci formation tend to be mutually exclusive.
In order to evaluate this, we measured the percentage of cells that were
positive for both RIF1 and BRCA1. In the BRCA1-FL and BRCA1-CC
expressing cells, the majority of the BRCA1 positive cells were negative for
RIF1 foci, on the other hand, cells expressing the BRCA1-∆11q protein were
more likely to exhibit co-localization of both BRCA1 and RIF1 (Figure 50B).
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These findings suggest that in cells expressing the BRCA1∆-11q, there is a
likely delay in (p)53BP1 dephosphorylation that accumulate at DSBs. The
maintenance of (p)53BP1 surrounding DSBs translates in the persistence of
RIF1 foci at those sites. Ultimately, the continued accumulation of (p)53BP1RIF1 in the chromatin surrounding the break sites could explain the limited
end resection observed in cells expressing the BRCA1∆-11q.

The BRCA1-CC Phenocopies the BRCA1 Proteins with Pathogenic
CCR Missense Mutations Found in Humans

There are over 25 missense mutations in the BRCA1 CCR domain
described at the BIC database. In order to asses if pathogenic mutations
found in HBOC families behaved similarly to our BRCA1 CC protein, we
selected three of these mutations (L1407P, M1411T and R1443G), expressed
them in MDA-MB-436 cells and evaluated their function. Among these CCR
missense mutations only the R1443G did not affect BRCA1-PALB2-BRCA2RAD51 interaction in co-immunoprecipitation experiments, the other mutants
have lost the capability to form this larger complex (Figure 51A). Moreover,
since all these mutants have preserved the BRCT mediated protein-protein
interactions and express the exon 11, we predicted that their accumulation at
break sites, as well as, their DNA end resection proficiency should not be
impaired. As expected, BRCA1 and RPA32 foci accumulation after 10 Gy of
γ-irradiation was similar among all mutants and reached levels comparable to
the ones observed in the BRCA1-FL expressing cells (Figure 51B).
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unpaired t-test.

In contrast, the R1443G mutation was the only one that also restored RAD51
IRIF and increased PARPi resistance. The proteins that had lost BRCA1PALB2 interaction (L1407P, M1411T and CC) did not have any detectable
RAD51 IRIF and were highly sensitive to PARPi (Figure 51B,C). Hence, our
BRCA1-CC protein simulates pathogenic mutations in the BRCA1 CCR found
in humans.
To assess if human germline mutations that retain specific HR
functions are also able to complement each other, we generated an MDA-MB436 cell line that expressed both HA-BRCA1-M1411T and GFP-BRCA1-∆11q
proteins and assessed PARPi sensitivity, RPA32 and RAD51 IRIF formation.
We initially performed western blot and confirmed that the proteins were
expressed as expected. Of note, the expression of both proteins in the same
cell did not increase their stability (Figure 52A). Upon long term colony
assays, cells expressing the BRCA1-M1411T + BRCA1-∆11q proteins were
able to form more colonies when compared with cells expressing either
BRCA1-M1411T or BRCA1-∆11q (Figure 52B). In line with this finding,
BRCA1-M1411T+BRCA1-∆11q expressing cells showed higher numbers of
RPA32 IRIF than the BRCA1-∆11q and higher numbers of RAD51 IRIF than
either protein by itself (Figure 52C). Beyond recapitulating the findings
observed in the MEFs, these data show that proteins with mutations
commonly found in humans that retain opposite and complementary HR
functions can partially restore HR.
Finally, to evaluate if the HA-BRCA1-M1411T and the GFP-BRCA1∆11q proteins functioned independently or as a large complex, we performed
immunofluorescence and co-immunoprecipitation experiments in cells that

134

expressed both proteins. After 10 Gy of γ-irradiation, we could readily detect
HA and GFP foci co-localization by immunofluorescence, although upon coimmunoprecipitation we could not detect interaction between the HA-BRCA1M1411T and the GFP-BRCA1-∆11q proteins, suggesting that in this
experimental setting the proteins worked independently (Figure 52D, E).
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CHAPTER 5

DISCUSSION

Although a relatively short period spanned between the discovery of
the BRCA1 locus, the unveiling of its primary functions in DNA repair and the
development of therapies that specifically target BRCA1 mutant associated
tumors, there is still a considerable lack of knowledge about how essential is
BRCA1 for each step of HR DNA repair. Currently, there are conflicting
reports in the literature on whether BRCA1 is critical for efficient DNA end
resection and/or RAD51 loading.

Effects of 53bp1 LoF in the Brca1∆C/∆C Mouse Model

In Chapter 3 we demonstrated that our Brca1∆C/∆C allele, which we
considered a Brca1 null model, functions similarly with previously
described Brca1 mutant mice models like the Brca1∆5-6/∆5-6 (Hakem et al.
1996), and the Brca111/11 (Shen et al. 1998). All of them displayed early
embryonic lethality with no live pups detected at 9.5 days of embryonic life.
We could not evaluate at what exact time of the embryonic development
death occurred in the Brca1∆C/∆C embryos, but we speculate that
malformations should be detected as early as the ones described in those
models, where gross anatomic abnormalities were already observed by 6.5
days of embryonic life. The impact of Tp53 loss on embryonic development
was evaluated in the Brca111/11 model (Shen et al. 1998). The effect was only
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to postponed embryonic death by 1-2 days without impacting the genomic
instability observed due to the loss of Brca1. Our new Brca1∆C allele further
supports this concept that for early organism development a minimal HR
threshold is required and that the complete absence of HR, regardless of
Tp53 status, is incompatible with life.
This notion can be further observed when comparing the outcomes of
the Brca1 exon 11 targeted mouse models. While in the Brca111/11 mouse
model (Shen et al. 1998), where no Brca1 protein product could be detected,
early embryonic death was observed, and loss of Tp53 further increased
genomic instability, in the Brca1∆11/∆11 (Cao et al. 2009) mouse model, in
which the exon 11 spliced variant is detected, the embryonic death occurred
later in embryonic life. And, despite the loss of one copy of Tp53 being able to
restore the Mendelian frequencies of Brca1∆11/∆11 live pups, mice still
presented with premature aging and were tumor prone. These observed
differences between the Brca1∆11/∆11 and Brca111/11 mice are likely due to the
hypomorphic nature of the Brca1-∆11 protein, as we and others had
demonstrated. The residual HR function of this protein could mitigate the
massive genomic instability observed in HR null models, and haploid loss of
Tp53 was sufficient to prevent cell cycle arrest. Nevertheless, given the
hypomorphic nature of the Brca1-∆11 protein, i.e. is defective compared to
full-length Brca1, chromosomal aberrations would accumulate in the longterm, leading to the observed phenotypes.
We have shown that despite being able to restore the Mendelian
frequencies of mice homozygous for the Brca1∆C allele, 53bp1 KO was not
capable of fully restoring HR in this background. Brca1∆C/∆C 53bp1-/- mice
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were tumor prone and developed metastatic thymic lymphomas within the first
six months of life. Also, these mice could not tolerate the usual doses of
PARPi. Derived MEFs displayed low levels or Rad51 IRIF, PARPi sensitivity,
gross chromosomal abnormalities, and early senescence, all suggesting that
HR was significantly impaired.
These findings are in stark contrast with what we and others described
in the Brca1∆11/∆11 background (Cao et al. 2009). In this setting, loss of 53bp1
restored HR to similar levels to what was observed in Brca1+/+ mice. Beyond
the rescue of Mendelian frequencies, the Brca1∆11/∆11 53bp1-/- mice had a
normal lifespan, were not tumor prone, and tolerated PARPi without
significant side effects. Additionally, Rad51 IRIF were abundant and HR was
restored, as demonstrated using a CRISPR/Cas9 reporter assay.
Interestingly, 53BP1 LoF also rescued the viability and lifespan of Brca1ex2/ex2
mice (Li et al. 2016), and MEFs derived from these mice had Rad51 foci
readily detected. Surprisingly, in cells obtained from those mice, the authors
could detect a nearly 210-kDa protein product derived from splicing of exon 1
directly to exon 3 and skipping the frameshift mutation. This indicates that the
Brca1ex2/ex2 is not a Brca1 null mouse model as previously thought, but
expresses a truncated protein, and its residual function could be enhanced
with 53bp1 KO. Also, in contrast with our Brca1∆C allele, loss of 53bp1
rescued the Mendelian ratios and increased Rad51 IRIF of MEFs with
the Brca1S1598F/S1598 genotype (Chen et al. 2017). We predict that this Brca1
mutation would also enables the expression of a hypomorphic protein.
When comparing the protein products of the Brca1∆C ,Brca1∆11,
Brca1ex2, and Brca1S1598F alleles, we observe that with the exception of the
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Brca1∆C allele, all the other protein products are predicted to retain the coiledcoil mediated protein-protein interaction, suggesting that for robust 53bp1 LoF
mediated HR, the preservation of the Brca1-Palb2 interaction is key. It also
indicates that Brca1 is not only required to initiate DNA end resection as
previously thought (Cao et al. 2009; Bunting et al. 2010; 2012) but also has a
critical role in the Rad51 loading step of HR, after resection occurred.
In a seeming contrast with our findings, mouse embryonic stem cells
that displayed one copy of the Brca1Sco (also known as Brca1∆5-∆6) allele and
another of the Brca1∆5-13 allele also showed restoration of HR upon 53bp1
depletion (Bouwman et al. 2010). In this setting, it was initially presumed that
the protein product of both alleles would have lost the coiled-coil domain, and
consequently, the Brca1-Palb2 interaction, suggesting that the interaction was
not critical for 53bp1 LoF mediated HR restoration. Nevertheless, subsequent
studies demonstrated that upon selective pressure of a PARPi, the human
cancer cell line SUM1315MO2 with the founder BRCA1185delAG mutation
(Wang et al. 2016b) , and mouse mammary tumors with the conditional
expression of the Brca1185stop allele (corresponding to BRCA1185delAG) (Drost et
al. 2016) could express an N-terminal deficient and truncated protein with an
alternative in-frame starting at Met297 and Met90, respectively. These
truncated proteins drove HR restoration and drug resistance in both cell line
and mouse model. We hypothesize that Brca1-met297 could be a product
from the Brca1Sco allele, and therefore the latter would not actually be a null
allele, explaining the observed HR restoration upon 53bp1 LoF in that
scenario.
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Recently, a publication using the Brca1∆5-∆13 allele (Chen et al. 2020)
reported similar findings to the ones that we described with the Brca1∆C/∆C
mice. The Mendelian ratio of mice homozygous for the Brca1∆5-∆13 allele was
also restored upon 53bp1 KO, but the mice still had a shorter lifespan, were
tumor prone, and MEFs derived from these mice were PARPi sensitive.
Because Brca1∆C/∆C53bp1-/- appeared HR-deficient, we investigated the
possibility that non-HR-related 53bp1 functions contributed to the restoration
of the Mendelian births of Brca1∆C/∆C 53bp1-/- pups. It was previously reported
that 53BP1 promotes the interaction of p53 with DNA, leading to an increase
in p53-dependent transcripts (Cuella-Martin et al. 2016). Upon evaluating this
53bp1 function, we could not detect any significant difference in p53 or p21
mRNA levels after γ-irradiation or nutlin - a small molecule that activates p53
by antagonizing MDM2 (Vassilev et al. 2004) - treatment between
Brca1+/+53bp1+/+, Brca1+/+53bp1-/-, and Brca1∆C/∆C53bp1-/- MEFs. Moreover, in
normoxic conditions the Brca1∆C/∆C53bp1-/- MEFs quickly senesce. All these
findings suggest that loss of 53BP1 was not impacting the p53 response and
this was not associated with the observed findings of the Brca1∆C/∆C 53bp1-/mice.
Protection of replication fork from degradation was also proposed as
an HR independent mechanism of PARPi resistance in BRCA1 mutant cell
lines (Chaudhuri et al. 2016), and could be related to the observed phenotype
in our Brca1∆C/∆C 53bp1 -/- MEFs. We evaluated if the loss of 53bp1 would
impact fork protection upon replication stress in this setting. In concordance
with previously published data, we could not detect restoration of fork
protection upon 53bp1 LOF in the Brca1∆C/∆C background.
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Currently, we cannot exclude that the restoration of the observed
Mendelian frequencies of the Brca1∆C/∆C 53bp1-/- mice was not due to the
activation of an alternative backup DSB DNA repair pathways that also
requires DNA resection like single-strand annealing or Alt-EJ. Previous
reports demonstrated that BRCA mutant tumors are dependent on POLQ and
this dependency could also be also relevant to organism development
(Ceccaldi et al. 2015; Kent et al. 2015; Mateos-Gomez et al. 2015).
Additionally, both these pathways are highly mutagenic and could explain the
early development of thymic lymphomas by these mice. Moreover, it was
previously published that loss of the ICL gene Fancd2 in a Polq-/- background
led to embryonic lethality (Ceccaldi et al. 2015), even though the single KOs
mice are viable. Nevertheless, since depletion of other critical HR proteins like
Palb2 or Brca2 in the Brca1∆C/∆C 53bp1-/- MEFs further reduced the Rad51
IRIF to undetectable levels is likely that 53bp1 KO is promoting residual
Brca1-independent HR that reaches the threshold for organism viability but
still is not efficient enough to prevent genomic instability, tumor formation or to
restore PARPi resistance.

Effect of 53BP1 LoF in Human Cancer Cell Lines

We observed similar findings when evaluating the 53BP1 LoF in
BRCA1 mutant human cell lines. In a panel of cancer cell lines that harbored
frameshift BRCA1 mutations in exon 11 that prevented the expression of the
BRCA1 full-length protein but not of the BRCA1-∆11q splice variant, loss of
53BP1 either by shRNA or CRISPR/Cas9 mediated KO led to a statistically
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significant increase in PARPi resistance and RAD51 IRIF after γ-irradiation. In
contrast, in cell lines with mutations in either the RING domain or the BRCT
repeats, in which no BRCA1 expression could be detected by western blot,
53BP1 LoF had minimal effect in PARPi sensitivity and RAD51 IRIF. Of note,
regardless of BRCA1 status, loss of 53BP1 always activates DNA end
resection as measured by the increase in RPA32 IRIF. These data suggest
that a hypomorphic protein that retains the BRCA1-PALB2 interaction needs
to be expressed to effectively restore HR upon 53BP1 LoF. Also, a recent
report (Pettitt et al. 2018) demonstrated that the expression of a hypomorphic
Brca1 protein is required to provide PARPi resistance upon PARP1 KO. While
SUM149PT cells, that expresses the BRCA1-∆11q isoform, showed an
increase in drug resistance upon LoF of PARP1, this effect was mitigated in
the BRCA1 null MDA-MB-436, although the mechanism was not clear.
Similar findings pointed to the critical role of the BRCA1-PALB2
interaction using the different C-terminal truncated add-back BRCA1 proteins.
MDA-MB-436 expressing a BRCA1 protein without the BRCT repeats but with
functional coiled-coil region displayed residual HR activity, even though
BRCA1 and RPA32 IRIF were significantly lower than the ones observed in
BRCA-FL expressing cells. In cells expressing a protein that lacked both
BRCT and CCR domains, no HR function could be detected in our assays,
and these cells had a similar response to PARPi and γ-irradiation as the
negative control. As expected, 53BP1 LoF in the add-backs described above
led to entirely different responses. In cells that retained the coiled-coil domain,
we observed rescue of HR with an increase in RAD51 IRIF and PARPi
resistance; in contrast, additional loss of the CCR prevented cells from
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rescuing their phenotype. Confirming the data above, the introduction of the
L1407P missense mutation in the CCR of cells expressing the BRCA1∆BRCT or the BRCA1-∆11q protein, prevented the BRCA1-PALB2 interaction
and completely obliterated the HR restoration upon 53BP1 LOF.
The requirement of a preserved BRCA1-PALB2 interaction to mediate
53BP1 LoF resistance to PARPi was also observed in vivo. In mouse
xenografts experiments, 53BP1 status did not impact tumor growth if the
interaction was absent, with both NT shRNA and 53BP1 shRNA tumors
presenting with similar growth delays upon PARPi treatment. Meanwhile,
tumors in which the BRCA1-PALB2 interaction was maintained and had lost
53BP1 expression, did not show any growth delay upon PARPi. Treated mice
had to be euthanized at similar intervals as the control ones. In line with our
results, it was previously published that in MDA-MB-436 PARPi resistant
clones the combination of decrease 53BP1 expression with an increase in
expression of a hypomorphic BRCA1 protein that likely retained PALB2
interaction was promoting the drug resistance (Johnson et al. 2013).
Interestingly, when we evaluated a broader panel of cell lines for
BRCA1 independent RAD51 IRIF, we observed a variety of responses. In
immortalized but not transformed cells as well as in BRCA1+/+ cancer cell
lines, we could not detect BRCA1 independent RAD51 IRIF. On the contrary,
in SUM149PT and HCC1937 BRCA1 mutant cancer cell lines, we could
identify the occurrence of BRCA1 independent RAD51 IRIF. In SUM149PT
the BRCA1 independent RAD51 IRIF was enhanced by 53BP1 depletion,
whereas in HCC1937 high levels of BRCA1 independent RAD51 IRIF could
be seen irrespective of 53BP1 status. This supports the idea that there is a

145

range of BRCA1 dependency for the RAD51 loading step in specific cell line
contexts, and suggests that additional mechanisms that facilitate PALB2BRCA2-RAD51 could be involved in PARPi resistance. Moreover, this clarifies
the initial conflicting results regarding the BRCA1 role in the RAD51 loading
step (Yuan et al. 1999; Zhang et al. 2009b; 2009c; Sy et al. 2009).

BRCA1 Independent PALB2 Recruitment to Break Sites

In recent years mechanisms of BRCA1 independent PALB2
recruitment to DSBs were described. It was suggested that through its WD40
domains, PALB2 could bind directly to RNF168 at DSB sites and promote HR
(Luijsterburg et al. 2017; Zong et al. 2019). Also, it was demonstrated that
beyond activating DNA end resection, loss of the 53BP1-Shieldin complex
could impact the recruitment of PALB2 to chromatin (Belotserkovskaya et al.
2020). The expression of a 53bp1S25A, which prevents its ability to bind
Shieldin, was still able to rescue the embryonic lethality of Brca1∆11/∆11 mice ,
but Brca1∆11/∆1153bp1S25A/S25A mice had a shorter lifespan, premature aging
and were sensitive to PARPi when compared with Brca1∆11/∆11 53bp1-/- mice.
MEFs derived from the Brca1∆11/∆1153bp1S25A/S25A mice had activation of end
resection, and longer tracts of ssDNA were observed in END-Seq
experiments. Nevertheless, they presented with lower levels of Rad51 IRIF.
These data suggest that HR was not fully restored in the 53bp1S25A mutant
cells and that 53bp1, in addition to blocking DNA end resection, also
independently restricts RAD51 loading in the absence of wild-type Brca1
(Callen et al. 2020).
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A previous report demonstrated that the rewiring of HR with increased
ATR function could also bypass BRCA1 mediated RAD51 loading in BRCA1
mutant PARPi resistant cell lines (Murphy et al. 2014; Yazinski et al. 2017).
The proposed mechanism is that hyperphosphorylation of RPA by ATR could
recruit PALB2 to DSBs sites in a BRCA1 independent manner. Furthermore,
adding an ATR inhibitor to a PARP inhibitor was able to re-sensitize the cells
to the latter.

Summary Chapter 3

In Chapter 3, we demonstrate that distinct resistance mechanisms to
PARPi can arise depending on the protein product that a specific BRCA1
mutation will produce. Our data indicates that patients with mutations in the
CCR of BRCA1, which disrupt the interaction with PALB2, may have durable
tumor regressions with PARP inhibition, and decreased expression of 53BP1
is an unlikely resistance mechanism in this setting. While, mutations that
allows the expression of a hypomorphic protein product are prone to acquiring
drug resistance and 53BP1 LoF becomes a more likely driving mechanism.
Furthermore, we clearly demonstrated that that the BRCA1-PALB2 interaction
is indispensable for robust HR restoration and RAD51 loading after DNA end
resection occurred (Figure 53). Certainly, further work is required to
investigate how predictive distinct BRCA1 mutations will be of PARPi
response in the clinical setting.
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Phenotypic Characterization of the Brca1CC/CC Mice

In Chapter 4, we evaluated how specifically disrupting the Brca1-Palb2
interaction while preserving the RING and BRCT mediated ones would affect
mouse development. Mice homozygous for the Brca1CC allele, which harbor a
3 aa deletion at the CCR, presented with features that phenocopy human
Fanconi anemia like dwarfism, skeletal and skin abnormalities, BM failure and
are prone to tumor development. These mice share some characteristics with
KO models of other Fanc genes. Fancd2 and Fanci homozygosity is also
submendelian (Dubois et al. 2019; Yang et al. 2019). Live pups presented
with atrophic gonads, and dwarfism; nevertheless, their lifespan is significantly
increased, and the severity of the BM failure is less pronounced than what we
observed in our Brca1CC homozygous mice. Abnormalities in the peripheral
white blood cells are only identified in the Brca1CC/CC but not in Fanc KO
models. Moreover, Brca1CC/CC mice do not reach the weight of Brca1+/+
littermates, as observed in Fanci-/- mice, and tend to spontaneously develop
hematological malignancies, another FA key feature, that is not observed
in Fanc KO mice.
We hypothesize that the severity of our Brca1CC/CC mouse model
relates to the fact that the Brca1 protein is a downstream player in the ICL
repair pathway and there are likely redundant mechanisms that could enable
the initial unhook of the DNA cross-link from one of the DNA strands beyond
the FANCI-FANCD2 heterodimer, but the final step of the FA-BRCA pathway
is exclusively dependent on the BRCA1 HR-related functions. Differences in
the mouse strain background could also have an impact in the severity of the
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observed phenotypes and account for the observed differences (Evers et al
2016).
In contrast with our results, a previously published mouse model with a
3 aa substitution at the CCR of Palb2, which potentially prevented Brca1Palb2 binding, displayed only mild phenotypic alterations. Besides male
infertility, Palb2 homozygous mutant mice were obtained at the expected
Mendelian frequencies, were not tumor prone, and had normal development
(Simhadri et al. 2014). Though, cells derived from these mice were still more
sensitive to MMC and had lower Rad51 IRIF than the observed in Palb2+/+
ones, suggesting that ICL was not completely intact. Given that missense
mutations like the L35P (Foo et al. 2017) in the CCR of PALB2 that also
prevent BRCA1 interaction segregate in families of patients with cancer, we
reason that the severity of the Brca1-Palb2 disruption observed in this Palb2
mouse model might have been partial and that residual non detected
interaction could still be present and enabling the mouse development.

Outcomes of Brca1 Compound Heterozygosity

Compound heterozygosity is a genetic condition of having two different
mutated alleles at one specific gene locus. Usually, the person affected by
this genetic event display features of a recessive disorder even though
genotypically, it is not homozygous. The first two patients described with
BRCA1 compound heterozygosity presented with Fanconi Anemia-like
syndrome (Domchek et al. 2013). Interestingly, there were reports of
compound heterozygosity rescuing the phenotype of progeria in mouse

150

models. In these mice, different interallelic complementation of the Xpd gene
led to a range of severity of phenotypic changes, suggesting that mutant
multidomain proteins can compensate for their functions (Andressoo et al.
2006).
To evaluate how Brca1 compound heterozygosity affects mouse
development, we crossed mice heterozygous for the different Brca1 mouse
alleles. Only the combination of the Brca1CC with Brca1∆11 was able to restore
the number of live pups, embryonic development, hematopoiesis, and overall
lifespan to the same degree observed in Brca1+/+ mice. Also, MEFs derived
from those mice presented with increased resistance to PARPi, MMC, and
cisplatin. Upon evaluating the HR-related functions of the protein products of
these alleles, we could determine that the function that was deficient in one
was compensated by the other, with the Brca1-CC protein being able to
promote DNA end resection but not Rad51 loading and the BRCA1-∆11
protein able to exchange Rpa32 to Rad51 in the ssDNA overhangs once
resection had occurred.
When we analyzed the predicted BRCA1 functions that are lost in
patients with biallelic BRCA1 mutations, we believe that they are not
complementary , explaining the FA syndrome in these patients. The patient
described by Domchek et al. presented with one missense mutation in a
conserved residue in the BRCT repeat, and one frameshift mutation in exon
11, where the BRCA1-∆11q transcript could still be expressed (Domchek et
al. 2013). We predicted that both protein products would be deficient for DNA
end resection; thus, the allele combination would not rescue HR. The patient
described by Sawyer et al., had a more deleterious combination with one
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frameshift mutation in exon 10 that would be subjected to NMD and another
missense mutation in exon 18. In this setting, one allele would be deficient for
end resection and RAD51 loading and the other one for end resection, thus
precluding functional complementation (Sawyer et al. 2015). More recently,
Keupp et al. described a patient with a milder FA phenotype. She displayed
short stature and skin lesions, but chromosomal fragility was not detected
(Keupp et al. 2019). This patient harbored the C61G founder mutation at the
RING domain and a missense mutation in exon 18. We hypothesize that the
combination of these two hypomorphic alleles could partially restore HR and
enable the milder phenotypic changes described. Interestingly, 5 patients with
homozygous mutations in exon 11 that would prevent the expression of the
FL transcript but would not preclude the expression of the ∆11q isoform were
described (Freire et al. 2018; Seo et al. 2018). All patients had severe
developmental defects, and one developed T-ALL by age 5. DNA end
resection should have been impaired in this setting. Up to date, there is no
evidence of allelic complementation for BRCA1 in humans, but based on the
work we developed, we believe this is a possibility.
Given that BRCA1 allelic complementation was still not demonstrated
in humans, and patients that presented with two different BRCA1 mutated
alleles also display dysmorphic features, it is assumed that in patients without
phenotypic changes and two distinct BRCA1 mutations, one of the mutations
is not pathogenic. Our mouse model suggests that there is a need to carefully
evaluate both alleles upon genetic counseling of these cases, since there
could be functional complementation that prevented FA syndrome.
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Nevertheless, both mutated alleles could be individually associated with an
increase in breast and/or ovarian cancer risk when inherited by the offspring.

BRCA1-∆11q is deficient in DNA end resection

The end resection defect observed in cells expressing the BRCA1∆11q protein has been demonstrated by us and others (Wang et al. 2016a;
Callen et al. 2020), although the exact mechanism behind this is still elusive.
This hypomorphic protein maintains all known critical domains and proteinprotein interactions. In agreement with this, CtIP is detected upon BRCA1∆11q immunoprecipitation and is readily recruited to DSBs sites after γirradiation in cells expressing this BRCA1 protein. Beyond the CtIP
recruitment, another critical step in DNA end resection initiation is the release
of RIF1 from the chromatin surrounding a DSB. This occurs upon
dephosphorylation of (p)53BP1 by PP4C. It was previously shown that PP4C
recruitment to DSBs is BRCA1 dependent (Isono et al. 2017). We
demonstrated that dephosphorylation of (p)53BP1 and consequently RIF1
release is delayed in cells expressing the BRCA1-∆11q protein when
compared with cells expressing the FL protein and these cells displayed
similar kinetics as the observed in the negative control cells, suggesting that
the 53BP1 dephosphorylation step is impaired.
Interestingly, the BRCA1 exon 11 region is classified as an intrinsically
disordered and without known conserved domains, but several protein-protein
interactions were previously describe (Yadav et al. 2015). Among those
interactions, it was previously described that BRCA1 exon 11 interacts with
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ANKRD28, and this modulates PP6 function (Vincent et al. 2016). We
speculate that BRCA1–∆11q has lost a long flexible scaffold that mediates
intermolecular interactions (Mark et al. 2005), which could ultimately result in
loss of PP4C interaction either directly or indirectly.

Summary Chapter 4

In summary, Brca1CC and Brca1∆11 mutations result in proteins with
distinct functional defects in HR. BRCA1-CC is deficient at the RAD51 loading
level and the BRCA1-∆11 in DNA end resection. Additionally, in the
homozygous state both lead to embryonic lethality and are unable restore
PARPi resistance or RAD51 IRIF, but upon combining both, HR greatly
increases, albeit not achieving the levels observed with the BRCA1-FL protein
(Figure 54). There is still some debate about how different BRCA1 complexes
interact in vivo. By expressing proteins with different tags that mediates some
BRCA1 HR-related functions we demonstrated that they can function
independently, co-localizing to the break sites but not interacting directly. If
this is the mechanism observed with endogenous proteins in mammalian cells
still remains to be elucidated. Finally, if the most critical function of BRCA1
within HR has been equivocal, we demonstrated in chapter 4 that for robust
HR that enables not only embryonic development but also restores its tumor
suppressor function, and drug resistance, BRCA1 is equally required for both
DNA end resection and RAD51 loading.
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Figure 54. BRCA1 compound heterozygosity can partially restore
HR. Schematic representation of the findings of chapter 4. Mice that harbor
one Brca1 mutation that impairs DNA end resection and another that impact
Rad51 loading display normal development and lifespan, since the protein
products can compensate for each other.

155

Overall Conclusions
Overall, our work demonstrates that a minimal HR threshold needs to
be reached to support embryonic development, and in Brca1 null models that
are unable to reach it, early embryonic lethality is observed. As the levels of
HR increase, we sequentially observe further gains in embryonic
development, but gross anatomical abnormalities and early tumor
development are still present. A further increase, as seen in the Brca1 ∆C/∆C
53bp1 -/- mice, leads to mice that are indistinguishable from Brca1+/+, but the
Brca1 tumor suppressor function is still defective. The HR levels observed in
the Brca1∆11/CC mice allow normal mouse development and lifespan, but the
sensitivity to drugs like PARPi, MMC , and cisplatin is still not completely
restored. Finally, the combination of a hypomorphic protein that binds Palb2 in
conjunction with loss of 53bp1 permit the greatest HR restoration with mice
presenting normal lifespan and tolerating PARPi treatment without sideeffects (Figure 55).
BRCA1 is a critical protein in HR DNA repair, and our study
demonstrated that its function is critical in both the DNA end resection and the
RAD51 loading steps of HR. BRCA1 mutations that impair any of these
functions leads to a range of defects in development, tumorigenesis, and
PARPi sensitivity. Ultimately, to improve the prognosis of patients with BRCA1
mutated tumors, further studies will be required to better characterize which
patients are more likely to benefit from PARPi treatments and how the
emergence of resistance mechanism to this class of drug relates to specific
BRCA1 mutations.
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Figure 55. Representation of the relation between HR functions
and overall HR levels provided by different Brca1 and 53bp1 genotypes
and the observed mouse phenotypes.
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