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Abstract

Background: Although BRCA1-deficient tumors are extremely sensitive to DNA-damaging drugs and poly(ADP-ribose) poly-
merase (PARP) inhibitors, recurrences do occur and, consequently, resistance to therapy remains a serious clinical problem.
To study the underlying mechanisms, we induced therapy resistance in patient-derived xenograft (PDX) models of BRCA1-
mutated and BRCA1-methylated triple-negative breast cancer.
Methods: A cohort of 75 mice carrying BRCA1-deficient breast PDX tumors was treated with cisplatin, melphalan, nimustine,
or olaparib, and treatment sensitivity was determined. In tumors that acquired therapy resistance, BRCA1 expression was in-
vestigated using quantitative real-time polymerase chain reaction and immunoblotting. Next-generation sequencing,
methylation-specific multiplex ligation-dependent probe amplification (MLPA) and Target Locus Amplification (TLA)–based
sequencing were used to determine mechanisms of BRCA1 re-expression in therapy-resistant tumors.
Results: BRCA1 protein was not detected in therapy-sensitive tumors but was found in 31 out of 42 resistant cases. Apart
from previously described mechanisms involving BRCA1-intragenic deletions and loss of BRCA1 promoter hypermethylation,
a novel resistance mechanism was identified in four out of seven BRCA1-methylated PDX tumors that re-expressed BRCA1
but retained BRCA1 promoter hypermethylation. In these tumors, we found de novo gene fusions that placed BRCA1 under
the transcriptional control of a heterologous promoter, resulting in re-expression of BRCA1 and acquisition of therapy
resistance.
Conclusions: In addition to previously described clinically relevant resistance mechanisms in BRCA1-deficient tumors, we
describe a novel resistance mechanism in BRCA1-methylated PDX tumors involving de novo rearrangements at the BRCA1
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locus, demonstrating that BRCA1-methylated breast cancers may acquire therapy resistance via both epigenetic and genetic
mechanisms.

Each year around 150 000 million women are diagnosed with
triple-negative breast cancer (TNBC) (1). A substantial percent-
age of TNBCs are homologous recombination (HR)–deficient
(HRD) because of BRCA1 pathway inactivation (1–3). BRCA1-
deficient cells are sensitive to DNA double-strand break (DSB)–
inducing agents, in particular alkylators that induce DNA-
crosslinks. Preclinical (4–7) and neoadjuvant studies (8,9) have
shown BRCA1-mutated tumors and possibly also sporadic
TNBCs with low BRCA1 expression (10) to be sensitive to cis-
platin monotherapy. Cells with BRCA pathway defects are also
extremely sensitive to poly(ADP-ribose) polymerase-1 (PARP1)
inhibitors, which indirectly induce DSBs that cannot be effi-
ciently repaired in HRD cells (11–14). Preclinical (5,15,16) and
clinical studies (17,18) indeed showed that BRCA1/2-mutated
breast cancers are highly sensitive to the clinical PARP inhibitor
AZD2281 (olaparib). No results are available for sporadic breast
cancers with epigenetic silencing of BRCA1 via promoter hyper-
methylation, even though in vitro studies indicate sensitivity of
BRCA1-methylated cell lines to PARP inhibitors (14,19).

Although most alkylating agents or PARP inhibitors show
good initial responses, tumor relapses and resistance often oc-
cur (5,16,18,20). One resistance mechanism described in BRCA
mutation carriers involves restoration of HR capacity through
additional BRCA mutations that lead to restoration of the open
reading frame and BRCA re-expression (21–24). Little informa-
tion is available about resistance mechanisms in BRCA1-meth-
ylated tumors.

Because HRD-targeting therapies will likely become impor-
tant in the treatment of BRCA1-deficient tumors, it is essential
to gain knowledge of resistance mechanisms to these therapeu-
tics. We therefore developed patient-derived xenograft (PDX)
models of TNBC and used these models to study response and
resistance to different alkylating agents and PARP inhibitors.

Methods

Patient-Derived Xenograft (PDX) Models

Mouse experimental procedures were approved by the
Netherlands Cancer Institute animal experiments committee
and were performed according to institutional regulations.
Fragments of human breast tumors obtained with approval of
the Translational Research Board of the Netherlands Cancer
Institute were engrafted into the fourth mammary fat pad of
six-week-old female Swiss nude mice (25). After tumor out-
growth, tumor size was measured twice per week, and tumor
volume calculated (0.5 x length x width2). When tumors reached
a size of 700 to 1000 mm3, pieces were collected for serial trans-
plantation. Additional pieces were snap-frozen or fixed in for-
malin. Details are provided in the Supplementary Methods
(available online).

Intervention Studies

Mice were randomly assigned to treatment groups when tumor
volume reached 100 mm3. When tumors were approximately
200 mm3, mice were left untreated or treated with cisplatin (6
mg/kg i.v., once every 2 weeks), melphalan (10 mg/kg i.p., once

every 2 weeks), nimustine (15 mg/kg i.p., once every week), or
olaparib (50 mg/kg i.p., daily) in a nonblinded fashion.
Treatments were stopped if tumors regressed to less than 50%
of start size and were resumed when tumors relapsed to start
size. Mice were killed by CO2 asphyxiation in case of drug toxic-
ity or when tumors reached a maximum size of 1500 mm3.

DNA and RNA Isolation

Genomic DNA was isolated from snap-frozen tumor tissue us-
ing proteinase-K lysis and organic extraction or from formalin-
fixed, paraffin-embedded (FFPE) material using the QIAamp
DNA FFPE tissue kit (Qiagen, Venlo, the Netherlands). Total RNA
was isolated from snap-frozen tissue using RNA-Bee or from
FFPE material using the High Pure FFPE RNA micro kit (Roche,
Almere, the Netherlands). Patients were treated as part of ongo-
ing clinical trials (NCT01057069 and older). Trials were approved
by the ethics committee, and informed consent was obtained.
Neoadjuvant chemotherapy consisted of six doses of AC (adria-
mycin/cyclophosphamide) or three doses of CD (capecitabine/
docetaxel) followed by six doses of AC. Details are provided in
the Supplementary Methods (available online).

Quantitative Reverse Transcription Polymerase Chain
Reaction Analysis

cDNA was produced using Superscript II (Invitrogen,
Landsmeer, the Netherlands) and random hexamers as primers.
Taqman assays were used for analysis of BRCA1 mRNA levels
(Hs0173233_m1 and Hs01556193_m1). GAPDH (4326317E) or
ACTB (4310881E) were used for normalization.

BRCA1 Promoter Methylation

BRCA1 promoter hypermethylation was measured using
methylation-specific polymerase chain reaction (PCR) as de-
scribed previously (3) or by MS-MLPA (MRC Holland,
Amsterdam, the Netherlands) according to manufacturer’s
instructions.

Immunoblot Analysis

Fresh-frozen tumor was lysed in RIPA buffer for 10 minutes on
ice. Samples were centrifuged (4 �C, 10 minutes), and the super-
natant used to determine protein concentration. Eighty lg of to-
tal protein was heated for five minutes at 95 �C in NuPAGE LDS
sample buffer, separated on NuPAGE Novex 3%-8% Tris-Acetate
gels and blotted onto Immobilon-P membrane. Membranes
were blocked with 5% nonfat dried milk and stained with anti-
BRCA1 antibody (#9010, Cell Signaling, Leiden, the Netherlands).
Blots were subsequently incubated with goat-anti-rabbit-HRP
(DAKO, Heverlee, Belgium), washed, and incubated with ECL-
plus chemiluminescence solution (Amersham, Eindhoven, the
Netherlands). Details are provided in the Supplementary
Methods (available online).
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Kinome Sequencing

DNA libraries were prepared using the TruSeq DNA Sample
Preparation Kit (Illumina, Eindhoven, the Netherlands).
Genomic DNA (1.4mg) was fragmented to an average size of 200
bp, end-repaired, and A-tailed. Libraries were amplified with six
to seven cycles of PCR. Pools of five libraries (100 ng of each li-
brary) were hybridized to RNA baits from the SureSelect Human
Kinome Kit (Agilent) in the presence of custom blockers (blocker
1: 50AGATCGGAAGAGCACACGTCTGAACTCCAGTCACNNNNNN
ATCTCGTATGCCGTCTTCTGCTT-G/30ddC; blocker 2: 50CAAG
CAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCT/30ddC). Enriched DNA was amplified
with 11 cycles of PCR and sequenced on a HiSeq2000 (Illumina)
using a 55 bp paired-end protocol (5-10 libraries/lane). Reads
were aligned to the human (human_g1k_v37_decoy) and mouse
(mm10) reference genomes using BWA mem (version 7.0.12).
The human alignment was processed for duplicate marking,
indel realignment, and base recalibration using Picard Tools
(version 1.128) and GATK (version 3.4), as recommended by
GATK best practices, and filtered to remove contaminating
mouse reads using a tool called XenoFilteR (manuscript in prep-
aration). Kinome sequencing data was used specifically to
search for mutations in the BRCA1 locus by visual inspection of
reads using IGV. Mutations were validated using across-
rearrangement PCR and Sanger sequencing.

PCR of BRCA1 Rearrangements and Intragenic Deletions

Primers were designed (26) to amplify only sequences contain-
ing intragenic deletions in T250 olap1, cis3, cis5 (amplifying a
240 bp mutant fragment), and T250 cis1 (amplifying a 935 bp
wildtype fragment and a 233 bp mutant fragment). To confirm
DNA breakpoints in T127 tumors with BRCA1 rearrangements,
PCR was performed using primers spanning the breakpoints
and PCR products were sequenced. Primer sequences are pro-
vided in the Supplementary Methods (available online).

50 RACE PCR

50 Rapid amplification of cDNA ends (RACE) PCR was performed
using the GeneRacer kit (Invitrogen). RACE PCR products were
cloned into the TOPO-TA vector, and at least 10 clones were se-
quenced for each sample. Primer sequences are provided in the
Supplementary Methods (available online).

RAD51 Staining

Mice were killed 24 hours after drug treatment, and tumor
pieces were fixed in formalin. Staining for RAD51 and geminin
was done as described previously (27).

Statistics

Overall survival was calculated as time from first treatment to
death from any cause. Breast cancer–specific survival was cal-
culated as time from first treatment to death because of large
tumor. Recurrence-free survival was calculated as time from
first treatment to time of tumor relapse to treatment start size
after initial shrinkage of tumor. Survival curves were compared
using the log-rank test, with exact P values estimated by Monte
Carlo simulation procedure. The simulation approach was
based on 10 000 samples with starting seed value of 23456 and

performed using Cytel Studio software version 10 (http://www.
cytel.com/software-solutions). P values of less than .05 were
considered statistically significant. All statistical tests were
two-sided.

Results

Characterization of Tumor Models

We established PDX models of TNBC that closely resembled the
primary carcinomas from which they were derived (Figure 1A;
Supplementary Figure 1, available online). We tested BRCA1 ex-
pression in our PDX models and found that models T127 and
T162 lacked BRCA1 mRNA and the protein expression (Figure 1, A
and B) associated with BRCA1 promoter hypermethylation (Figure
1, C and D). T250 tumors did express BRCA1 mRNA but no BRCA1
protein (Figure 1, A and B). Sequence analysis of the BRCA1 gene
in T250 showed a 1 bp deletion at position c.2210 (Figure 1E), lead-
ing to a premature stop codon (Thr737LeufsX15). Exome sequenc-
ing also showed mutations in other genes, including TP53 in
most PDX models (Supplementary Table 1, available online). In
contrast to multiple RAD51 foci seen in BRCA1-proficient T241 tu-
mors, no RAD51 foci could be detected in the BRCA1-deficient
models after induction of DSBs by cisplatin treatment, confirm-
ing loss of HR through BRCA1 dysfunction in these tumors
(Figure 1F).

Sensitivity of BRCA1-Deficient PDX Tumors to Alkylators
and Olaparib

We used our BRCA1-deficient PDX models to study BRCA1 defi-
ciency in response to the alkylating agents cisplatin, melphalan,
and nimustine and the PARP inhibitor olaparib. BRCA1-deficient
tumors initially responded well to these agents, with volume re-
ductions ranging from 75.0% to complete disappearance of pal-
pable tumor (Supplementary Figure 2, available online). Most
tumors relapsed but remained sensitive to additional treatment
rounds. Out of 57 mice, 20 succumbed to drug-related toxicity
after repeated treatment with alkylating agents (Supplementary
Table 2, available online). We observed induction of resistance
in 22 out of 57 BRCA1-deficient tumors treated with alkylating
agents and in 15 out of 18 olaparib-treated tumors
(Supplementary Figure 2 and Supplementary Table 2, available
online).

Treatments led to substantially prolonged overall survival
(log-rank test untreated vs treated P< .001 for T127, P¼ .05 for
T162, P¼ .002 for T250) and breast cancer–specific survival (log-
rank test untreated vs treated P< .001 for T127, P< .001 for T162,
P< .001 for T250) in BRCA1-deficient PDX models (Figure 2, A-C).
In contrast, BRCA1-proficient tumors showed no statistically
significant treatment response (Figure 2D; Supplementary
Figure 2, available online).

Intragenic BRCA1 Deletions in Therapy-Resistant
BRCA1-Mutated PDX Tumors

To determine whether acquired resistance in BRCA1-mutated
T250 tumors is a stable trait, we transplanted and retreated
pieces from resistant T250 tumors. Six out of seven tumor out-
growths remained resistant to treatment and showed cross-
resistance to other agents (Figure 3A). Immunoblot analysis of
BRCA1 expression in 14 therapy-resistant T250 tumors showed
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that eight of these tumors re-expressed BRCA1 (Figure 3B) and
formed high levels of RAD51 foci after DSB induction (Figure 3C).
Sequencing of the BRCA1 gene showed additional deletions in
the region surrounding the c.2210delC founder mutation (Figure
3D). Seven out of eight tumors showed small (6-24 bp) deletions

whereas one cisplatin-resistant tumor contained a 702 bp dele-
tion. All additional deletions encompassed the c.2210delC mu-
tation and restored the BRCA1 open reading frame (Figure 3E;
Supplementary Figure 3, available online). PCR using primers
that only amplify sequences with additional mutations (21)
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Figure 1. BRCA1 expression and RAD51 focus formation in patient-derived xenograft (PDX) models of triple-negative breast cancer (TNBC). A) BRCA1 mRNA expression

in seven PDX models of TNBC (T127, T162, T250, T241, T283, HBCx-10, and HBCx-17). BRCA1 mRNA expression was measured in primary human tumor tissue (no pas-

sage number shown) and the corresponding PDX tumors of different passages (p1-p28). B) Immunoblot analysis of BRCA1 protein expression in seven PDX models

(T127, T162, T250, T241, T283, HBCx-10, and HBCx-17), showing absence of full-length BRCA1 protein in T127, T162, and T250. C) Analysis of BRCA1 promoter hyperme-

thylation in seven PDX models measured using methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA). Methylation was measured in pri-

mary human tumor tissue (no passage number shown) and the corresponding PDX tumors of different passages (p1-p26). D) Analysis of BRCA1 promoter

hypermethylation in PDX models T127 and T162 by methylation-specific PCR (MSP). p1-p4 indicate passage number of the PDX tumors. PCR product in the lane marked

“U” indicates unmethylated BRCA1 promoter region; product in lane marked “M” indicates presence of methylated sequences. UACC-3199 was used as positive control

for the methylated BRCA1 promoter, and normal breast tissue was used as a control for the unmethylated BRCA1 promoter. L: 100 bp DNA ladder. E) DNA sequence

analysis of BRCA1 in normal breast (wild-type sequence) and T250 primary tumor, showing deletion of C at position c.2210 in this tumor. F) Low levels of DNA damage–

induced RAD51 focus formations in BRCA1-deficient PDX tumors T127, T162, and T250, sampled 24 hours after a single cisplatin treatment. Tumor passage number is

indicated by p2-p4. RAD51 staining is shown in red, and geminin staining in green. DAPI (blue) is used as a counterstain. A high level of RAD51 focus formation is seen

in the BRCA1-proficient PDX tumor T241. See also Supplementary Figure 1 and Supplementary Table 1 (available online).
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Figure 3. Intragenic BRCA1 deletions in therapy-resistant BRCA1-mutated patient-derived xenograft (PDX) tumors. A) Response of T250olap1 and T250cis5 tumors to

olaparib (pink) or cisplatin (blue) treatment (top). At time of death, tumor pieces were transplanted and treated again after outgrowth (bottom). Tumors were treated

with olaparib (pink; once every day), cisplatin (blue; once every 2 weeks), or nimustine (red; once every week) as long as tumor size was larger than 50% of the tumor at

start of treatment or when relapsed tumors grew back to the starting size. B) Immunoblot analysis of BRCA1 expression in untreated and therapy-resistant T250 tu-

mors. C) Cisplatin-induced RAD51 focus formation in therapy-resistant T250 tumors. RAD51 staining is shown in red, and geminin staining in green. DAPI (blue) is

used as a counterstain. D) Example of secondary BRCA1 mutations in a treatment-resistant T250 tumor. Sequence chromatograms are shown for untreated T250 (con-

taining a c.2210delC mutation) and T250 cis5. The box indicates the reading frame-restoring 5 bp deletion in T250cis5. E) Sequence analysis of BRCA1 in normal tissue

(WT), untreated T250 tumor, and eight therapy-resistant T250 tumors, showing additional intragenic BRCA1 deletions in resistant tumors. Deleted bases are depicted

by dots. Total numbers of deleted basepairs are shown behind each sequence. For T250cis1, an additional 670 bp of deleted BRCA1 sequence is depicted by //. F)

Polymerase chain reaction using deletion-specific primers for T250olap1, T250cis3, T250cis5, and primers spanning the 702 bp deletion in T250cis1, showing presence

of additional BRCA1 deletions in resistant T250 PDX tumors but not in the primary human tumor, untreated T250 tumors of several passages (ctrl p1-p4), or other ther-

apy-resistant T250 tumors. HBCx-17 and HBCx-10 were used as negative controls for the presence of deletion-specific product. See also Supplementary Figure 3 (avail

able online).
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detected secondary mutations in the resistant tumors but not
the primary or any untreated PDX tumors tested (Figure 3F).
These results indicate that development of resistance is associ-
ated with de novo deletions in BRCA1, leading to re-expression
of BRCA1 in a subset of BRCA1-mutated PDX tumors.

BRCA1 Expression in Therapy-Resistant Tumors and
Tumor Remnants of BRCA1-Methylated PDX Models

Also, therapy-resistant BRCA1-methylated tumors showed sta-
ble (cross-) resistance after transplantation (Figure 4A, left).
Surprisingly, transplantation of tumor remnants from mice that
had to be killed because of drug-related toxicity led in five out of
14 cases to outgrowths that did not shrink after treatment, indi-
cating that resistance already developed in these tumor rem-
nants (Figure 4A, middle, right). Thus, in total, we obtained 42
resistant tumors (14 tumors from the BRCA1-mutated PDX
model T250, and 28 tumors from the BRCA1-methylated PDX
models T127 and T162). We observed re-expression of BRCA1
mRNA and protein in 18 out of 23 therapy-resistant tumors and
five out of 5 resistant outgrowths from transplantable remnants
(Figure 4, B and C). Of the 23 BRCA1-expressing therapy-resis-
tant tumors, 16 showed demethylation of the BRCA1 promoter
while no BRCA1 promoter demethylation was found in
untreated tumors (n ¼ 8) or therapy-resistant tumors (n ¼ 5)
that did not express BRCA1 (Figure 4B; Supplementary Figure 4,
available online). In contrast to therapy-sensitive tumors,
BRCA1-expressing resistant tumors showed RAD51 foci after
DSB induction (Figure 4D), indicating that development of resis-
tance in these tumors is associated with restoration of HR
through BRCA1 promoter demethylation and re-expression of
BRCA1.

We did not observe other resistance mechanisms that were
previously identified in BRCA-deficient cell lines and tumors
from genetically engineered mouse models (Supplementary
Figure 4, available online) (5,6,28–30). We also did not find any
mutations in BRCA1 in therapy-resistant tumors of BRCA1-
methylated PDX models (data not shown).

BRCA1 Promoter Methylation and mRNA Expression in
Patient Tumors

Next, we tested whether the resistance mechanisms we un-
covered in our PDX models also occured in TNBC patients. In
a series of 103 pretreatment biopsy samples from TNBC pa-
tients who received neoadjuvant chemotherapy, we detected
BRCA1 promoter methylation in 26 patients (25.2%), of whom
17 showed pathologic complete response after neoadjuvant
chemotherapy and nine showed partial or no response, with
vital tissue left at time of surgery (Supplementary Figure 5,
available online). For three patients who showed a partial re-
sponse, we obtained DNA from postsurgery tumor tissue,
and from two of these patients we also obtained RNA. BRCA1
promoter methylation and very low levels of BRCA1 mRNA
expression were found in pretreatment tumor tissue in these
patients (Figure 5). Compared with pretreatment tissue, post-
treatment tissue showed a two- to 66-fold decrease in BRCA1
promoter methylation (Figure 5A) and a 12- to 28-fold in-
crease in BRCA1 mRNA levels (Figure 5B), indicating that
BRCA1 re-expression via loss of promoter methylation might
also underlie clinical resistance of BRCA1-methylated TNBCs
to chemotherapy drugs.

BRCA1 Gene Fusions in Therapy-Resistant BRCA1-
Methylated PDX Tumors

Although loss of BRCA1 promoter methylation was observed in
16 out of 23 therapy-resistant T127 and T162 PDX tumors with
BRCA1 re-expression, seven resistant tumors still showed
BRCA1 promoter hypermethylation. Using 50 RACE PCR, we
found BRCA1 fusion transcripts in two tumors with high levels
of BRCA1 (T127cis1 and T127nim2). We performed target locus
amplification (TLA) (31) to identify additional genomic rear-
rangements at the BRCA1 locus. Using TLA, we confirmed a
rearrangement in T127cis1 and found rearrangements in two
additional resistant tumors (T127nim1 and T127olap2)
(Supplementary Figure 6A, available online). In all four tumors,
fusion partners for BRCA1 were located on chromosome 17
(Figure 6A). In three tumors, the exact genomic location of the
breakpoints could be determined (Figure 6B). Mate pair sequenc-
ing showed a duplication of BRCA1 in T127cis1 (Supplementary
Figure 6, B and C, available online).

To determine if BRCA1 rearrangements were already present
in a subpopulation of cells in untreated tumors, we performed
PCR analysis with rearrangement-specific primers. We detected
the presence of rearrangements in the resistant tumors but not
in the primary tumor or untreated T127 (Figure 6C) and T250
PDX tumors (Figure 3F).

We sequenced reverse transcription PCR (RT-PCR) products
of BRCA1 fusion transcripts to identify the exact fusion points.
We found that the first base of BRCA1 exon 2 was fused to the
last base of exon 1 of STAT3 and CRLF3 in T127cis1 and
T127nim1, respectively, and to the last base of exon 3 of ACACA
in T127nim2 (Figure 6D, left). Immunoblot analysis showed the
presence of full-length BRCA1 protein in resistant T127 tumors
(Figure 4C).

RT-PCR specific to the BRCA1 fusions detected rearrange-
ments in the therapy-resistant T127 tumors, in which the rear-
rangements were originally detected but not in untreated
tumors or other resistant tumors (Figure 6D, right). These re-
sults point to the development of de novo BRCA1 rearrange-
ments, leading to re-expression of BRCA1 as a mechanism of
resistance in these tumors.

Characteristics of BRCA1 Breakpoints in Therapy-
Resistant PDX Tumors

To characterize the rearrangement mechanism in the resistant
tumors, we analyzed sequences of all breakpoints (Figure 7). We
found 1 to 7 bp microhomologies in five of eight breakpoints in
T250 tumors, and three of three breakpoints in T127 tumors
(Figure 7). Insertion of nontemplated nucleotides was not found.
Although some repetitive elements were found to overlap with
the breakpoints, no larger stretches of homology were found in
any of the tumors.

Discussion

We describe the use of PDX models of BRCA1-deficient TNBC to
uncover novel mechanisms of therapy resistance. Although
similar studies have been performed in genetically engineered
mouse models (GEMMs) (6), these models contain large Brca1
deletions that do not mimic the BRCA1 germline mutations in
patients (8,9). Furthermore, GEMMs cannot be used to model
epigenetic inactivation of BRCA1, which occurs in approxi-
mately 15% of TNBCs and 11% to 15% of serous ovarian
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Figure 4. Therapy resistance in patient-derived xenograft (PDX) tumors with BRCA1 promoter hypermethylation. A) Response to cisplatin in three BRCA1-methylated

PDX tumors treated with cisplatin (top). At time of death, tumor pieces were transplanted and the resulting tumor outgrowths were again treated with cisplatin (blue),

melphalan (green), or nimustine (red) or were left untreated (gray) (bottom). B) BRCA1 mRNA expression in untreated and therapy-resistant T127 and T162 tumors after

treatment with cisplatin (cis), melphalan (melph), nimustine (nim), or olaparib (olap). Ctrl indicates untreated control tumors; p1-p7 indicates passage number of con-

trol tumors. BRCA1 mRNA levels are normalized to GAPDH mRNA levels. Red bars indicate tumors with loss of BRCA1 promoter hypermethylation, which are marked

with “–”. Blue bars indicate tumors with retention of BRCA1 promoter hypermethylation, which are marked with “1”. C) Immunoblot showing expression of BRCA1 pro-

tein in therapy-resistant T127 and T162 PDX tumors. Ctrl indicates untreated control PDX tumor. Vinculin and Pol II were used as loading controls. D) Cisplatin-induced

RAD51 focus formation in therapy-resistant PDX tumors T127cis1, T127cis2, T127nim2, and T162cis2. See also Supplementary Figure 4 (available online).
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carcinomas (32,33). Preclinical studies have been performed in
BRCA1-methylated breast cancer cell line xenografts (19), but
these cell lines have lost many features of the original breast tu-
mors (34).

Unlike cancer cell lines, PDX models preserve the character-
istics of the patient tumors from which they are derived
(25,35,36). Additionally, these models provide the opportunity to
test the effects of different treatments on the same tumor. We
show that clinically relevant breast cancer subgroups such as
BRCA1-deficient TNBCs can be identified in panels of PDX mod-
els and used to advance our understanding of therapy response
and resistance.

HRD-targeting therapeutics such as platinum drugs and PARP
inhibitors have shown favorable responses in patients with
BRCA1-associated hereditary cancer (8,9,17,18), but they may also
be useful for treating patients with BRCA1-deficient sporadic can-
cer. Studies in sporadic TNBC patients have shown that BRCA1
promoter methylation correlates with good response to neoadju-
vant cisplatin treatment (10) although varying results have been
reported for adjuvant chemotherapy (37,38). Preclinical studies
show increased sensitivity of BRCA1-methylated tumor cell lines
to olaparib and other PARP inhibitors (14,19,39), but no informa-
tion is available from clinical studies. We find that BRCA1-
deficient PDX tumors show excellent initial responses to alkylat-
ing agents and the clinical PARP inhibitor olaparib. Responses of
the BRCA1-methylated PDX tumors are comparable with those of
the BRCA1-mutated model, indicating that BRCA1 promoter
methylation is a good biomarker for sensitivity to alkylating
agents or PARP inhibitors in the tested models.

Despite their initial sensitivity to HRD-targeting therapeu-
tics, most BRCA1-deficient PDX tumors relapse and eventually
acquire resistance. In most PDX tumors, resistance is associated
with re-expression of BRCA1. In the BRCA1-c.2210delC model,
more than half of the therapy-resistant tumors restored the
BRCA1 open reading frame via acquisition of additional BRCA1
deletions spanning the germline mutation. These types of sec-
ondary mutations have previously been described in therapy-
resistant BRCA1/2-mutated breast and ovarian tumors (21–
24,33), underscoring the utility of PDX models for identification
of clinically relevant resistance mechanisms. The presence of a
large (702 bp) reading frame-restoring deletion in one cisplatin-
resistant BRCA1-c.2210delC tumor demonstrates that this part
of the BRCA1 protein (comprising AA 670-904) is not required for
driving therapy resistance.

In line with cell line studies (14,40), a number of BRCA1-
methylated PDX tumors acquired therapy resistance via re-

expression of BRCA1 because of the loss of the BRCA1 promoter
methylation. Similar to what was shown in a patient with ovar-
ian carcinoma (33), we demonstrated BRCA1 promoter demeth-
ylation and mRNA re-expression in samples from TNBC
patients after neoadjuvant chemotherapy, indicating that this
mechanism may be relevant to the development of clinical re-
sistance in patients with BRCA1-methylated TNBC. In other
BRCA1-methylated PDX tumors, BRCA1 re-expression was
driven by de novo intrachromosomal genomic rearrangements
by which BRCA1 transcription is placed under the control of a
heterologous promoter, similar to the MDR1 gene fusions ob-
served in in vitro studies (41) and in ovarian cancer patients
(33). This novel finding demonstrates that BRCA1 re-expression
in therapy-resistant BRCA1-methylated tumors may be driven
by epigenetic as well as genetic mechanisms.

Chromosomal rearrangements of BRCA1-deficient tumor cells
are thought to be caused by error-prone DSB repair pathways
such as nonhomologous end-joining (NHEJ) or microhomology-
mediated end-joining (MMEJ) (43). In line with this, analysis of
the BRCA1 gene rearrangements in therapy-resistant PDX tumors
revealed no large regions of homology but mostly small deletions
or microhomology in the breakpoints. This excludes nonallelic
HR as a mechanism of breakpoint formation (42) but is consistent
with NHEJ or MMEJ (43). One tumor showed a more complex rear-
rangement consisting of a tandem duplication. It is unclear
whether this duplication is caused by NHEJ or by alternative
mechanisms such as fork stalling and template switching (42).

Therapy resistance may be induced by de novo (epi)genetic
alterations or result from selective outgrowth of pre-existing re-
sistant tumor cells (21,44). We did not detect pre-existing resis-
tant cells in any of the primary or untreated tumors, even when
using highly sensitive nested PCRs. Although we cannot exclude
the possibility that detection of pre-existing resistant cells is ob-
scured by very low abundance or by intratumor heterogeneity,
our results suggest that acquired resistance in our models is
driven by de novo rather than pre-existing mutations. In line
with this, mice had to be treated for multiple rounds before re-
sistant tumors emerged, and none of the resistance-associated
mutations were found in multiple resistant tumors derived
from the same donor.

Collectively, our results provide insight into resistance
mechanisms in BRCA1-deficient breast tumors. A limitation of
our study was the relatively small number of PDX models we
used because of the time-consuming and labor-intensive nature
of producing PDX models and the long-term intervention stud-
ies required to induce resistance. Additionally, we have been
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Figure 5. BRCA1 promoter methylation and mRNA expression in patient samples before and after neoadjuvant chemotherapy. A) BRCA1 promoter methylation as mea-

sured by MS-MLPA and BRCA1 mRNA levels (B) in pretreatment biopsies and post-treatment surgery material of patients with triple-negative breast cancer. No RNA

was available to measure BRCA1 mRNA levels in patient 3. BRCA1 mRNA levels were normalized to ACTB. See also Supplementary Figure 5 (available online).
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unable to determine mechanisms underlying resistance in tu-
mors that do not show BRCA1 re-activation. Further work will
be required to identify these mechanisms.
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Figure 6. BRCA1 gene fusions in therapy-resistant patient-derived xenograft (PDX) tumors with BRCA1 promoter hypermethylation.A) Schematic representation of

chromosome 17 showing the genomic locations and transcriptional orientation of ACACA, STAT3, CRLF3, SEPT9, and BRCA1. B) Schematic representation of genomic fu-

sions in T127 cis1, nim1, nim2, and olap2 tumors. Numbers indicate the chromosomal coordinates for the genomic sequences that form either side of the fusion point.

For T127 nim2, the region between BRCA1 exon 2 and ACACA exon 3 is indicated by a dashed line because the exact chromosomal coordinates could not be determined.

C) Polymerase chain reaction (PCR) using primers spanning the T127 cis1, nim1, and olap2 breakpoints performed on normal patient DNA, primary tumor DNA, and

DNA from two untreated T127 PDX tumors (p0, p2) and from T127cis1, nim1, and olap2. D) Analysis of expression of chimeric BRCA1 transcripts in therapy-resistant

T127 PDX tumors with retention of BRCA1 promoter methylation (left). Left panels show schematic representation of first exons of fusion transcripts in T127 cis1,

nim1, and nim2. RNA sequences containing the point of fusion are also shown. Right panels show results for reverse transcription PCR using primers that span the

breakpoints in a series of untreated and resistant T127 tumors. We were unable to detect a product in T127olap2 possibly because of the low level of BRCA1 expression.

BRCA1: ENST00000357654, STAT3: ENST00000264657, CRLF3: ENST00000324238, ACACA: ENST00000353139. See also Supplementary Figure 5 (available online).
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