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Women with heterozygous germline mutations in BRCA1 have a strongly increased 
lifetime risk of developing breast and/or ovarian cancer. Particularly the role of 
BRCA1 in repair of DNA double-strand breaks through homologous recombination 
appears to be critical for maintenance of genomic stability and tumor suppression. 
Through their defect in HR, BRCA1-deficient cells are highly sensitive to treatment 
with DSB-inducing agents. It was recently shown, however, that not all biochemical 
functions of BRCA1 are equally important for its role in tumor suppression and 
therapy response. In the current study we have investigated the effects of the two 
most common BRCA1 founder mutations, BRCA1185delAG and BRCA15382insC, on tumor 
development, therapy response and resistance in genetically engineered mouse 
models. While mice carrying the Brca1185delAG and Brca15382insC mutation develop mouse 
mammary tumors with the same latency and characteristics, Brca1185delAG tumors 
respond significantly worse to DSB-inducing therapy than Brca15382insC tumors. The 
poor response of Brca1185delAG tumors is probably caused by expression of a RING-
less BRCA1 protein, which may be produced via internal translation reinitiation. 
This mutant BRCA1 protein is also expressed in human BRCA1185delAG mutant breast 
cancer cells and has residual activity in DNA damage signaling. Together our results 
indicate that expression of the RING-deficient BRCA1 protein may promote therapy 
resistance of BRCA1185delAG tumors in mice and human patients.

Introduction

Breast cancer is one of the most common malignancies in women, accounting for almost 
one in three diagnosed cancers, and it is the second leading cause of cancer death among 
women in Western countries (DeSantis et al., 2011). 5-10% of all breast cancer cases have 
a hereditary component and 30-80% of all hereditary cases are attributable to mutations 
in BRCA1 or BRCA2. Germline mutations in the BRCA1 gene predispose to hereditary breast 
and ovarian cancer (HBOC) with 80-90% lifetime risk for developing breast cancer and 40-
50% for ovarian cancer (Rahman and Stratton, 1998). 
 Germline BRCA1 mutations are scattered throughout the 81 kb-long gene that 
encompasses 22 coding exons (Smith et al., 1996). Of the known BRCA1 mutations, the 
majority is predicted to result in premature termination of protein translation thereby 
making them targets for nonsense-mediated mRNA decay (NMD), an evolutionarily 
conserved mechanism that prevents synthesis of potentially harmful protein products 
(Conti and Izaurralde, 2005; Lejeune and Maquat, 2005). These mutations consist of small 
deletions (70%) and insertions (10%) that generate frameshifts, single base substitutions 
that produce termination codons (10%) and splice site errors (5%) (Rahman and Stratton, 
1998). In most populations a large number of different BRCA1 mutations can be found; 
however, in certain ethnic populations only a few mutations, so-called founder mutations, 
account for almost all breast and/or ovarian cancer families attributable to BRCA1. For 
example, two founder mutations in BRCA1 (185delAG and 5382insC) account for the vast 
majority of BRCA1 mutations in the Ashkenazi Jewish population (Rahman and Stratton, 
1998; Phelan et al., 2002). The BRCA1185delAG mutation is carried by 1% of the Jewish 
Ashkenazim population, while the BRCA15382insC mutation is present in 0.15% of Ashkenazi 
Jews (Struewing et al., 1995; Roa et al., 1996). The prevalence of these mutations in 
unselected ovarian cancer patients of Ashkenazi origin was found to be close to 30% and 
may even reach over 50% in patients with a family history of breast and/or ovarian cancer 
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(Moslehi et al., 2000; Frank et al., 2002; Levy-Lahad and Friedman, 2007).
 Especially the role of BRCA1 in homologous recombination (HR)-mediated repair 
of DNA double-strand breaks (DSBs) appears to be important in maintenance of genomic 
stability and tumor suppression (Moynahan et al., 1999; Huen et al., 2010). Impaired 
HR also renders BRCA1-deficient cells extremely sensitive to DSB-inducing agents, like 
platinum drugs (Bhattacharyya et al., 2000). In line with this, patients with BRCA1-mutated 
ovarian cancer had a better prognosis after platinum-based chemotherapy than non-
mutation carriers (Boyd et al., 2000; Ben David et al., 2002; Foulkes, 2006; Chetrit et al., 
2008). More recently, it was also shown that BRCA1 mutation carriers were highly sensitive 
to neo-adjuvant cisplatin chemotherapy and that the degree of response to cisplatin 
exceeded that of non-mutation carriers with triple-negative breast cancer (Byrski et al., 
2010). Moreover, patients harboring breast tumors with a BRCA1-like genomic profile 
had a significantly greater benefit from high-dose platinum-based chemotherapy versus 
conventional chemotherapy than patients with non-BRCA1-like tumors (Vollebergh et 
al., 2010). Also chemical inhibitors of poly (ADP-ribose) polymerase (PARP), an enzyme 
involved in DNA single-strand break (SSB) repair, are effective against BRCA-deficient 
tumors in preclinical models (Bryant et al., 2005; Farmer et al., 2005; Rottenberg et al., 
2008) and in patients carrying BRCA mutations (Fong et al., 2009, 2010; Audeh et al., 2010; 
Tutt et al., 2010; Gelmon et al., 2011). PARP inhibition results in an increased number of 
DSBs due to replication fork collapse at SSBs. PARP inhibition is therefore selectively toxic 
in cells that lack HR-mediated DSB repair, such as BRCA1/2-deficient tumor cells.
 The BRCA1 gene encodes for a protein of 1.863 amino acids (aa) that contains a 
highly conserved amino-terminal RING domain and tandem BRCT repeats at its carboxyl 
terminus (Huen et al., 2010). The RING domain of BRCA1 is required for stable interaction 
with BARD1 and the BRCA1/BARD1 heterodimer has E3 ubiquitin ligase activity with the 
class of UbcH5 E2 ubiquitin conjugating enzymes (Mallery et al., 2002; Xia et al., 2003). The 
observation that BRCA1/BARD1-dependent ubiquitin conjugates occur at DSBs suggests 
that the BRCA1/BARD1 heterodimer is important for DNA repair and thereby for the tumor 
suppressive function of BRCA1 (Morris and Solomon, 2004). BRCA1 has been reported to 
interact with numerous proteins involved in repair, cell cycle checkpoint, transcription and 
chromatin remodeling through its BRCT domains (Scully et al., 1997a, 1997c; Anderson et 
al., 1998; Yarden and Brody, 1999; Bochar et al., 2000).
 Recently studies showed that not all biochemical activities of BRCA1 are equally 
important for its role in tumor suppression and therapy response (Patel et al., 2011). 
Using genetically engineered mouse models, Shakya and coworkers showed that loss 
of the BRCA1 E3 ligase activity does not lead to tumor formation, while loss of BRCT 
phosphoprotein binding does (Shakya et al., 2011). We showed that BRCA1 RING function 
is essential for tumor suppression, but that its loss does not lead to hypersensitivity to 
homologous recombination deficiency (HRD)-targeted therapy (Drost et al., 2011). Mouse 
mammary tumors that express a mutant BRCA1-C61G protein, which lacks a functional 
RING domain, respond much worse to DSB-inducing therapy than Brca1 null tumors. In 
addition, tumors carrying the Brca1C61G mutation rapidly develop therapy resistance whilst 
retaining the Brca1 mutation (Drost et al., 2011). These data suggest that the mutant BRCA1-
C61G protein has some residual activity in the DNA damage response. This may not only 
hold true for the BRCA1C61G missense mutation, but also for other BRCA1 mutations and 
could indicate the existence of differences in therapy response and resistance between 
different BRCA1 mutation carriers.
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 In the present study we have investigated the effects of the two most common 
BRCA1 nonsense mutations, namely BRCA1185delAG and BRCA15382insC, on tumor development, 
therapy response and resistance in genetically engineered mouse models.

Results

Generation of Brca1185stop and Brca15382stop alleles
In order to mimic the human BRCA1185delAG and BRCA15382insC mutations in mice we used 
short synthetic single-stranded oligodeoxyribonucleotides to introduce mutations into 
the genome of mouse embryonic stem cells (mESCs). It has been shown previously 
that this technique requires (transient) suppression of DNA mismatch repair (MMR) by 
knockdown of MLH1 or knockout of MSH2 or MSH3 (Dekker et al., 2003, 2006, 2011; 
Aarts et al., 2006). In order to mimic the BRCA1185delAG mutation as closely as possible we 
introduced the Brca1185stop mutation in MLH1-knockdown mESCs by substitution of three 
nucleotides (TCC to AAG), thereby creating an early STOP codon at aa 24 (Figure 1A). We 
used MSH3-knockout mESCs to insert 4 nucleotides (AGGA) to generate the Brca15382stop 
mutation, which results in premature protein truncation at aa 1713 and closely resembles 
the human BRCA15382insC mutation (Figure 1B). Brca1185stop and Brca15382stop mutant mESCs 
were injected into 3.5 day C57BL/6J blastocysts to generate chimeric mice. Chimeric mice 
were mated with C57BL/6J females and germline transmission of the mutant alleles was 
verified by melting curve genotyping, PCR and sequencing (Figure 1C-D and data not 
shown).

Embryonic lethality of homozygous Brca1185stop and Brca15382stop mice
To determine the effect of the Brca1185stop and Brca15382stop mutation on normal mouse 
development, we intercrossed heterozygous Brca1185stop or Brca15382stop to produce 
homozygous offspring. No homozygous pups were born (Table S1), indicating that 
homozygous Brca1185stop or Brca15382stop mutations lead to embryonic lethality. To study at 
which stage of embryonic development homozygous Brca1185stop and Brca15382stop mice die, 
embryos were harvested and genotyped at several time points after gestation. Although 
(resorbed) homozygous Brca1185stop and Brca15382stop embryos could still be recovered at 
embryonic day (E) 12.5-13.5 (Table S1), they were already severely delayed in development 
at E9.5 compared to wild type and heterozygous embryos (Figure 1E-F). 

Mammary tumor development in K14cre;Brca1F/185stop;p53F/F and 
K14cre;Brca1F/5382stop;p53F/F mice
To investigate the influence of Brca1185stop and Brca15382stop mutations on tumor development, 
we introduced both alleles independently in the K14cre;Brca1F/F;p53F/F (KB1P) mouse model, 
in which epithelium-specific deletion of Brca1F and p53F alleles predisposes to mammary 
and skin tumor formation (Liu et al., 2007). The resulting mice carry one Brca1185stop or 
Brca15382stop allele throughout their body and loose the remaining Brca1 wild type allele in 
specific tissues including mammary gland (Figure 2A). We crossed heterozygous Brca1185stop 
and Brca15382stop mice with KB1P animals to generate cohorts of K14cre;Brca1F/185stop;p53F/F 

(KB1(185stop)P) mice,  K14cre;Brca1F/5382stop;p53F/F (KB1(5382stop)P) mice and KB1P littermate 
controls (Figure 2A). All cohorts were monitored for spontaneous tumor formation, 
but no significant differences in tumor-free survival (TFS) could be observed between 
KB1(185stop)P, KB1(5382stop)P and KB1P control mice (Figure 2B; KB1(185stop)P T50 = 186 
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Figure 1. Characterization of Brca1 mutant alleles. A. Protein and DNA sequences of human BRCA1185delAG and 
mouse Brca1185stop mutation. Mutation is indicated in red. The number of amino acids (aa) until the STOP codon 
is indicated between brackets. B. Protein and DNA sequences of human BRCA15382insC and mouse Brca15382stop 
mutation. C. Melting curve genotyping of Brca1185stop mutant mice. wt= Brca1+/+, het= Brca1185stop/+ and hom= 
Brca1185stop/185stop. D. Melting curve genotyping of Brca15382stop mutant mice. wt= Brca1+/+, het= Brca15382stop/+ and 
hom= Brca15382stop/5382stop.  E. Embryonic lethality of homozygous Brca1185stop mice. Pictures of Brca1+/+, Brca1185stop/+ 

and Brca1185stop/185stop embryos at embryonic day 9.5 (E9.5). Scale bar represents 1 mm. F. Embryonic lethality of 
homozygous Brca15382stop mice. Pictures of Brca1+/+, Brca15382stop/+ and Brca15382stop/5382stop embryos at E9.5.
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days, KB1(5382stop)P T50 = 200 days, KB1P T50 = 196 days; KB1(185stop)P vs. KB1(5382stop)
P Log-rank test p=0.4510). For all cohorts the median TFS was around 200 days, which 
is similar to what has been described previously for KB1P mice (Liu et al., 2007) and for 
mice carrying the Brca1C61G mutation (Drost et al., 2011). In addition, no differences in TFS 
could be detected between cohorts when only mammary tumors (Figure 2C; KB1(185stop)
P T50 = 184 days, KB1(5382stop)P T50 = 206 days, KB1P T50 = 197 days; KB1(185stop)P vs. 
KB1(5382stop)P Log-rank test p=0.0415) or only skin tumors (Figure S1A; KB1(185stop)
P T50 = 177 days, KB1(5382stop)P T50 = 191 days, KB1P T50 = 193 days; KB1(185stop)P vs. 
KB1(5382stop)P Log-rank test p=0.5456) were taken into account. Mammary and skin TFS 
was comparable between KB1P mice derived from the 185delAG cohort and from the 
5382insC cohort (Figure S1B-C; Mammary TFS: 185delAG cohort vs. 5382insC cohort Log-
rank test p=0.2025, skin TFS: 185delAG cohort vs. 5382insC cohort Log-rank test p=0.1096). 
Furthermore, the spectrum and incidence of tumors that developed were similar between 
KB1(185stop)P, KB1(5382stop)P and KB1P mice (Figure S1D).

Characterization of K14cre;Brca1F/185stop;p53F/F and K14cre;Brca1F/5382stop;p53F/F 

mammary tumors
On the basis of their histomorphological characteristics, the majority of mammary tumors 
that developed in KB1(185stop)P (84%), KB1(5382stop)P (79%) and KB1P mice (85%) were 
classified as poorly differentiated solid carcinomas (Figure 2D and S2A-B). In line with this 
observation, most KB1(185stop)P and KB1(5382stop)P mammary tumors stained (partly) 
positive for the epithelial marker cytokeratin 8 (KB1(185stop)P: 91%, KB1(5382stop)P: 100%) 
and negative for the mesenchymal marker vimentin (KB1(185stop)P: 78%, KB1(5383stop)
P: 67%; Figure S2C-D, Table S2). In all cohorts only a small fraction of mammary tumors 
(8%) was classified as carcinosarcoma, characterized by the presence of spindle-shaped 
cells (Figure 2D and S2A-B). Other mammary tumors that developed in KB1(185stop)P, 
KB1(5382stop)P and KB1P mice were grouped as lumen-forming carcinomas with varying 
degrees of glandular differentiation (KB1(185stop)P: 8%, KB1(5382stop)P: 13%, KB1P: 7%; 
Figure 2D and S2A-B). Similar to the majority of human BRCA1-mutated breast cancer 
(Lakhani et al., 2002), most KB1(185stop)P and KB1(5382stop)P mammary tumors stained 
negative for the estrogen receptor (ER; KB1(185stop)P: 87%, KB1(5382stop)P: 86%) and 
progesterone receptor (PR; KB1(185stop)P: 78%, KB1(5382stop)P: 90%; Figure S2C-D, Table 
S2).
 A high level of genomic instability is one of the hallmarks of human BRCA1-
associated breast cancer (Tirkkonen et al., 1997) and also BRCA1-deficient mouse mammary 
tumors display a considerably higher amount of genetic aberrations than BRCA1-
proficient tumors (Liu et al., 2007; Holstege et al., 2010; Drost et al., 2011). To investigate 
the level of genomic instability in KB1(185stop)P and KB1(5382stop)P tumors, we measured 
DNA copy number aberrations (CNAs) in mammary tumors from  KB1(185stop)P (n=20), 
KB1(5382stop)P (n=20) and littermate control KB1P mice (n=22) using array comparative 
genomic hybridization (aCGH). When applying the comparative module of the R package 
KCsmart (Klijn et al., 2008; de Ronde et al., 2010), we did not detect any differences 
between recurrent CNAs of KB1(185stop)P and KB1P tumors (Figure 3A). We also could not 
find any differences in recurrent CNAs between KB1(5382stop)P and KB1P tumors (Figure 
3B). On the basis of these results, we conclude that the histological and genetic features 
of KB1(185stop)P and KB1(5382stop)P mammary tumors are indistinguishable from KB1P 
control tumors and from each other.
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Figure 2. Development of mammary tumors in mice carrying Brca1185stop and Brca15382stop mutation. A. 
Schematic representation of the generation of K14cre;Brca1185stop/flox;p53flox/flox (KB1(185stop)P) and K14cre;Brca15382stop/

flox;p53flox/flox (KB1(5382stop)P) mouse models. Indicated are the genotypes after Cre-mediated recombination in 
the mammary gland and in the rest of the mouse. B. Tumor-free survival curves (TFS) of KB1(185stop)P (green 
curve; n=53, T50=186 days), KB1(5382stop)P (blue curve; n=60, T50=200 days) and K14cre;Brca1flox/flox;p53flox/flox (KB1P; 
red curve; n=128, T50=196 days) mice. KB1(185stop)P vs. KB1(5382stop)P Log-rank test p=0.4510. T50: median 
survival, n: the number of mice. C. Mammary tumor-free survival curves (TFS) curves of KB1(185stop)P (green 
curve; n=29, T50=184 days), KB1(5382stop)P (blue curve; n=31, T50=206 days) and KB1P (red curve; n=68, T50=197 
days). KB1(185stop)P vs. KB1(5382stop)P Log-rank test p=0.0415. D. Distribution of mammary tumor types in 
KB1(185stop)P and KB1(5382stop)P and KB1P mice. Solid carcinomas as depicted in purple, carcinosarcomas are 
depicted in orange and lumen-forming carcinomas are depicted in yellow.
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Figure 3. Genomic 
instability of 
KB1(185stop)P and 
KB1(5382stop)P mouse 
mammary tumors. A. 
Comparative KC SMART 
profiles of KB1(185stop)
P (green curve) and 
KB1P (red curve) mouse 
mammary tumors. B. 
Comparative KC SMART 
profiles of KB1(5382stop)P 
(blue curve) and KB1P (red 
curve) tumors.

K14cre;Brca1F/185stop;p53F/F mammary tumors respond poorly to the PARP inhibitor 
olaparib
To study the response of KB1(185stop)P and KB1(5382stop)P tumors to the PARP inhibitor 
olaparib (AZD2281), we transplanted several independent KB1(185stop)P, KB1(5382stop)
P, BRCA1-deficient KB1P and BRCA1-proficient K14cre;p53F/F (KP) tumors into the fourth 
mammary gland of syngeneic female recipient mice. This orthotopic transplantation 
model ensures that transplanted mouse mammary tumors retain the histomorphological 
features, molecular characteristics and drug sensitivity profile of their spontaneous 
counterparts (Rottenberg et al., 2007, 2010). When tumors reached a volume of 200 mm3, 
tumor-bearing mice were treated with 50mg/kg olaparib for 28 consecutive days or left 
untreated (Figure 4A).
 We did not observe significant differences in overall survival (OS) between mice 
that did not receive any treatment, regardless of the genotype of the transplanted tumor 
(Figure 4B). All mice had to be sacrificed within 25 days because of a large tumor (Figure 
4A and S3). While mice carrying KP tumors did not respond to olaparib treatment at all 
(Figure 4C-D; black curves; T50= 10 days), the median OS of mice carrying KB1P tumors 
increased from 12 to 60 days following olaparib treatment and their tumors disappeared 
completely during the course of treatment (Figure 4C-D; red curves). However, as has 
been reported previously (Rottenberg et al., 2008; Drost et al., 2011), KB1P tumors could 
not be fully eradicated with this 28-day olaparib dosing schedule and tumors reappeared 
after the end of the treatment period.
 The median OS of KB1(5382stop)P tumors increased from 8 to 52 days after olaparib 
treatment (Figure 4B-C; blue curves), which was significantly better than the median OS 
of KP tumors (KB1(5382stop)P vs. KP Log-rank test p=<0.0001). No significant difference 
in OS could be observed between KB1(5382stop)P and KB1P tumors after treatment with 
olaparib (KB1(5382stop)P vs. KB1P Log-rank test p=0.0905). However, in contrast to KB1P 
tumors, KB1(5382stop)P tumors never completely disappeared during olaparib treatment, 
but rather entered a phase of tumor stasis (Figure 4D; blue curve).

A

B
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 Interestingly, KB1(185stop)P tumors had a median OS of 26 days after start of 
olaparib treatment (Figure 4C; green curve), which was significantly better than BRCA1-
proficient KP tumors (KB1(185stop)P vs. KP Log-rank test p=0.0017), but significantly worse 
than BRCA1-deficient KB1P tumors (KB1(185stop)P vs. KB1P Log-rank test p=<0.0001). 
While KB1(185stop)P tumors kept growing during the course of olaparib treatment, their 
growth speed was reduced compared to KP tumors (Figure 4D; green curve). Moreover, 
the olaparib response of KB1(185stop)P tumors was markedly worse than the response 
of KB1(5382stop)P tumors (Figure 4C-D and S3; KB1(185stop)P vs. KB1(5382stop)P Log-
rank test p=0.0012). The response of KB1(185stop)P tumors to olaparib treatment closely 

Figure 4. KB1(185stop)P mouse mammary tumors respond poorly to the PARP inhibitor olaparib. A. 
Schematic representation of olaparib treatment schedule. Tx: orthotopic transplantation of fragments from 
spontaneous mouse mammary tumors; T0: start of treatment at a tumor volume of 200mm3 (100%). Mice 
received a daily dose of 50mg/kg olaparib intraperitoneally for 28 consecutive days. B. Overall survival (OS) 
curves of mice transplanted with KB1(185stop)P (green), KB1(5382stop)P (blue), KB1P (red) and K14cre;p53flox/flox 

(KP; black) tumors without treatment. T50: median OS, n: number of mice. KB1(185stop)P: T50=15 days, n=4 mice; 
KB1(5382stop)P: T50=8 days, n=6 mice; KB1P: T50=12 days, n=4 mice; KP: T50=11 days, n=4 mice. C. Overall survival 
(OS) curves of mice transplanted with KB1(185stop)P (green), KB1(5382stop)P (blue), KB1P (red) and KP (black) 
tumors after olaparib treatment. KB1(185stop)P: T50=26 days, n=12 mice; KB1(5382stop)P: T50=52 days, n=10 mice; 
KB1P: T50=60 days, n=7 mice; KP: T50=10 days, n=5 mice. KB1(185stop)P vs. KB1(5382stop)P Log-rank test p=0.0012, 
KB1(185stop)P vs. KB1P Log-rank test p=<0.0001, KB1(185stop)P vs. KP Log-rank test p=0.0017, KB1(5382stop)P vs. 
KB1P Log-rank test p=0.0905 (not significant), KB1(5382stop)P vs. KP Log-rank test p=<0.0001, KB1P vs. KP Log-
rank test p=0.0003. D. Comparison of relative mammary tumor volumes during 28-day treatment with olaparib. 
Tumor volumes are relative to the tumor volume at start of treatment (day 0, 100%=±200mm3). 
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resembles the response of K14cre;Brca1F/C61G;p53F/F (KB1C61GP) mouse mammary tumors to 
olaparib (Drost et al., 2011).

K14cre;Brca1F/185stop;p53F/F mammary tumors respond poorly to cisplatin
While BRCA1-deficient KB1P mouse mammary tumors are highly sensitive to platinum-
based chemotherapy, KB1C61GP tumors showed a poor response to cisplatin and 
rapidly developed resistance (Drost et al., 2011). We transplanted several KB1(185stop)
P, KB1(5382stop)P, KB1P and BRCA1-proficient KP mammary tumors to study potential 
differences in cisplatin response (Table S3). We started treatment with 6mg/kg cisplatin 
when the tumor reached a volume of 200 mm3 and retreated every two weeks when the 
tumor volume was still over 50% of the starting volume. If the tumor size after two weeks 
was smaller than 50%, treatment was postponed until the tumor reached 100% of the 
starting volume (Figure 5A). As some animals had to be sacrificed because of the toxic side 
effects of multiple cisplatin doses, we measured OS as well as TFS.
 The median OS of mice transplanted with KB1(5382stop)P tumors was prolonged 
from 8 to 159 days after cisplatin treatment (Figure 5B-C; blue curves), which is in line 
with the response of BRCA1-deficient KB1P tumors (Figure 5B-C; red curves, KB1(5382stop)
P vs. KB1P Log-rank test p=0.9696 (ns)). Almost all mice transplanted with KB1(5382stop)
P tumors had to be sacrificed because of cisplatin toxicity instead of therapy resistance 
(Figure 5D). The median OS of mice transplanted with KB1(185stop)P mammary tumors 
was prolonged from 15 to 55 days after treatment with cisplatin (Figure 5B-C; green 
curves), which is more comparable to the response of BRCA1-proficient tumors to 
cisplatin (Figure 5B-C; black curves, KB1(185stop)P vs. KP Log-rank test p=0.2550 (ns)). 
After this initial response to cisplatin, KB1(185stop)P tumors rapidly acquired resistance 
and 62% of the mice need to be sacrificed because of therapy-resistant tumors (Figure 
5D). Remarkably, the response of KB1(185stop)P tumors to cisplatin was significantly worse 
than the response of KB1(5382stop)P tumors (Figure 5C; KB1(185stop)P vs. KB1(5382stop)P 
Log-rank test p=<0.0001; Figure S4). The difference in response to cisplatin was even more 
pronounced when we compared the TFS of mice transplanted with KB1(185stop)P and 
KB1(5382stop)P tumors (Figure S4F).

BRCA1-ΔRING expression in mouse and human BRCA1185delAG tumor cells
Since KB1(185stop)P mouse mammary tumors have a poor response to olaparib and 
cisplatin compared to KB1(5382stop)P and BRCA1-deficient KB1P tumors, we studied 
BRCA1 protein expression in KB1(185stop)P tumors. Human BRCA1185delAG and BRCA15382insC 
nonsense mutations have been reported to lead to the production of highly instable 
truncated BRCA1 proteins of 38 and 1829 aa, respectively (Friedman et al., 1995). As 
described previously (Drost et al., 2011), we could not detect any BRCA1 protein in BRCA1-
deficient KB1P tumors (Figure 6A; middle panel), while we did observe BRCA1 expression 
in a BRCA1-proficient KP tumor (Figure 6A; right panel). Remarkably, BRCA1 protein could 
also be detected in KB1(185stop)P tumors (Figure 6A; left panel). However, the BRCA1 
protein product present in KB1(185stop)P tumors appeared to be slightly smaller in size 
than wild type BRCA1 (Figure 6A; right panel). This finding seems to be in contradiction 
with the human situation, where presence of the BRCA1185delAG mutation was reported to 
result in a truncated protein of only 38 aa (Friedman et al., 1995).
 To ensure that our observation was not an artifact of our genetically engineered 
KB1(185stop)P mouse model, we checked BRCA1 protein expression in several human 
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Figure 5. KB1(185stop)P mouse mammary tumors respond poorly to cisplatin. A. Schematic representation 
of cisplatin treatment schedule. Tx: orthotopic transplantation of fragments from spontaneous mouse mammary 
tumors. T0: start of treatment at a tumor volume of approximately 200mm3, corresponding to a relative tumor 
volume (RTV) of 100%. T13: if the RTV on day 13 was ≥50%, mice received an additional treatment that was 
repeated every two weeks until their tumor shrank to a RTV of ≤50%. If the RTV at T13 was ≤50%, retreatment 
was postponed until the tumors grew back to their starting volume. B. Overall survival (OS) curves of mice 
transplanted with KB1(185stop)P (green), KB1(5382stop)P (blue), KB1P (red) and KP (black) tumors without 
treatment. T50: median OS, n: number of mice. KB1(185stop)P: T50=15 days, n=4 mice; KB1(5382stop)P: T50=8 
days, n=6 mice; KB1P: T50=12 days, n=4 mice; KP: T50=11 days, n=4 mice. C. Overall survival (OS) curves of mice 
transplanted with KB1(185stop)P (green), KB1(5382stop)P (blue), KB1P (red) and KP (black) tumors after olaparib 
treatment. KB1(185stop)P: T50=55 days, n=35 mice; KB1(5382stop)P: T50=159 days, n=47 mice; KB1P: T50=188 days, 
n=18 mice; KP: T50=48 days, n=21 mice. KB1(185stop)P vs. KB1(5382stop)P Log-rank test p=<0.0001, KB1(185stop)P 
vs. KB1P Log-rank test p=<0.0001, KB1(185stop)P vs. KP Log-rank test p=0.2550 (not significant (ns)), KB1(5382stop)
P vs. KB1P Log-rank test p=0.9696 (ns), KB1(5382stop)P vs. KP Log-rank test p=<0.0001, KB1P vs. KP Log-rank test 
p=<0.0001. D. Causes of death of tumor-bearing mice after treatment with cisplatin. The stacked bars depict 
the percentage of mice that are still alive (orange) or sacrificed because of cisplatin-associated toxicity (grey) or 
cisplatin-resistant tumors (blue).

breast cancer cell lines, including the SUM1315MO2 line which contains the BRCA1185delAG 
mutation (Figure 6B). Previously, it has been reported that two independent bands with 
a slight difference in size can be observed after BRCA1 immunoblotting, presumably as 
a consequence of BRCA1 phosphorylation (Scully et al., 1997b). While we could detect 
this BRCA1 doublet in the BRCA1-proficient human breast cancer cell line T47D, BRCA1 
expression was significantly reduced in HCC1937 tumor cells, which harbor the BRCA15382insC 
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mutation (Figure 6B). Remarkably, although BRCA1185delAG mutant SUM1315MO2 cells also 
displayed reduced expression of the BRCA1 doublet, we could detect a slightly smaller 
form of BRCA1 (Figure 6B; left panel). This smaller BRCA1 product in BRCA1185delAG mutant 
SUM1315MO2 cells could not be detected with a different BRCA1 antibody that binds the 
extreme N-terminus of BRCA1 (aa 1-304; Figure 6B; right panel). Together these findings 
show that the BRCA1185delAG mutation can lead to production of a mutant BRCA1-ΔRING 
protein, which is probably devoid of its N-terminal RING domain.
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Figure 6. BRCA1-ΔRING expression in mouse and human BRCA1185delAG tumor cells. A. BRCA1 protein 
expression in KB1(185stop)P (left panel) and KB1P (middle panel) mouse mammary tumors. BRCA1 expression 
in a BRCA1-proficient KP tumor was used as positive control (right panel). The asterisk (*) in the right panel 
indicates another KB1(185stop)P mouse mammary tumor. Expression of POLII was used as loading control. B. 
BRCA1 protein expression in human breast cancer cell lines. ‘+’: BRCA1-proficient breast cancer cell line T47D, 
‘-’: BRCA15382insC mutant breast cancer cell line HCC1937, ‘ΔAG’: BRCA1185delAG mutant breast cancer cell line 
SUM1315MO2. The upper band represents phosphorylated hBRCA1 (hBRCA1-p), the middle band represents 
hBRCA1 and the lower band represents RING-less hBRCA1 (hBRCA1-ΔRING). For the left panel the #9010 rabbit 
polyclonal hBRCA1 antibody (epitope: aa 305-325) was used, for the right panel the MS110 mouse monoclonal 
hBRCA1 antibody (epitope: aa 1-304) was used. Expression of POLII was used as loading control. C. No evidence 
for genetic reversion of Brca1 in platinum-resistant KB1(185stop)P mouse mammary tumors. Sequencing plots 
of KB1(185stop)P tumor DNA showing that 3nt substitution (TCC>AAG) is retained in cisplatin-resistant tumors.
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BRCA1-ΔRING expression in platinum-resistant mouse BRCA1185stop tumors
We previously found that platinum resistance of Brca1C61G tumors was mediated by 
expression of the BRCA1-C61G protein, which lacks ubiquitin ligase activity and interaction 
with BARD1 due to a missense mutation in the BRCA1 RING domain (Drost et al., 2011). We 
therefore asked whether expression of the mutant BRCA1-ΔRING protein could also play 
a role in development of platinum resistance in KB1(185stop)P mouse mammary tumors. 
We first checked whether the Brca1185stop mutation was still present in platinum-resistant 
KB1(185stop)P tumors, since it is known that BRCA1/2-deficient cell lines and ovarian 
tumors can become resistant to platinum compounds and olaparib through genetic 
reversion of the BRCA1/2 mutation (Sakai et al., 2008, 2009; Swisher et al., 2008; Norquist 
et al., 2011). Previously, we did not find any evidence for secondary Brca1 mutations in 
therapy-resistant KB1C61GP tumors (Drost et al., 2011). In line with this, Sanger sequencing 
and melting curve genotyping revealed that all cisplatin-resistant KB1(185stop)P tumors 
had retained the Brca1185stop mutation (Figure 6C and data not shown). Based on these 
results, we conclude that the observed platinum resistance in KB1(185stop)P mammary 
tumors is not caused by genetic reversion of the Brca1185stop mutation.
 We also investigated whether cisplatin resistance of KB1(185stop)P mammary 
tumors might be associated with increased expression levels of BRCA1-ΔRING protein. 
Although we found significantly increased Brca1 mRNA levels in most platinum-resistant 
KB1(185stop)P tumors compared to untreated tumors, we did not find a concomitant 
increase in BRCA1-ΔRING protein levels (Figure S5). This finding implies that upregulation 
of steady state levels of BRCA1-ΔRING protein is not strictly required for KB1(185stop)P 
tumors to become resistant to platinum therapy.

DNA damage response in mouse and human BRCA1185delAG tumor cells
The absence of secondary Brca1 mutations and stable BRCA1-ΔRING protein level 
in platinum-resistant KB1(185stop)P tumors suggest that the BRCA1-ΔRING protein 
has some residual activity in the cellular response to DNA DSBs. To investigate this we 
compared the ability to form RAD51 irradiation-induced foci (IRIFs) in short-term tumor 
cell cultures derived from KB1(185stop)P, KB1P and BRCA1-proficient KP tumors. Before 
irradiation, we observed almost no RAD51 foci for all tumor genotypes (Figure 7A). As 
shown previously (Drost et al., 2011), we could readily detect RAD51 IRIFs in short-term 
cultures of HR-proficient KP tumor cells, but not in HR-deficient KB1P tumor cells (Figure 
7A; upper and lower panel; Figure 7B; KP vs. KB1P unpaired t test p=0.0002). We could 
observe significantly more RAD51 IRIFs in KB1(185stop)P tumor cells compared to KB1P 
tumor cells (Figure 7B; KB1(185stop)P vs. KB1P unpaired t test p=0.0355). In addition, 
human SUM1315MO2 breast cancer cells, carrying the BRCA1185delAG mutation, were also 
capable of forming RAD51 IRIFs (Figure 7C and S6; upper panel). Thus, both mouse and 
human BRCA1185delAG tumor cells have some activity in response to DNA damage, which 
could be the result of expression of BRCA1-ΔRING.

BRCA1185delAG tumor cells are dependent on BRCA1-ΔRING for proliferation and DNA 
damage signaling
To test whether this mutant BRCA1-ΔRING protein is functionally important for BRCA1185delAG 
tumor cells, we performed BRCA1 knockdown experiments. Expression of BRCA1-ΔRING 
in BRCA1185delAG mutant SUM1315MO2 cells could be significantly reduced by transduction 
with lentiviruses encoding two independent short hairpin RNAs (shRNAs) against human 
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BRCA1 (#5 and #8; Figure 8A). After BRCA1 knockdown, proliferation of BRCA1185delAG cells 
was significantly inhibited compared to cells transduced with a non-targeting (NT) shRNA 
(Figure 8B; SUM NT vs. SUM #5 unpaired t test p=<0.0001, SUM NT vs. SUM #8 unpaired t 
test p=<0.0001; Figure 8C). In addition, we assessed formation of RAD51 IRIFs after BRCA1 
knockdown in BRCA1185delAG mutant SUM1315MO2 cells to discover whether BRCA1-ΔRING 
still has a function in the DNA damage response. Interestingly, the number of BRCA1185delAG 
mutant cells with RAD51 IRIFs was significantly lower after BRCA1 knockdown than in 
cells with normal expression of BRCA1-ΔRING (Figure 8D; SUM NT vs. SUM #5 unpaired t 
test p=0.0303, SUM NT vs. SUM #8 unpaired t test p=0.0116; Figure S6). These data show 
that BRCA1185delAG cells are dependent on expression of the BRCA1-ΔRING protein, possibly 
through its function in repair of DNA DSBs. 
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Figure 7. DNA damage response in mouse and human BRCA1185delAG tumor cells. A. Immunofluorescence of 
RAD51 foci in KB1(185stop)P, KB1P and KP tumor cell suspensions with or without gamma irradiation (10Gy). Cells 
with more than 10 RAD51 foci (red) are indicated with red arrowheads. Red square: single cell zoom-in. Nuclei 
were visualized with DAPI (blue). All pictures were taken at a 63x magnification. B. Quantification of RAD51 IRIFs 
in KB1(185stop)P (green; n=5), KB1P (red; n=10) and KP (black; n=7) tumors. Percentages of cells with more than 
10 RAD51 foci were normalized to tumor cells derived from a KP tumor. KB1(185stop)P vs. KB1P unpaired t test 
p=0.0355; KB1(185stop)P vs. KP unpaired t test p=0.5975 (ns); KB1P vs. KP unpaired t test p=0.0002. Error bars 
indicate SEM. C. Immunofluorescence of RAD51 foci in human SUM1315MO2 breast cancer cells with or without 
gamma irradiation (10Gy). Cells with more than 10 RAD51 foci (red) are indicated with red arrowheads. Red 
square: single cell zoom-in. Nuclei were visualized with DAPI (blue). All pictures were taken at a 63x magnification.
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Discussion

We have used genetically engineered mouse models mimicking the two most common 
BRCA1 founder mutations in humans, respectively BRCA1185delAG and BRCA15382insC, to study 
the effects of these mutations on tumor development, therapy response and resistance. 
While mice carrying the Brca1185stop or Brca15382stop mutation develop similar types of 
mammary carcinomas, Brca1185stop tumors respond significantly worse to HRD-targeted 
therapy than Brca15382stop tumors and rapidly develop therapy resistance. It has been 
shown previously that secondary mutations in BRCA1 can mediate resistance to platinum-
based chemotherapy in BRCA1185delAG ovarian carcinomas (Swisher et al., 2008; Norquist et 
al., 2011). However, we could not detect genetic reversion of the Brca1185stop mutation in 
any of the platinum-resistant Brca1185stop mouse mammary tumors. Instead, we found that 
mouse and human BRCA1185delAG tumor cells produce a BRCA1-ΔRING protein, which could 
be involved in development of platinum resistance through its role in the DNA damage 
response. A similar observation has been made before in platinum-resistant mouse 
mammary tumors carrying the Brca1C61G missense mutation (Drost et al., 2011).

Potential role of BRCA1-ΔRING in therapy response and resistance
While the BRCA1185delAG nonsense mutation is described to lead to the formation of a 

SUM NT

SUM #5 SUM #8

Medium

p=<0.0001

p=<0.0001

p=0.0303

p=0.0116

- #5 #8NT

SUM

hBRCA1-
ΔRING

POLII

shRNA
hBRCA1

Figure 8. BRCA1185delAG tumor cells are dependent on BRCA1-ΔRING for proliferation and DNA damage 
signaling. A. Protein expression levels after human BRCA1 knockdown in BRCA1185delAG mutant SUM1315MO2 
tumor cells. ‘-’: SUM1315MO2 without lentiviral transduction, ‘NT’: SUM1315MO2 cells after lentiviral transduction 
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was used as loading control. B. Relative metabolic activity of BRCA1185delAG mutant SUM1315MO2 tumor cells after 
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cells transduced with a NT shRNA. SUM NT vs. SUM #5 unpaired t test p=<0.0001, SUM NT vs. SUM #8 unpaired 
t test p=<0.0001. Error bars indicate SD. C. Colony formation of BRCA1185delAG mutant SUM1315MO2 tumor cells 
after hBRCA1 knockdown. D. Quantification of RAD51 IRIFs in BRCA1185delAG mutant SUM1315MO2 cells after 
hBRCA1 knockdown. SUM: SUM1315MO2 without lentiviral transduction. SUM NT vs. SUM #5 unpaired t test 
p=0.0303, SUM NT vs. SUM #8 unpaired t test p=0.0116. Error bars indicate SD.
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truncated, highly instable protein of only 38 aa, we observed production of nearly full-
length BRCA1 protein in Brca1185stop mouse mammary tumors. This is not merely an artifact 
of our genetically engineered mouse model, since we could also detect mutant BRCA1 
protein in a human breast cancer cell line carrying the BRCA1185delAG mutation. It is likely 
that this mutant BRCA1 protein lacks a functional RING domain, because this protein 
product is slightly smaller than wild type BRCA1 and could not be detected with an 
antibody binding to the extreme N-terminus of human BRCA1.
 We speculate that, similar to Brca1C61G tumors, Brca1185stop tumors may not require 
secondary Brca1 mutations because residual activity of the BRCA1-ΔRING protein 
expressed by Brca1185stop tumors might already be sufficient to withstand stress induced by 
DNA-damaging compounds. The finding that Brca1185stop mouse mammary tumor cells are 
capable of forming RAD51 IRIFs, indicative of DNA DSB repair, shows that this RING-less 
BRCA1 protein is at least partially functional. Thus, while insufficient for embryonic survival 
and tumor suppression, the residual activity of the BRCA1-ΔRING protein can contribute 
to rapid development of therapy resistance of Brca1185stop tumors. Expression of a RING-
less BRCA1 protein might also confer therapy resistance in human BRCA1185delAG mutation 
carriers, since BRCA1-ΔRING expression could be detected in human BRCA1185delAG breast 
cancer cells. shRNA-mediated depletion of BRCA1 in these tumor cells resulted in reduced 
proliferation and RAD51 IRIF formation, demonstrating the functional significance of the 
BRCA1-ΔRING protein.
 Why are secondary BRCA1 mutations then still observed in therapy-resistant 
BRCA1185delAG ovarian carcinomas? One possibility is that these secondary BRCA1 mutations 
are already present in rare cells of primary carcinomas due to genomic instability and 
subsequently selected under pressure of chemotherapy. This has already been described 
for chronic myeloid leukemia, where BCR-ABL mutations that confer imatinib resistance 
are already present in a minority of tumor cells before exposure to imatinib (Roche-
Lestienne et al., 2002). In addition, the level of BRCA1-ΔRING protein in untreated 
BRCA1185delAG ovarian carcinomas is unknown. There could be considerable intertumoral 
heterogeneity in both the presence (and abundance) of pre-existing secondary BRCA1 
mutations and the expression level of BRCA1-ΔRING protein. Genetic reversion may thus 
drive therapy resistance in tumors with pre-existing secondary BRCA1 mutations and no 
or weak expression of the BRCA1-ΔRING protein.

Production of BRCA1-ΔRING protein via internal translation reinitiation
The existence of RING-less BRCA1 protein in mouse and human BRCA1185delAG tumor 
cells may be the result of internal translation reinitiation at a downstream start codon 
(Buisson et al., 2006). This translation initiation at position 128 could also explain why 
the BRCA1185delAG mRNA is not degraded by nonsense-mediated decay (NMD) (Perrin-
Vidoz et al., 2002; Buisson et al., 2006). The mutant BRCA1-ΔRING protein produced in our 
genetically engineered Brca1185stop mouse model appears to be somewhat larger than its 
human counterpart, possibly due to usage of a more upstream alternative start codon 
present in the mouse Brca1 coding sequence.
 BRCA1 alternative translation reinitiation at a downstream start codon may not 
only occur in BRCA1185delAG tumor cells, but also in cells with other mutations in the extreme 
N-terminus of BRCA1. Our preclinical data indicate that residual activity of the BRCA1-
ΔRING protein may have serious consequences for clinical responses of HBOC patients 
to DNA damaging therapy and might even affect the median survival time of patients 
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harboring different BRCA1 mutations.

Effects of different BRCA1 founder mutations on therapy response and resistance
Several studies have reported a significant better survival of BRCA1/2 mutation carriers 
compared to non-carriers with invasive ovarian cancer (Ben David et al., 2002; Chetrit et al., 
2008), presumably due to the extreme sensitivity of BRCA1/2 mutant tumors to cisplatin-
based chemotherapy. Nevertheless, heterogeneity in therapy response is observed for 
different BRCA1/2 mutation carriers. For example, ovarian cancer patients carrying the 
BRCA1185delAG mutation appeared to have a worse median survival compared to BRCA15382insC 
patients, although this difference in survival did not reach statistical significance due to 
the low number of patients with a BRCA15382insC mutation (Ben David et al., 2002). This trend 
could hint towards differences in sensitivity to DSB-inducing agents between BRCA1185delAG 
and BRCA15382insC mutant ovarian tumors, similar to the differences in survival we observed 
between Brca1185stop and Brca15382stop mouse mammary carcinomas after olaparib or cisplatin 
treatment.
 PARP inhibitors like olaparib have shown to be effective against BRCA1/2-deficient 
tumor cells in preclinical studies (Bryant et al., 2005; Farmer et al., 2005; Rottenberg et al., 
2008) and in phase I/II clinical trials (Fong et al., 2009, 2010; Audeh et al., 2010; Tutt et 
al., 2010; Gelmon et al., 2011). Also in this case, heterogeneous responses were observed 
for BRCA1 mutation carriers, suggesting that different BRCA1 mutations might have a 
different impact on BRCA1 protein function and subsequent HR-mediated DNA repair.
 Together our data indicate that therapy responses of women with BRCA1-
mutated breast (or ovarian) cancer will not only differ from those of non-mutation carriers, 
but will also vary between carriers of different BRCA1 mutations. It would be clinically 
valuable if we could predict therapy responses of different BRCA1 mutation carriers, since 
this could prevent ineffective treatment and lead to earlier use of alternative therapeutic 
agents. While it will be important to evaluate the clinical relevance of our findings, such 
trials will require large numbers of patients carrying specific BRCA1 founder mutations 
and therefore remain a challenge for the future.

Experimental Procedures

Generation of the Brca1185stop and Brca15382stop mutant mice
Non-chemically modified deoxyribonucleotides were obtained from Sigma-Genosys 
Ltd. The following oligonucleotide sequences were used to introduce the Brca1185stop and 
Brca15382stop mutation in mouse embryonic stem cells (mESCs): Brca1185stop, 5’-ATG CAG AAA 
ATC TTA GAG TAG GCG ATC TGG TAA GTC AAC A-3’; Brca15382stop, 5’-CAA GGC GAT CCA GAG 
AAT CAG GAC CGG GAA AAG GTA AAG TC-3’. Procedures for introducing oligonucleotides 
in mESCs, selection for G418-resistant colonies and identification and purification of 
modified cells have been described previously (Dekker et al., 2003, 2006, 2011; Aarts et 
al., 2006). The following primers were used to identify Brca1185stop mutant mESCs by PCR: 
185stop fwd1, 5’-CAA GTC CAG TGT GGG ATG-3’; 185stop rev1, 5’-CCT GGT GCA GTA GCT 
TAA AC-3’; 185stop fwd2, 5’-CAC TAG GGT GGA AAC TGG T-3’; 185stop wild type rev, 5’-TGA 
CTT ACC AGA TCG CCT -3’; 185stop mutant rev, 5’-GAC TTA CCA GAT CGG AC -3’; 185stop 
rev2, 5’-TTC AAG TTG GAG GCT AAT C-3’; 185stop wild type fwd, 5’-ATG CAG AAA ATC TTA 
GAG TAG G -3’; 185stop mutant fwd, 5’-ATG CAG AAA ATC TTA GAG TGT C -3’. The following 
primers were used to identify Brca15382stop mutant mESCs by PCR: 5382stop fwd1, 5’-CCT 
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TTT GTG TTT CCT GCA CC-3’; 5382stop rev1, 5’-GGT TTT ATT CCA GCA GC-3’; 5382stop 
fwd2, 5’-CTT GGA CCT CAG AGA TGG G-3’; 5382stop wild type rev, 5’-ATC CAG AGA ATC 
CCG GG-3’; 5382stop mutant rev, 5’-GCG ATC CAG AGA ATC AGG A-3’; 5382stop rev2, 5’-
CCT CAT GGG TTC TCA CAG C-3’; 5382stop wild type fwd, 5’-ATC CCG GGA AAG GTA AAG-
3’; 5382stop mutant fwd, 5’-AGG ACC GGG AAA AGG TAA AG-3’.

Cell culture
Human breast cancer cell lines SUM1315MO2, HCC1937 and T47D were grown in RPMI 
culture medium (Gibco Invitrogen) supplemented with 10% foetal bovine serum (Sigma) 
and 1% Pen Strep (5000U/ml penicillin, 5000μg/ml streptomycin; Gibco Invitrogen). 

Embryo isolations
Timed matings were performed between Brca1185stop or Brca15382stop heterozygous male 
and female mice. The impregnated females were sacrificed at various time points after 
conception and uteri were isolated in ice-cold PBS. The embryos were isolated by 
removing the muscular wall of the uterus, Reichert’s membrane and visceral yolk sac. The 
visceral yolk sac was used for genotyping.

Animals, generation of mammary tumors and orthotopic transplantation into wild 
type mice
All experiments involving animals comply with local and international regulations and 
ethical guidelines, and have been authorized by our local animal experimental committee 
at the Netherlands Cancer Insititute (DEC-NKI). The generation of K14cre;Brca1F/F;p53F/F 
(KB1P) mice has been described previously (Jonkers et al., 2001; Liu et al., 2007). Brca1185stop/+ 
and Brca15382stop/+ mice were bred with KB1P animals to generate K14cre;Brca1185stop/F;p53F/F 

(KB1(185stop)P), K14cre;Brca15382stop/F;p53F/F (KB1(5382stop)P) and littermate control mice. 
These animals were checked weekly from the age of 4 months onward for onset of tumor 
growth and overall appearance. After tumor onset, mammary tumor size was determined 
biweekly by caliper measurements. Tumors were harvested at a maximal size of 1000 mm3 
(formula tumor volume: 0.5 x length x width2). FVB/n:129/Ola F1 hybrid females were used 
for orthotopic transplantations of mammary tumors. Small tumor fragments (1-2mm in 
diameter) were transplanted orthotopically in the fourth mammary fat pad of adult F1 
hybrid female mice as described (Rottenberg et al., 2007).

Drugs
Cisplatin (1 mg/ml in saline-mannitol) originated from Mayne Pharma. Olaparib was 
kindly provided by Astrazeneca. Olaparib was used by diluting 50 mg/ml stocks in DMSO 
with 10% 2-hydroxyl-propyl-β-cyclodextrine/PBS such that the final volume administered 
by intraperitoneal injection was 10 μl/g of body weight.

Treatment of mammary tumor-bearing animals
Maximum tolerable dose (MTD) levels of cisplatin and olaparib were determined in 
earlier studies (Rottenberg et al., 2007, 2008). 6 mg/kg of cisplatin was administered by 
intravenous injection in the tail vein. 50 mg/kg of olaparib was administered daily for 28 
consecutive days by intraperitoneal injection. Treatment at MTD levels was initiated when 
the tumor volume, calculated as 0.5 x length x width2, exceeded 200 mm3. To determine 
whether tumors would acquire resistance to cisplatin, animals received multiple doses 
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of cisplatin. An animal was retreated two weeks after the initial treatment if the tumor 
volume was larger than 50%. If the tumor volume two weeks after the initial treatment 
was smaller than 50%, an animal was not retreated until the tumor volume reached 100%. 
Animals were sacrificed when the tumor volume exceeded 1500 mm3 or because of severe 
weight loss due to toxicity of the drug

DNA isolation, southern blot analysis and genotyping
For routine genotyping tail DNA samples or yolk sacs were lysed in DirectPCR lysis reagent 
(Viagen) supplemented with 100mg/ml proteinase K (Sigma Aldrich). The Brca1F allele 
was detected by PCR amplification of the loxP site in intron 3 with primers P1 and P2, 
yielding products of 545 bp and 390 bp for the floxed and wild type alleles, respectively. 
Detection of the Brca1del allele with primers P1 and P3 yielded a 594-bp fragment. The 
primer sequences were as follows: P1, 5'-TAT CAC CAC TGA ATC TCT ACC G-3'; P2, 5'-GAC 
CTC AAA CTC TGA GAT CCA C-3' and P3, 5'-TCC ATA GCA TCT CCT TCT AAA C-3'. For all PCR 
reactions, thermocycling conditions consisted of 30 cycles of 30 sec at 94°C, 30 sec at 58°C, 
and 50 sec at 72°C. Reactions contained approximately 200 ng of template DNA, 0.5 mM 
primers, 100 mM dNTPs, 2.5 units of Taq DNA polymerase, 2.5 mM MgCl2, and 10 x PCR 
buffer in a total volume of 20 μl. The Brca1185stop and Brca15382stop alleles were detected by 
probe-based melting curve analysis. For high-resolution melting curve analysis, we used 
the LightCycler 480 instrument of Roche Applied Science. We used the following probes 
and primers for detecting the Brca1185stop mutation: Anchor HybProbe, 5’-AAG ATT TTC 
TGC ATA GCA TGA AGG ACA TTT TGT AC--PH; Sensor HybProbe, 5’-CTG TTG ACT TAC CAG 
ATC GGA CAC TC--FL; Primer forward, 5’- CTC ATT TGC ATG AAC AGT AAC CAC-3’; Primer 
reverse, 5’-TTA TCT GCC GTC CAA ATT CAA G-3’. We used the following probes and primers 
for detecting the Brca15382stop mutation: Anchor HybProbe, 5’-ATC GCC TTG GAC CTT GGT 
GAT TTC TTC C--PH; Sensor HybProbe, 5’-CTT TTC CCG GTC CTG ATT CTC TG--FL; Primer 
forward, 5’-TTA GGC TGG GGT TCT GTC-3’; Primer reverse, 5’-TTG AAG TCA AAG GAG ATG 
TTG T-3’. After 10 min pre-incubation at 95˚C, thermocycling conditions for high-resolution 
melting curve analysis consisted of 45 cycles of 10 sec at 95°C, 10 sec at 60°C, and 10 sec 
at 72°C. Afterwards, a melting curve was produced by 1 min incubation at 95˚C and 2 min 
incubation at 40˚C. Reactions contained approximately 200 ng of template DNA, 5pmol 
forward primer, 20pmol reverse primer, 3pmol sensor probe, 3pmol anchor probe, and 2 x 
LightCycler 480 Probes Master (Roche Applied Science) in a total volume of 20 μl.

Array comparative genome hybridization and data analysis
Genomic DNA of tumor and spleen samples was extracted by proteinase K lysis and 
organic extraction with phenol-chloroform. Tumor and spleen samples were labeled 
with Nimblegen dual-color DNA labeling kit and hybridized to Nimblegen 12-plex 135K 
full genome mouse custom NKI array. Background correction and normalization was 
performed in the NimbleScan program. Probe annotation and corrected log2 ratios 
were imported into the R programming language from the NimbleScan output. Probes 
mapping to Y and mitochondrial chromosomes were discarded. To find genomic loci of 
significant difference between the groups of tumors we applied the comparative module 
of the R package KCsmart (as available in BioConductor; (Klijn et al., 2008; de Ronde et 
al., 2010). All comparisons were performed using standard parameters (sigma = 1 Mb, 
1000 permutations, p < 0.05). In short: a smoothed profile for each individual tumor was 
computed. The SAM algorithm as implemented in the multitest R-package was used to 



Chapter 6

6

152

calculate significantly different copy number changes for discrete sample points along 
the mouse genome.

Sanger sequencing
Sequencing was done using Big Dye Terminator v3.1 cycle sequencing kit (Applied 
Biosystems). Sequencing was performed on both genomic DNA and cDNA of tumors and 
spleens. The following primers were used for sequencing the Brca1185stop mutation on DNA: 
185stop fwd1, 5’-CAA GTC CAG TGT GGG ATG-3’; 185stop fwd2, 5’-CAC TAG GGT GGA AAC 
TGG T-3’; 185stop rev1, 5’-CCT GGT GCA GTA GCT TAA AC-3’; 185stop rev2, 5’-TTC AAG 
TTG GAG GCT AAT C-3’. The following primers were used for sequencing the Brca15382stop 

mutation on DNA: 5382stop fwd1, 5’-CCT TTT GTG TTT CCT GCA CC-3’; 5382stop fwd2, 5’-
CTT GGA CCT CAG AGA TGG G-3’; 5382stop rev1, 5’-GGT TTT ATT CCA GCA GC-3’; 5382stop 
rev2, 5’-CCT CAT GGG TTC TCA CAG C-3’.
 The following primers were used for sequencing the Brca1185stop mutation on 
cDNA: mBrca1 ex1 fwd, 5’-CTT GGG GCT TCT CCG TCC TC-3’; mBrca1 ex2 fwd, 5’-ACT GGA 
ACT GGA AGA AAT GG-3’; mBrca1 ex4/5 rev, 5’-TGT AGG CTC CTT TTG GTT AT-3’; mBrca1 
ex5 rev, 5’-CTT GTG CTT CCC TGT AGG-3’. The following primers were used for sequencing 
the Brca1185stop mutation on cDNA: mBrca1 ex12 fwd, 5’-CCA AAC ATG TCA GGA GCA-3’; 
mBrca1 ex14 fwd, 5’-TTC AAC AGG GCA GTC TTG-3’; mBrca1 ex18 fwd, 5’-GGT CCG GTC 
TAT CCA AGA-3’; mBrca1 ex20 rev, 5’-GGC TCA CAA CAA TAG ACC TG-3’; mBrca1 ex24 rev, 
5’-TTC TGT ACC AGG TAG GCA TC-3’.

RNA isolation and RT-PCR analysis
Total RNA from ES cells and mouse tissues was isolated using Trizol (Invitrogen). The 
integrity of RNA was verified by denaturing gel electrophoresis. Before cDNA synthesis, 
RNA samples were treated with RQ1 RNase-free DNase (Promega) to degrade both 
double- and single stranded DNA and with RNasin (promega) to inhibit activity of RNases. 
Subsequently, cDNA was synthesized using random hexamer primers and cloned AMV 
reverse transcriptase (Invitrogen). RT-PCR for mouse Brca1 and housekeeping gene 
(HPRT) was performed using the following primers: mBrca1 ex10 fwd, 5’-GAG ATG AAG 
GCA AGC TGC-3’; mBrca1 ex11 rev, 5’-CAG TTG CAT GAT TCT CAG TAG G-3’; mHPRT fwd, 5’-
CTG GTG AAA AGG ACC TCT CG-3’; mHPRT rev, 5’-TGA AGT ACT CAT TAT AGT CAA GGG CA-
3’. LightCycler 480 SYBR Green I Master (Roche Applied Science) was used for amplification 
and detection of cDNA target. RT-PCR was carried out on the LightCycler 480 instrument 
of Roche Applied Science.

Antibodies
The following primary antibodies were used for immunohistochemistry: rat anti-
cytokeratin 8 (University of Iowa Troma-1; 1:600), rabbit anti-vimentin (Abcam ab45939; 
1:1500), rabbit anti-progesterone receptor (Neomarkers RM-9102-SO; 1:300) and rabbit 
anti-estrogen receptor alpha (Santa Cruz Biotechnology SC-542; 1:1750). The following 
secondary antibodies were used for immunohistochemistry: biotin-conjugated anti-rat 
(Santa Cruz Biotechnology SC-2041; 1:100), biotin-conjugated anti-rabbit (Dako E0432; 
1:1000) and HRP-conjugated anti-rabbit Envision (Dako K4009). The following primary 
antibodies were used for western blot analysis: mouse anti-BRCA1 (MS110; Abcam 
ab16780; 1:250), rabbit anti-BRCA1 (Cell Signaling Technology 9010; 1:1000), rabbit anti-
mouse Brca1 (1:500) and goat anti-POLII (Santa Cruz Biotechnology C-18; 1:200). The 
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following secondary antibodies were used for western blot analysis: HRP-conjugated 
rabbit anti-goat (Dako; 1:1000), HRP-conjugated rabbit anti-mouse (Dako; 1:2500) and 
HRP-conjugated goat anti-rabbit (Dako; 1:2000). Rabbit anti-RAD51 (1:10000) was used 
as a primary antibody for immunofluorescence studies. Goat anti-rabbit Alexa fluor 568 
(Invitrogen; 1:400) was used as secondary antibody for immunofluorescence studies.

Histology and immunohistochemistry
Tissues were isolated and fixed in formaldehyde for 48 hours. Tissues were rehydrated, cut 
into 4 μm sections and stained with hematoxylin and eosin. For immunohistochemical 
staining for progesterone receptor and cytokeratin 8, antigen retrieval was performed 
with citra solution (Biogenex HK086-5K). For immunohistochemical staining for estrogen 
receptor alpha, antigen retrieval was performed with citraconic anhydride 0.05% (Fluka 
27429). For immunohistochemical staining for vimentin, antigen retrieval was performed 
with Tris/EDTA pH 9.0. Subsequently, endogenous peroxidases were blocked with 3% 
H2O2. Before slides were incubated with vimentin primary antibody, slides were pre-
incubated with 1% milk/PBS. Before slides were incubated with primary antibody for 
progesterone receptor, slides were pre-incubated with PBS/4% BSA/5% NGS. Next, slides 
were incubated with HRP-conjugated Envision (Dako) or stained with biotin-conjugated 
secondary antibodies and incubated with HRP-conjugated streptavidin-biotin complex 
(Dako). Following detection with 3,3-diaminobenzidine-tetrahydrochloride (DAB; Sigma 
A-6926), slides were counterstained with heamatoxylin and dehydrated. Tumors were 
only scored positive for ER or PR, when more than 10% of tumor cells stained positive.

Immunoblotting
Tumor protein lysates were made by using a microhomogenizer and RIPA lysis buffer 
(50mM Tris pH 8.0, 150mM NaCl, 0.1% SDS, 0.1% deoxycholate, 1% NP40) complemented 
with 2x Complete protease inhibitor cocktail (Roche) and Pefabloc (Roche; 1mg/ml). 
Following homogenizing on ice, tumor lysates were kept on ice for 30 minutes. After a 
short spin, protein concentrations were determined with the BCA assay (Pierce). Samples 
were prepared for gel electrophoresis by adding 4x NuPage LDS sample buffer (Invitrogen) 
and incubated for 5 minutes at 100˚C to denature proteins. Samples were fractionated on 
3-8% NuPage Tris-Acetate precast gels (Invitrogen) in the presence of 10x NuPage reducing 
agent and transferred onto Immobilon-PVDF membranes (Millipore) in transfer buffer 
(0.4M Glycine, 50mM Tris, 0.01% SDS) overnight at 100mA at 4˚C. Membranes were blocked 
for 1 hour at room temperature in 5% milk (Campina) in TBST (25mM Tris pH 7.5, 125mM 
NaCl, 0.1% Tween). Subsequently, membranes were incubated with primary antibodies in 
1% milk/TBST for 1 hour at room temperature (POLII) or for 4 hours at 4˚C (BRCA1). After 
three washes with 1% milk/TBST, membranes were incubated with secondary antibodies 
in 1% milk/TBST for 1 hour at room temperature. Membranes were washed three times 
with 1% milk/TBST and once with TBS (25mM Tris pH 7.5, 125mM NaCl). For detection of 
proteins, the ECL plus western blotting detection system (Amersham) was used.

hBRCA1 knockdown experiments
SUM1315MO2 cells were transduced with pLKO-puro shRNA viruses obtained from TRC 
library clones (Thermo Scientific Open Biosystems). We used shRNAs targeting human 
BRCA1 (TRCN0000039833 (#5), 5’-CCCTAAGTTTACTTCTCTAAA-3’; TRCN0000010305 
(#8), 5’-AGAATCCTAGAGATACTGAA-3’) and a nontargeting shRNA (SHC202, 
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5’-CAACAAGATGAAGAGCACCAA-‘3). After selection with 1.8 μg/ml puromycin, 1000 cells 
per 6-well were seeded for clonal growth. The experiment was performed in sextuplicate. 
After two weeks, cells were incubated for 4 hours with CellTiter-Blue (Promega). 
Fluorescence (590nm) and absorbance (570 and 600nm) were measured by using the 
Infinite M200 microplatereader (Tecan). At the same time samples were taken for RNA and 
protein analysis. The cells were fixed in 4% paraformaldehyde for 10 minutes and stained 
with 0.1% crystal violet for 30 minutes.

RAD51 foci formation assay
Cryo-preserved tumors were cut into small pieces with sterile scalpels (Swann Morton) 
in PBS (Invitrogen) supplemented with 0.5mM EDTA (Lonza). Subsequently, tumor pieces 
were digested with 0.1% trysin (Invitrogen) and 3mg/ml collagenase A (Roche) for 30 
minutes at 37˚C. Tumor cell suspensions were passed through a 40uM cell strainer (BD 
Biosciences). After cell counting, appropriate amount of tumor cells were plated on glass 
coverslips (Omnilabo) and grown for 36-48 hours at 37˚C in low oxygen (3%) condition. 
Cells were irradiated with 10 Gy to induce repair foci at DNA DSBs. After irradiation, 
cells were incubated for 6 hours at 37˚C, washed with PBS++ (containing 1mM CaCl2 
and 0.5mM MgCl2) and fixed using 2% paraformaldehyde (PFA; Merck) in PBS++ for 20 
minutes at room temperature. Fixed cells were washed three times with PBS++ and stored 
overnight at 4˚C. The next day cells were incubated in 0.2% Triton X-100 (Sigma) in PBS++ 
for permeabilization and washed three times in staining buffer (PBS++ containing 0.5% 
BSA (Sigma), 0.15% glycin (Fluka) and 0.1% Triton X-100 (Sigma) for 5 minutes at a rocking 
plate. To block aspecific interactions, cells were incubated for 30 minutes in staining buffer 
at room temperature. Subsequently, cells were incubated with the primary antibody 
against RAD51 (1:10000 in staining buffer) for 2 hours at room temperature. After three 
washes in staining buffer, cells were incubated with the secondary antibody for 1 hour at 
room temperature. After three additional washes in staining buffer, cells were stained with 
DAPI (Invitrogen; 0.5μg/ml in staining buffer) for 5 minutes at room temperature. Cells 
were washed once in staining buffer and then coverslips were mounted in Vectashield 
H1000 (Vector Laboratories). Pictures were taken by using an AxioObserver Z1 inverted 
microscope (Zeiss) equipped with a cooled ORCA AG black and white CCD camera 
(Hamamatsu) and AxioVision 4.7.2 software (Zeiss). To quantify RAD51 foci in single tumor 
cells, 150-200 cells per condition were counted blindly using a 63x magnification lens. Cells 
were scored RAD51-positive if they had more than ten RAD51-positive dots per nucleus.
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Table S1A. Genotype distribution of Brca1185stop/+ x Brca1185stop/+ offspring

Genotype All +/+ 185stop/+
185stop/
185stop

n.d.

E7.5 17 4 (4.25) 13 (8.5) 0 (4.25) 0

E8.5 34 9 (8.5) 17 (17) 5 (8.5) 3

E9.5 10 2 (2.5) 6 (5) 2 (2.5) 0

E10.5 20 4 (5) 10 (10) 6 (5) 0

E11.5 17 6 (4.25) 7 (8.5) 1 (4.25) 3*

E13.5 40 11 (10) 23 (20) 2* (10) 4*

Postnatal 40 10 (10) 30 (20) 0 (10) 0

Table S1B. Genotype distribution of Brca15382stop/+ x Brca15382stop/+ offspring

Genotype All +/+ 5382stop/+
5382stop/
5382stop

n.d.

E7.5 2 1 (0.5) 1 (1) 0 (0.5) 0

E8.5 31 7 (7.75) 17 (15.5) 7 (7.75) 0

E9.5 22 6 (5.5) 10 (11) 3 (5.5) 3

E12.5 23 4 (5.75) 13 (11.5) 1* (5.75) 5*

Postnatal 30 9 (7.5) 21 (15) 0 (7.5) 0

The expected number of mice according to Mendelian ratio is depicted between brackets. Resorbed 
embryos are depicted with *. Embryos of which the genotype could not be determined are displayed in the 
n.d. column.

Supplemental Information
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Figure S1. Spontaneous tumor development in KB1(185stop)P and KB1(5382stop)P mice. A. Skin tumor-free 
survival of KB1(185stop)P  (green; T50=177 days, n=12 mice) and KB1(5382stop)P mice (blue; T50=191 days, n=14 
mice). KB1(185stop)P vs. KB1(5382stop)P Log-rank test p=0.5456. T50: median survival, n: the number of mice. B. 
Mammary tumor-free survival of KB1P mice from the 185stop cohort (green; T50=198 days, n=29 mice) and KB1P 

mice from the 5382stop cohort (blue; T50=194 days, n=39 mice). KB1P (185stop cohort) vs. KB1P (5382stop cohort) 
Log-rank test p=0.2025. C. Skin tumor-free survival of KB1P mice from the 185stop cohort (green; T50=186 days, 
n=23 mice) and KB1P mice from the 5382stop cohort (blue; T50=195 days, n=15 mice). KB1(5382stop)P vs. KB1P 
Log-rank test p=0.1096. D. Distribution in percentages of different tumor types in KB1(185stop)P, KB1(5382stop)
P and KB1P mice. Purple: only one or multiple mammary tumor(s); orange: both mammary and skin tumor(s); 
yellow: only one or multiple skin tumor(s); blue: another kind of tumor.
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Figure S2. Molecular characterization of KB1(185stop)P and KB1(5382stop)P mouse mammary tumors. A. 
HE pictures of different types of KB1(185stop)P mammary tumors. Scale bar represents 100 μm. B. HE pictures of 
different types of KB1(5382stop)P mammary tumors. C. Immunohistochemical characterization of KB1(185stop)
P solid mammary carcinoma. CK8= cytokeratin 8, Vim= vimentin, ER= estrogen receptor, PR= progesterone 
receptor. Scale bar represents 100 μm. D. Immunohistochemical characterization of KB1(5382stop)P solid 
mammary carcinoma.
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Table S2. Immunohistochemical characterization of KB1(185stop)P and KB1(5382stop)P mammary 
tumors

Cytokeratin 8 Vimentin ER PR

+ +/- - + +/- - + - + -

KB1(185stop)P 87 4 9 17 4 78 13 87 22 78

KB1(5382stop)P 100 0 0 10 24 67 14 86 10 90

KB1(185stop)P (n=23) and KB1(5382stop)P (n=21) mammary tumors were scored positive (+), negative (-) or 
partly positive (+/-) for cytokeratin 8 and vimentin. Cytokeratin 8+/- = expression in mammary tubules and 
small tumor lobules, not in larger lobules. Vimentin +/- = some expression in non-solid parts of the tumor. 
Tumors were scored positive (+) for estrogen receptor (ER) or progesterone receptor (PR) when more than 
10% of cells showed staining. Represented is the percentage of tumors.

Figure S3. Olaparib response of KB1(185stop)P and KB1(5382stop)P mammary tumors. Different colors 
represent individual spontaneous donor tumors. Panels on the left depict relative tumor volumes without 
treatment, panels on the right depict relative tumor volumes after olaparib treatment.
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Table S3A. Overview transplanted KB1(185stop)P tumors

                                                        Donor tumor

# of tumors T1 T2 T3 T4 T5

Transplanted 9 10 10 10 10

Outgrowth 3/9 10/10 9/10 10/10 10/10

No treatment 1/3 1/10 1/9 1/10 1/10

Cisplatin treatment 2/3 9/10 8/9 9/10 9/10

Cisplatin-resistant 2/2 3/9 5/8 6/9 7/9

Genetic reversion 0/2 0/3 0/5 0/6 0/7

Table S3B. Overview transplanted KB1(5382stop)P tumors

                                                       Donor tumor

# of tumors T1 T2 T3 T4 T5 T6

Transplanted 10 10 10 10 10 10

Outgrowth 8/10 9/10 10/10 10/10 6/10 10/10

No treatment 1/8 1/9 1/10 1/10 1/6 1/10

Cisplatin treatment 7/8 8/9 9/10 9/10 5/6 9/10

Cisplatin-resistant 0/7 1/8 1/9 0/9 0/5 0/9

Genetic reversion 0/0 0/0 0/0 0/0 0/0 0/0

T1 = spontaneous donor tumor 1, T2 = spontaneous donor tumor 2, T3 = spontaneous donor tumor 
3, T4 = spontaneous donor tumor 4, T5 = spontaneous donor tumor 5 and T6 = spontaneous donor 
tumor 6.
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KB1(185stop)P  tumors: No treatment

0

200

400

600

800

1000

1200

0 20 40 60 80 100

Time (days)

R
el

at
iv

e 
tu

m
or

 
vo

lu
m

e 
(%

)

 

KB1(5382stop)P  tumors: No treatment

0

200

400

600

800

1000

1200

0 20 40 60 80 10

Time (days)

R
el

at
iv

e 
tu

m
or

 
vo

lu
m

e 
(%

) T1 
T2 

T1 T3 
T2 T4 

0

 

KB1(185stop)P  tumors: Cisplatin

0

200

400

600

800

1000

1200

0 20 40 60 80 100

Time (days)

R
el

at
iv

e 
tu

m
or

 
vo

lu
m

e 
(%

)

KB1(5382stop)P  tumors: Cisplatin

0

200

400

600

800

1000

1200

0 20 40 60 80 10

Time (days)
0

 tu
m

or
 

vo
lu

m
e 

(%
)

R
el

at
iv

e

 

KB1(185stop)P  tumors: Cisplatin

0

200

400

600

800

1000

1200

0 200 400 600 800

Time (days)

R
el

at
iv

e 
tu

m
or

 
vo

lu
m

e 
(%

)

KB1(5382stop)P  tumors: Cisplatin

0

200

400

600

800

1000

1200

0 200 400 600 800

Time (days)

R
el

at
iv

e 
tu

m
or

 
vo

lu
m

e 
(%

)

 

 

KB1(185stop)P tumors: Cisplatin KB1(5382stop)P tumors: Cisplatin 

T1 
T2 
T3 
T4 

T3 
T6 
T5 

T4 

T1 
T2 
T3 

T6 
T5 

T4 

T1 

T4 
T3 
T2 

T5 
T6 

T4 
T3 
T2 
T1 

 

A

KB1(185stop)P tumors: Cisplatin 

33

63 67
78

67

38 33
22

0

20

40

60

80

100

T1 T2 T3 T4

Alive
Toxicity
Resistance

 

KB1(5382stop)P tumors: Cisplatin 

13 11

86

88 89
100 100 100

14

0

20

40

60

80

100

T1 T2 T3 T4 T5 T6

Alive
Toxicity
Resistance

 

p=<0.0001 

 

 

CB

D



Therapy resistance of BRCA1185delAG tumors is mediated by RING-less BRCA1

6

165

Figure S4. Cisplatin response of KB1(185stop)P and KB1(5382stop)P mammary tumors. A. Response to 
cisplatin treatment of individual mice transplanted with different KB1(185stop)P and KB1(5382stop)P mammary 
tumors. Different colors represent individual spontaneous donor tumors. Panels on the left depict relative tumor 
volumes without treatment, panels on the right depict relative tumor volumes after cisplatin treatment. B. 
OS of mice transplanted with KB1(185stop)P mammary tumors after cisplatin treatment (grouped per donor 
tumor). The blue line represents OS of mice transplanted with donor tumor 1 (T1; T50= 62 days, n=9), the pink 
line represents OS of mice transplanted with donor tumor 2 (T2; T50=44 days, n=8), the yellow line represents 
OS of mice transplanted with donor tumor 3 (T3; T50=55 days, n=9) and the green line represents OS of mice 
transplanted with donor tumor 4 (T4; T50=54 days, n=9). T50: median OS, n: the number of mice. C. OS of mice 
transplanted with KB1(5382stop)P mammary tumors after cisplatin treatment (grouped per donor tumor). The 
blue line represents OS of mice transplanted with donor tumor 1 (T1; T50=248 days, n=6), the pink line represents 
OS of mice transplanted with donor tumor 2 (T2; T50=132 days, n=8), the yellow line represents OS of mice 
transplanted with donor tumor 3 (T3; T50=92 days, n=9), the green line represents OS of mice transplanted with 
donor tumor 4 (T4; T50=254 days, n=9), the purple line represents OS of mice transplanted with donor tumor 
5 (T5; T50=121 days, n=5) and the brown line represents OS of mice transplanted with donor tumor 6 (T6; 
T50=154 days, n=9). D. Causes of death of mice transplanted with KB1(185stop)P mammary tumors after cisplatin 
treatment (grouped per donor tumor). Mice that had to be sacrificed because of cisplatin-resistant tumors are 
depicted in blue, mice that had to be sacrificed because of cisplatin-toxicity are depicted in grey and mice that 
are still alive are depicted in orange. Percentages are indicated within the stacked bars. E. Causes of death of 
mice transplanted with KB1(5382stop)P mammary tumors after cisplatin treatment (grouped per donor tumor). 
F. Tumor-free survival of mice transplanted with KB1(185stop)P (green; T50=56 days, n=35 mice) or KB1(5382stop)
P mammary tumors (blue; T50=undefined, n=47 mice) after cisplatin treatment. KB1(185stop)P vs. KB1(5382stop)
P Log-rank test p=<0.0001.

KB1(185stop)P tumors: Cisplatin 

33

63 67
78

67

38 33
22

0

20

40

60

80

100

T1 T2 T3 T4

Alive
Toxicity
Resistance

 

KB1(5382stop)P tumors: Cisplatin 

13 11

86

88 89
100 100 100

14

0

20

40

60

80

100

T1 T2 T3 T4 T5 T6

Alive
Toxicity
Resistance

 

p=<0.0001 

 

 

E

F



Chapter 6

6

166

 

 

 

 

Figure S5. BRCA1-ΔRING expression in platinum-resistant mouse Brca1185stop tumor cells. A. Brca1 mRNA 
expression in KP (black), KB1P (red), untreated (green squares) and platinum-resistant KB1(185stop)P mouse 
mammary tumors (green triangles). The average Brca1 mRNA expression in several BRCA1-proficient KP tumors 
was used for normalization. KB1(185stop)P untreated vs. KB1(185stop)P resistant unpaired t test p=0.0032. Error 
bars indicate SEM. B. BRCA1 protein expression in untreated (U1-U4) and platinum-resistant KB1(185stop)
P mouse mammary tumors (R1-R4). BRCA1 expression in a BRCA1-proficient KP tumor was used as positive 
control. Expression of POLII was used as loading control.

Figure S6. Formation of RAD51 IRIFs in 
BRCA1185delAG mutant SUM1315MO2 cells 
after BRCA1 knockdown. SUM: SUM1315MO2 
cells without lentiviral transduction, SUM NT: 
SUM1315MO2 cells after lentiviral transduction 
with a non-targeting (NT) shRNA, SUM #5: 
SUM1315MO2 cells after lentiviral transduction 
with shRNA #5 against human BRCA1, SUM #8: 
SUM1315MO2 cells after lentiviral transduction 
with shRNA #8 against human BRCA1. The pictures 
on the right represent magnifications of the cells 
indicated with the red triangle.
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