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Patients with cancers that harbor breast cancer 1 (BRCAT) mutations initially respond well to platinum and poly(ADP-ribose)
polymerase inhibitor (PARPi) therapy; however, resistance invariably arises in these patients and is a major clinical problem.
The BRCAT®5%/4C 3|lele is a common inherited mutation located close to the protein translation start site that is thought to
produce a shortened, nonfunctional peptide. In this study, we investigated the mechanisms that lead to PARPi and platinum
resistance in the SUM1315MO02 breast cancer cell line, which harbors a hemizygous BRCAT#%/A¢ mutation. SUM1315M02
cells were initially sensitive to PARPi and cisplatin but readily acquired resistance. PARPi- and cisplatin-resistant clones did
not harbor secondary reversion mutations; rather, PARPi and platinum resistance required increased expression of a really
interesting gene (RING) domain-deficient BRCA1 protein (Rdd-BRCA1). Initiation of translation occurred downstream of the
frameshift mutation, probably at the BRCA1-Met-297 codon. In contrast to full-length BRCA1, Rdd-BRCA1 did not require
BRCA1-associated RING domain 1 (BARD1) interaction for stability. Functionally, Rdd-BRCA1 formed irradiation-induced foci
and supported RAD51 foci formation. Ectopic overexpression of Rdd-BRCA1 promoted partial PARPI and cisplatin resistance.

Introduction

Germline breast cancer 1 (BRCAI) mutations dramatically
increase a carrier’s lifetime risk of developing breast and ovarian
cancer (1-3). Pathogenic BRCAI-mutant alleles fail to generate
protein products with tumor-suppressor activity, and cancer ini-
tiation usually results from loss of heterozygosity (LOH) affecting
the BRCAI WT allele (3-5). The BRCALI protein is an 1863-aa pep-
tide containing several highly conserved domains. The N-terminal
contains a RING domain that is commonly found in E3 ubiquitin
ligases and is required for heterodimerization with BRCA1l-associ-
ated RING domain 1 (BARD1). BRCA1 interacts with partner and
localizer of BRCA2 (PALB?2) through a coiled-coil region that facil-
itates the formation of a BRCAI-PALB2-BRCA2-RAD51 complex.
The BRCA1 C-terminus domains (BRCT) bind phosphorylated
proteins such as CtIP and abraxas (5-7).

The BRCAI protein is necessary for efficient homolo-
gous recombination (HR) DNA repair (8), and mutations in
the BRCAI gene that render the protein product dysfunctional
result in cellular sensitivity to poly(ADP-ribose) polymerase
inhibitors (PARPI) (9, 10), as well as to DNA-damaging platinum
agents (8,11, 12). Ovarian and breast cancer patients who harbor
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Furthermore, Rdd-BRCA1 protein expression was detected in recurrent carcinomas from patients who carried germline
BRCAT™%IAc mutations. Taken together, these results indicate that RING-deficient BRCA1 proteins are hypomorphic and
capable of contributing to PARPi and platinum resistance when expressed at high levels.

BRCAI mutations respond well to initial platinum-based therapy
(13-15), and several PARPi are currently under advanced-stage
clinical investigation, as they have demonstrated clinical activ-
ity in patients with BRCA mutations (15-17). Despite survival
improvements, resistance to both PARPi and platinum therapy
invariably arises and is a major clinical problem (18-21). Second-
ary BRCAI and BRCA2 gene-reversion mutations that restore
the reading frame represent the most well-validated mechanism
of platinum resistance (22-25). Several mechanisms of PARPi
resistance have been described in Brcal-mutated mouse mam-
mary tumors, including activation of P-glycoprotein (26) and
loss of 53BP1 expression (27-29).

Cellular mechanisms that result in increased levels of trun-
cated, but hypomorphic, BRCA1 proteins have been shown to
result in both PARPi and platinum resistance. We previously
demonstrated that cells harboring a BRCT domain-truncating
mutation were able to develop resistance to PARPi and cispla-
tin through overexpression of a BRCT domain-deficient BRCA1
protein (30). Despite lacking the BRCT domain, the retention
of all other critical regions, including the PALB2-interacting
domain, facilitated RAD51 loading and therapy resistance.
Similarly, when the Brcal®¢¢ allele was introduced into a con-
ditional mouse model of BRCAl-associated breast cancer,
tumors formed at a rate similar to that seen in Brcal-deficient
mice. However, tumors carrying Brcal®®¢ responded poorly
to platinum and PARPi (31). Intriguingly, a similar study that
introduced the Brcal™ synthetic missense variant that reduces
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Figure 1. SUM1315M02 PARPi- and cisplatin-resistant cells do not harbor reversion mutations. (A) SUM1315MO02 parental cells and RR1-3 cells were
measured for primary resistance to rucaparib and cross-resistance to cisplatin. (B) SUM1315M02 parental cells and CR1-3 cells were measured for primary
resistance to cisplatin and cross-resistance to rucaparib. (C) SUM1315MO02 parental cells and RR1and CR1 cells were assessed for mitomycin C and taxol
sensitivity. Colony formation assays were employed throughout and three independent experiments were performed. (D) BRCAT introns and exons from
parental cells and resistant clones were subjected to Sanger sequencing; representative BRCAT electropherograms are shown for parental cells and 6 resis-

tant clones that were sequenced.

E3-ubiquitin ligase activity, but does not prevent BRCA1-BARD1
assembly, did not impact BRCA1 tumor-suppressor activity, and
mice were resistant to tumor formation (32).

The BRCAI¥5#!46 gllele is a common founder mutation, preva-
lent in approximately 1% of the Ashkenazi Jewish population and
predisposes carriers to early-onset breast and ovarian cancer (33,
34). Here, we report that BRCA155%/46 frameshift mutation-carry-
ing cell lines and tumors are capable of producing RING domain-
deficient BRCAL1 proteins (Rdd-BRCA1) that facilitate RAD51 foci
formation and PARPi and cisplatin resistance.

Results
SUM1315MO2 PARPi- and cisplatin-resistant cells do not acquire sec-
ondary reversion mutations. The SUM1315MO2 cell line was derived
from a skin metastasis of a female patient with invasive ductal car-
cinoma. SUM1315MO2 cells have LOH at the BRCAIlocus and har-
bor the common pathogenic BRCAI'5#/46 gllele (35, 36). To under-
stand the impact of the BRCAI'55%/4¢ allele on drug resistance, we
cultured SUM1315MO2 cells in the presence of increasing concen-
trations of either the PARPi rucaparib or cisplatin, until 3 individ-
ual resistant clones were derived for each agent. SUM1315MO2
cells rapidly acquired PARPi and cisplatin resistance, and resistant
clones were derived within 1 to 2 months from initial exposure.

We confirmed by colony formation assay that the clones demon-
strated drug resistance. Rucaparib-resistant clones 1-3 (RR1-3) were
84- (P=0.024),128- (P=0.008), and 110-fold (P = 0.01) more resis-
tant to rucaparib treatment than were SUM1315MO2 parental cells.
Additionally, RR1-3 were 3.6- (P< 0.001), 3- (P=0.002), and 3.5-fold
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(P < 0.001) more resistant to cisplatin compared with parental cells
(Figure 1A). SUM1315MO2 cells cultured in the presence of cisplatin
were also measured for cisplatin and PARPI sensitivity. Cisplatin-
resistant clones 1-3 (CR1-3) were 5.1- (P = 0.006), 6.3- (P < 0.001),
and 3.3-fold (P = 0.008) more resistant to cisplatin treatment and
were 12- (P = 0.002), 9- (P = 0.021), and 14-fold (P = 0.005) more
resistant to rucaparib than were SUM1315MO2 parental cells (Fig-
ure 1B). Furthermore, RR clone 1 (RR1) and CR clone 1 (CR1) were
1.5- (P=0.008) and 2.6-fold (P= 0.001) more resistant than parental
cells to the DNA cross-linking agent mitomycin C, respectively. In
contrast, parental, RR1 and CR1 cells demonstrated similar levels of
sensitivity to the microtubule inhibitor taxol (Figure 1C).

Platinum-resistant BRCAI**%/¢ patient carcinomas have pre-
viously been shown to develop reversion mutations that restore
the WT sequence (22). We sequenced the BRCAI gene introns
and exons, as well as mRNA, in parental and resistant clones and
found that the original BRCAI$5#/46 mutation remained present;
moreover, no additional BRCAI mutations were acquired in any
of the resistant clones (Figure 1D). Because we could not detect
reversion mutations in SUM1315MQO2 resistant cell lines, we inves-
tigated the possibility that mutations in other DNA repair genes
could be providing resistance by sequencing a panel of candidate
genes using BROCA analysis (37). BROCA sequencing confirmed
the presence of the known BRCAI and TP53 mutations present in
both parental and resistant clones, but there were no additional
mutations in a series of genes associated with resistance, includ-
ing TP53BP1 (Supplemental Table 1; supplemental material avail-
able online with this article; doi:10.1172/JCI87033DS1).
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Figure 2. SUM1315MO02 cells express a RING domain-deficient BRCA1 protein. (A) Cell lysates were generated from MDA-MB-231 (abbreviated as 231

in the figure), SUM1315M02 parental (Par), RR1-3, and CR1-3 cells, and BRCA1 protein was detected by Western blot analysis using C-terminal-specific
(C-term) and N-terminal-specific (N-term) BRCA1 Abs. Molecular weight markers are indicated. Three independent experiments were performed. (B)
SUM1315M02 parental, RR1-3, and CR1-3 cells were treated with IR, and BRCA1, RAD51, y-H2AX, and DAPI were detected by immunofluorescence (rep-
resentative images are shown). Scale bar: 10 um. Bar graphs show the mean and SEM percentage of cells containing more than 5 foci (n = 3 independent
experiments. *P < 0.05, 2-tailed Student’s t test). (C) In-frame methionine translation start sites are depicted, along with the location of the stop codon
generated from the BRCAT#%¢ mutation (above). BRCA1was immunoprecipitated from MDA-MB-231 and SUM1315M02 RR1 cells and subjected to mass
spectrometry. BRCA1 peptides detected from MDA-MB-231 cells are highlighted in yellow and SUM1315M02 RR1 cells in green, Met-297 is highlighted in
red (below). See Supplemental Figure 1 for complete information on peptide coverage. (D) Cell lysates were collected from MDA-MB-231 and SUM1315M02
RR1and CR1 cells, as well as from MDA-MB-436 cells that expressed exogenous mCherry (mCh), BRCA1 full-length (FL), BRCA1-Met128 (M128), or BRCA1-
Met-297 (M297). BRCA1 gel migration was detected by Western blot analysis using N- and C-terminal-specific Abs; HSP90 was measured as a loading
control. (E) CRISPR/Cas9 targeting sg_GFP, sg_exon 2 (E2), or sg_exon 11 (E11) in MDA-MB-231 and SUM1315M02 RR1 cells. Western blot analyses of BRCA1
levels using a C-terminal-specific Ab (see Supplemental Figure 2 for additional information). Three independent experiments were performed.

SUM1315MO2 resistant cells express a RING domain-deficient
BRCALI protein. To investigate potential BRCAL1 protein products
generated from the BRCAI$5#/46 gllele in SUM1315MO2 paren-
tal and resistant clones, we measured BRCAL1 protein levels by
Western blotting with Abs that specifically recognize the N- and
C-terminal regions of BRCAL. As a control, WT BRCALI protein
expressed in MDA-MB-231 cells was detectable with both N- and
C-terminal Abs. In contrast, BRCAI protein was undetectable
in both SUM1315MO2 parental and resistant clones using the
N-terminal-specific Ab. However, the C-terminal Ab identified
a band migrating slightly below full-length BRCA1 that was of
low abundance in parental cells, but with elevated expression in
both RR and CR clones (Figure 2A). Moreover, the BRCA1 protein
detected in SUM1315MO2 cells was capable of forming y irradia-
tion-induced foci (IRIF), and we readily detected both BRCA1 and

RAD?51 foci in parental SUM1315MO2 cells. However, both RR and
CR clones had a 2.22- to 2.64-fold (P = 0.004-0.021) increase in
BRCA1 IRIF and a 2.1- to 2.85-fold (P = 0.0001-0.03) increase in
RAD51 IRIF compared with parental cells, respectively. The levels
of y-H2AX, a marker for DNA damage, did not significantly differ
between cell lines (Figure 2B).

We hypothesized that cells were utilizing an in-frame trans-
lation start site downstream of the BRCA1%5%/4S mutation to gen-
erate a RING domain-deficient BRCA1 protein. To identify the
possible downstream translation start site, we immunoprecip-
itated endogenous BRCA1 from SUM1315MO2 RRI, as well as
WT-expressing MDA-MB-231 cells and analyzed BRCA1 peptides
by mass spectrometry. Total peptide coverage was overall great-
er in MDA-MB-231 cells (58% total peptide coverage) compared
with that in SUM1315MO2 RR1 cells (19% total peptide cover-
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Figure 3. Rdd-BRCA1 does not require BARD1 for stability or function. (A) BRCA1 was immunoprecipitated from MDA-MB-231and SUM1315M02 RR1 and
CR1 cells using a C-terminal-specific Ab. Immunoprecipitates were measured for BRCA1, BARD1, and CtIP protein levels by Western blot analysis. Three
independent experiments were performed. (B) MDA-MB-231, MDA-MB-436-RR1, and SUM1315M02 RR1 cells were treated with scrambled (Sc) or 2 inde-
pendent siRNAs targeting BRCA1 or BARD1, and BRCA1, BARD1 and tubulin measured by Western blot analysis. Samples were run on parallel gels. The
tubulin blot was derived from duplicate samples run on a parallel gel. (C) Cells described in B were transfected with scrambled or 2 independent BARD1
siRNAs, treated with increasing concentrations of rucaparib, and colony formation assessed. (D) Cells were transfected with scrambled, BRCA1 no. 1, or
BRCA1 no. 2 siRNA, followed by treatment with increasing concentrations of either rucaparib or cisplatin for either SUM1315M02 RR1 or CR1 cells, respec-
tively, and then reseeded for colony formation assay (n = 3). Insets show Western blots of BRCA1 knockdown. Three independent experiments were per-
formed. (E) SUM1315M02 RR1 and CR1 cells were treated with scrambled or 2 independent BRCA1 siRNAs and subjected to IR. BRCA1, RAD51, and y-H2AX
IRIF were assessed by immunofluorescence. Representative images are shown. Scale bar: 10 um. Bar graphs show the mean and SEM percentage of cells
containing more than 5 foci (n = 3 independent experiments; *P < 0.05, 2-tailed Student’s t test).
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Figure 4. Ectopic overexpression of Rdd-BRCAT1 proteins provides partial resistance. (A) SUM1315M02 parental cells engineered to overexpress mCherry,
BRCA1 full-length (M1), and BRCA1-Met-297 (M297) constructs were treated with IR, and V5, RAD51, y-H2AX, and DAPI were detected by immunofluores-
cence. Representative images are shown. Scale bar: 10 pm. Bar graphs show the mean and SEM percentage of cells containing more than 5 foci (7 = 3 inde-
pendent experiments; *P < 0.05, 2-tailed Student’s t test). Western blot shows exogenous V5-tagged BRCA1 protein expression. (B) SUM1315MO02 cell lines
described in A were treated with increasing concentrations of rucaparib or cisplatin and colony formation assessed. Three independent experiments were
performed. (C) MDA-MB-436 cells stably expressing mCherry and BRCA1 constructs starting at Met-1 (full-length), Met-48, Met-128, Met-297, and Met-531
were assessed for V5, BRCA1 (N-terminal-specific Ab), BARD1, and tubulin expression by Western blot analysis. (B) MDA-MB-436 cells described in C were
treated with IR, and V5, RAD51, y-H2AX, and DAPI were detected by immunofluorescence. Representative images are shown. Scale bar: 10 pm. Bar graphs
show the mean and SEM percentage of cells containing more than 5 foci (n = 3 independent experiments; *P < 0.05, 2-tailed Student’s t test). (E) MDA-
MB-436 cells described in C were seeded at 6 different seeding densities and maintained in either 20 nM rucaparib or 20 ng/ml cisplatin for 3 weeks, until
resistant colonies emerged or cells died. Representative 6-well plates are shown. Bar graphs show the mean and SEM number of colonies expressed as a

percentage of the number of cells originally seeded (n = 3; *P < 0.05, 2-tailed Student’s t test). Three independent experiments were performed.

age). However, MDA-MB-231 cells demonstrated robust coverage
before Met-297 (79% coverage), with the first peptide detected at
Arg-7. In contrast, we were unable to detect any peptides before
Met-297 (0% coverage), with the first peptide detected at Asn-354
in SUM1315MO2 RR1 cells (Figure 2C and Supplemental Figure 1).

Furthermore, we compared the gel migration of endogenous
BRCAL1 from SUM1315MO2 RR1 and CR1 cells with exogenous-
ly expressed, full-length Met-128- and Met-297-initiating BRCA1
proteins. Gel migration patterns suggested that endogenous
BRCALI from SUM1315MO2 resistant cells migrated in a manner
most similar to that of exogenous BRCA1-Met-297 cells (Figure
2D). To confirm that Met-297 was the initiating start site, we used
CRISPR/Cas9 gene editing to disrupt the BRCAI reading frame
before (sg_ex2) as well as at the Met-297 coding region (sg_ex11).
MDA-MB-231 cells that were BRCAI WT demonstrated a similar

reduction in BRCA1 protein levels with both sg_ex2 and sg_ex11. In
contrast, Rdd-BRCAL1 protein expression in SUM1315MO2 RR1 cells
was not affected by sg_ex2, but decreased with sg_ex11 treatment
(Figure 2E and Supplemental Figure 2). These data support the
notion that the Rdd -BRCA1 reading frame is initiated at Met-297.
There are several in-frame methionine start sites downstream
of the BRCA*4S mutation; we sought to understand why cells
favored Met-297. First, we examined the possibility that alternative
mRNA splicing was responsible for removing exons encoding Met-1
(exon 2) and translation start sites before Met-297 (located in exon
11). Reverse transcription-PCR (RT-PCR) analyses using a forward
primer located in the 5-UTR and a reverse primer in exon 11 (down-
stream of Met-297) detected 1 band that was the predicted size of
full-length BRCA1 (Supplemental Figure 3A). Additionally, we car-
ried out a series of quantitative RT-PCR reactions using primers that
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Figure 5. Ectopic overexpression of Rdd-BRCA1 proteins provides resistance in vivo. (A) SUM1315M02 and (B) MDA-MB-436 tumor xenografts expressing ectopic
mCherry or BRCA1-Met-297 were treated with vehicle (black lines), rucaparib (green lines), or cisplatin (red lines), and tumor growth was measured. Each line rep-
resents an individual tumor. (C) Individual tumor volumes at day 20 are shown. (D) Kaplan-Meier survival analyses. n = 5 mice per treatment group.

specifically detected BRCAI mRNA that contained exons 2, 6, 11,
or 16. We found similar relative expression levels for each exon in
all cell lines, indicating that full-length BRCAI mRNA, rather than
an exon-deficient alternative splice isoform, was dominant (Sup-
plemental Figure 3B). We next examined mRNA features that could
impact the translation start site choice. Previous studies demon-
strated that Met-48 had a weak, but Met-128 and Met-297 had simi-
lar-strength, Kozak consensus motifs (38). Hairpin structures at the
5’ end of mRNA translation start sites commonly block translation
initiation by preventing the 40S ribosomal subunit from binding
(39-41). Analyses of a BRCAI mRNA secondary structure revealed
a higher than 80% probability of the presence of a translation ini-
tiation inhibitory hairpin structure located immediately before
Met-128; however, we found no such structures in proximity to the
Met-297 start site (Supplemental Figure 4A) These data reveal the
possibility that mRNA sequence and structural features resulted in
a preference for Met-297 as the translation initiation site.

DNA damage-induced alternative protein translation is a pro-
cess in which transcripts utilize downstream translation start sites
for protein production, but is accompanied by a global decrease
in total cellular translation (42, 43). We measured phosphorylated
elF2a (p-elF2a) and total activating transcription factor 4 (ATF4)
protein levels, which were previously shown to be markers of alter-
native translation (42). SUM1315MO2 RR and CR clones had ele-
vated levels of eIF2a phosphorylation and ATF4 compared with
levels detected in the parental cell line. Additionally, puromycin
incorporation into newly generated peptides was lower in resistant
cell lines, suggesting that total levels of global translation were
decreased (Supplemental Figure 4, B and C). These data support
the notion that the alternative translation pathway contributed
to the increased levels of Rdd-BRCAL1 protein present in SUM-
1315MO2 resistant derivatives.

Rdd-BRCAI does not require BARDI for stability or function.
The BRCA1 RING domain mediates interaction with BARD1 and
is absent in the BRCA1-Met-297 protein. Both C- and N-termi-
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nally interacting proteins CtIP and BARDI, respectively, were
detected in immunoprecipitates of full-length BRCA1 from MDA-
MB-231 cells. However, BARD1 was not present in immuno-
precipitates of BRCA1 from SUM1315MO2 RR1 or CR1 cells,
while CtIP was readily detectable (Figure 3A). Because BARD1
interaction with full-length BRCAL1 is required for the stability
of both proteins (44), we investigated the impact of siRNAs tar-
geting both BRCA1 and BARD1 on relative protein levels. BRCA1
and BARD1 siRNA treatments resulted in reciprocal depletion of
both proteins in MDA-MB-231 and MDA-MB-436 RR1 cells that
expressed WT BRCA1 or a C-terminal truncated form of BRCALI,
respectively (30). In contrast, BRCA1 siRNA decreased BRCA1
protein levels, but basal BARD1 protein levels were barely detect-
able and did not change with siRNA treatment in SUM1315MO2
RR1 cells; additionally, BARD1 siRNA did not affect BRCA1 pro-
tein levels (Figure 3B). BARD1 siRNA-treated MDA-MB-231 cells
were 1,121- (P < 0.001) and 945-fold (P < 0.001) more sensitive to
rucaparib with 2 independent BARD1 siRNAs than were scram-
bled siRNA-treated cells. Similarly, MDA-MB-436 RR1 cells were
67- (P = 0.0414) and 91-fold (P = 0.0411) more sensitive to ruca-
parib with 2 independent BARD1 siRNAs than were scrambled
siRNA-treated cells. In contrast, BARD1 siRNA did not sensitize
SUM1315MO2 RR1 cells to rucaparib treatment (Figure 3C).

To begin to investigate the role of the Rdd-BRCA1 protein
in HR DNA repair and drug resistance, we treated RR1 and CR1
cells with either scrambled or 2 independent BRCA1 siRNAs and
assessed their impact on rucaparib and cisplatin sensitivity by col-
ony formation assays. BRCA1 siRNA-treated RR1 cells were 11-
(P = 0.0011) and 12-fold (P = 0.001) more sensitive to rucaparib
than were scrambled siRNA-treated control cells (P=0.0002). Sim-
ilarly, CR1 cells treated with BRCA1 siRNAs were 1.9- (P = 0.048)
and 1.7-fold (P = 0.049) more sensitive to cisplatin than were scram-
bled siRNA-treated cells (Figure 3D). Furthermore, BRCA1 siRNA
reduced RAD51 foci by 14- (P = 0.002) and 19-fold (P = 0.002) in
RRcells and by 12- (P=0.0019) and 12-fold (P= 0.0021) in CR cells,
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Figure 6. Rdd-BRCA1 proteins are expressed in tumors. (A) Mice carrying SUM1315M02 parental tumors were treated with rucaparib or cisplatin and
tumor growth monitored. When tumors reached approximately 1,000 mm?® in size, they were harvested and reimplanted. Red and black lines represent

individual tumors from each set of treatments; asterisks represent the days of

drug administration. n = 2 mice per treatment group. (B) Assessment of

BRCA1 protein levels from tumors described in A by Western blot analysis. MDA-MB-231 cells were used as BRCATWT controls. (C) Bar graph shows quan-
tification of staining intensities using C-terminal Ab of at least 2 individual tumors for each treatment. MDA-MB-231 xenografts were used as BRCATWT
controls; SUM1315M02 tumors were treated with vehicle or rucaparib, and cisplatin-resistant tumors from A were assessed by IHC for BRCA1 expression

using N- and C-terminal-specific Abs. Scale bar: 20 um. Two tumors for each treatment group were assessed. *P < 0.05, 2-tailed Student’s t test. Bar

graph shows quantification of staining intensities using C-terminal Ab of at lea
(#24), and PDX W0-21 (#21) were assessed by Western blot analysis for BRCA1

st 2 individual tumors for each treatment. (D) MDA-MB-231, PDX W0-24
protein expression using a C-terminal-specific Ab. Three individual tumors

were assessed for each PDX model. Samples were run on parallel gels, and the tubulin blot was derived from duplicate samples run on a parallel gel.
(E) Primary tumors from patients with WT or BRCAT*5%/¢ germline mutations were stained with BRCA1 N- and C-terminal-specific Abs by IHC. Scale bar:

20 um. See Supplemental Table 2 for more details.

but y-H2AX foci were unaffected (Figure 3E), with little impact on
cell-cycle progression (Supplemental Figure 5).

Rdd-BRCALI proteins are hypomorphic and provide partial vesis-
tance in vitro. We next examined the impact of exogenous BRCA1-
Met-297 overexpression in SUM1315MO2 parental cells. Exogenous
full-length and BRCA1-Met-297 both formed IRIF and increased
RADS51 IRIF by 6.9- (P = 0.0027) and 3.6-fold (P = 0.0158), respec-
tively, compared with mCherry control-expressing cells. The levels of
y-H2AX were not affected by exogenous protein expression (Figure
4A). Furthermore, SUM1315MO2 cells overexpressing exogenous
BRCAL1 full-length or Met-297 were 101.3- (P = 0.0255) and 10.3-fold
(P =0.0169) more resistant to rucaparib, respectively, as well as 4.3-
(P = 0.0003) and 2.1-fold (P = 0.0004) more resistant to cisplatin
than were mCherry-expressing cells, respectively (Figure 4B).

We further assessed the ability of a series of Rdd-BRCAL1 pro-
teins to provide PARPi and cisplatin rescue in a cellular background
that lacked the endogenous BRCAI'85%4¢ allele. MDA-MB-436 cells
were selected to assess exogenous Rdd-BRCAL activity, as these
cells harbor a hemizygous BRCAI*¥**16>A mutation that disrupts
BRCT domain protein folding, resulting in BRCA1 protein degrada-
tion and loss of detectable expression; additionally, these cells lack
RAD51 foci and are exquisitely PARPi and cisplatin sensitive (30,
35). MDA-MB-436 cells expressing mCherry control and BRCA1
proteins initiating at Met-1, -48, -128, -297, and -531 were first con-
firmed by Western blot analysis for exogenous protein expression
(Figure 4C). As expected, expression of Met-1, but not the RING-
deficient Met-48-Met-531 proteins, resulted in a reemergence of
BARDI. BRCA1-Met-1, -48,-128, and -297, but not Met-531, formed

3151

jci.org  Volume126  Number8  August 2016



3152

RESEARCH ARTICLE

efficient BRCA1 IRIF. However, BRCA1-Met-48, -128, -297, and
-531 had 1.4~ (P = 0.026), 1.6- (P = 0.0138), 1.5- (P = 0.0671), and
7.3-fold (P = 0.0023) less RAD51 IRIF compared with that detected
in full-length BRCA1-Met-1-expressing cells. The levels of y-H2AX
were not affected by exogenous protein expression (Figure 4D).

To assess the ability of Rdd-BRCAL1 proteins to provide ther-
apy resistance, cells were seeded at a range of densities and incu-
bated with a single rucaparib and cisplatin concentration that
selected for drug-resistant colonies. Met-1, -48, -128, and -297
BRCA1-expressing cells had 253- (P = 0.0016), 36- (P < 0.001),
30- (P < 0.001), and 47-fold (P = 0.0033) more rucaparib-resis-
tant colonies than did mCherry control cells, respectively; these
cells also had 321-, 41-, 55-, and 60-fold (all P < 0.001) more cis-
platin-resistant colonies than did mCherry control cells, respec-
tively (Figure 4E). Interestingly, BRCA1-Met-531 had no impact
on PARPI or cisplatin rescue. Similar results were obtained using
standard colony formation assays exposing cells to increasing
concentrations of drug (Supplemental Figure 6, A and B). Addi-
tionally, exogenous BRCA1-Met-297 provided rescue in both
SUM1315MO2 and MDA-MB-436 cells in the presence of an
shRNA targeting only endogenous BRCA1, suggesting that resid-
ual endogenous BRCA1 was not contributing to the observed res-
cue (Supplemental Figure 6, C and D).

BRCAI-Met-297 overexpression promotes resistance in vivo. We
assessed the ability of exogenous BRCA1-Met-297 to provide ruca-
parib and cisplatin resistance in vivo. SUM1315MO2 and MDA-
MB-436 cells that overexpressed mCherry control or BRCA1-Met-
297 readily formed tumors and were used for xenograft experiments
(Supplemental Figure 7). Rucaparib and cisplatin treatments both
inhibited tumor growth in mCherry-expressing SUM1315MO2 and
MDA-MB-436 tumors. In contrast, the degree of growth inhibi-
tion was markedly reduced in BRCA1-Met-297-expressing tumors
(Figure 5, A and B). Twenty days after tumor implantation, ruca-
parib and cisplatin treatment delayed mean tumor growth by 14-
(P <0.0001) and 10-fold (P < 0.0001) in mCherry-overexpressing
SUM315MO2 tumors, respectively, compared with that observed
in vehicle-treated mice. Similarly, rucaparib and cisplatin treat-
ment delayed mean tumor growth by 3.7- (P = 0.0023) and 5.9-fold
(P = 0.0004) in mCherry-overexpressing MDA-MB-436 tumors,
respectively, compared with that seen in vehicle-treated mice. In
contrast, neither rucaparib nor cisplatin treatment resulted in sig-
nificant delays in tumor growth in BRCA1-Met-297-overexpressing
SUM315MO2 or MDA-MB-436 tumors compared with what was
observed in vehicle-treated mice (Figure 5C).

Kaplan-Meier analyses indicated that the median overall sur-
vival (OS) of mice harboring SUM1315MO2 mCherry-expressing
tumors that were treated with rucaparib or cisplatin increased
by 2.3-fold (P = 0.0034, log-rank test) and 2.3-fold (P = 0.0034,
log-rank test), respectively, compared with the median OS of
vehicle-treated mice. Similarly, for mice harboring MDA-MB-436
mCherry-expressing tumors that were treated with rucaparib or
cisplatin, OS increased by 1.8-fold (P = 0.0018, log-rank test) and
2-fold (P =0.0018, log-rank test), respectively, compared with the
OS of vehicle-treated mice. In contrast, mice harboring BRCA1-
Met-297-expressing tumors that were treated with either ruca-
parib or cisplatin did not demonstrate significant increases in OS
compared with vehicle-treated mice (Figure 5D).
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Short-term assessment of tumor response by immunohis-
tochemical analyses demonstrated that rucaparib and cisplatin
treatments significantly increased y-H2AX staining intensity in all
tumors. Furthermore, rucaparib and cisplatin treatments decreased
Ki67 staining intensity by 3- (P < 0.0001) and 4.3-fold (P < 0.0001),
respectively, in mCherry-expressing SUM1315MO2 tumors and
by 2.3- (P = 0.0046) and 2.4-fold (P = 0.0217), respectively, in
mCherry-expressing MDA-MB-436 tumors. In contrast, rucaparib
and cisplatin treatment did not significantly impact Ki67 staining in
BRCA1-Met-297-expressing tumors (Supplemental Figure 8).

Rdd-BRCAI is expressed in resistant tumors. To assess the
expression of endogenous Rdd-BRCAL1 protein in vivo, SUM-
1315MO2 xenografts that were initially responsive to rucaparib
and cisplatin treatment were subjected to multiple rounds of ruca-
parib or cisplatin treatment until tumors acquired resistance (Fig-
ure 6A). Rucaparib- and cisplatin-resistant tumors demonstrated
increased expression of Rdd-BRCAL1 as measured by Western blot
analysis (Figure 6B). Additionally, Abs were optimized to distin-
guish between N- and C-terminal-containing BRCA1 proteins by
immunohistochemical analyses (Supplemental Figure 7). SUM-
1315MO2 tumors that were rucaparib and cisplatin resistant had
a 6.8- (P < 0.0001) and 5.5-fold (P < 0.0001) increase in BRCA1
C-terminal Abimmunohistochemical staining intensity compared
with that seen in parental tumors. However, there was no change
in N-terminal BRCA1l-staining intensity (Figure 6C).

We next compared BRCA1 protein expression levels in a
BRCA1®46-mutant high-grade serous ovarian cancer (HGSOC)
patient-derived xenograft (PDX), WO-21, with levels in a BRCAI
WT HGSOC PDX, WO-24 (Figure 6D). PDX WO-21 was obtained
from a patient whose tumor progressed on olaparib therapy and
who subsequently underwent tertiary cytoreduction surgery, at
which point tumor was collected for orthotopic ovarian transplan-
tation and PDX generation. PDX WO-24 was obtained from an
untreated patient during primary cytoreduction surgery. BRCA1
protein expression levels in WO-24 was similar levels in MDA-
MB-231 cells. However, WO-21, harboring the BRCA1'$°4I4¢ muta-
tion, expressed a truncated BRCA1 protein resembling BRCA1-
Met-297 (Figure 6D).

Furthermore, we analyzed breast and ovarian carcinomas
resected from individual patients with germline BRCAJ!5/A¢
mutations for the expression of Rdd-BRCA1 proteins using N- and
C-terminal-specific Abs (Supplemental Table 2). A patient’s carci-
noma that was WT for BRCAI was used as a positive control (spec-
imen 1014328). Here, BRCA1 protein could be detected with both
N- and C-terminal Abs. We did not detect positive BRCA1 staining
with either Ab in 2 primary ovarian carcinomas with BRCA1!854/46
mutations. Interestingly, we were able to detect nuclear BRCA1
staining with the C-terminal, but not the N-terminal, BRCA1 Ab in
2 recurrent breast carcinomas (specimens 1003263 and 1001020)
from individuals with BRCA1!85#/46 germline mutations (Figure 6E
and Supplemental Table 2).

Discussion

In the current study, we present evidence to support a mecha-
nism of PARPi and platinum resistance, whereby BRCA1 protein
products are generated using translation start sites located down-
stream of the mutation-induced stop codon. BRCA1 proteins pro-
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duced from downstream translation start sites were truncated at
the N-terminal region and lacked the RING domain. However,
Rdd-BRCALI proteins were hypomorphic, contributing to RAD51
loading and PARPi and cisplatin resistance.

Multiple pathogenic frameshifting mutations are located
toward the 5' end of the BRCAI gene, including the most common-
ly reported BRCAI!5%/4¢ gllele. The BRCAI'%544S mRNA is predict-
ed to produce a short, approximately 5-kDa peptide (E23fsX17).
Although this peptide has not been detected endogenously, exoge-
nous overexpression of a BRCAI peptide consisting of aa 1-23fsX17
was reported to induce phenotypes not associated with full-length
BRCALI, including enhanced IL-1B expression, and to promote
apoptosis (45, 46). However, endogenously generated small pep-
tide products normally located in the structured RING region of the
protein may not be folded and are likely to be degraded. In line with
this, we did not detect any N-terminal region-containing peptide
products in SUM1315MO2 parental or resistant cells.

In contrast to the majority of premature termination codon-
inducing (PTC-inducing) BRCAI mutations, previous studies
demonstrated that BRCAI$5#4¢ and BRCAI™8%I! alleles were
not subject to nonsense-mediated mRNA decay (NMD), leading
to speculation that translation may continue after the PTC and
prevent NMD (38, 47). Using C-terminal-specific BRCA1 Abs,
we confirmed that translation does occur after the BRCA!854/A¢-
induced PTC, and we readily identified a protein product that
was only slightly smaller in size compared with that of full-
length BRCA1 in SUM1315MO2 parental and resistant cells,
probably starting at Met-297. Previous in silico analyses predict-
ed Met-128 and Met-297 to be downstream BRCAI translation
start sites (38). Our analyses suggest that BRCAI mRNA struc-
tural features may result in a preference for the Met-297 trans-
lation initiation site.

BRCAI1-Met-297 was present in parental SUM1315MO2 cells
but more abundant in rucaparib and cisplatin resistant clones.
Interestingly, expression of BRCAI-Met-297 tended to be high-
er in cells in which resistance was rucaparib induced as opposed
to cisplatin induced. This could be reflective of the type of DNA
repair mechanisms that are induced by each agent, whereby PARPi
primarily activates BRCA1 mediated-HR DNA repair, whereas
platinum is likely to elicit both HR and nucleotide excision repair
(NER) DNA repair pathways (48). Alternatively, PARPi may have
a greater impact on DNA damage-induced alternative translation
pathways (43). DNA damage has previously been associated with
translational reprogramming, allowing for selective synthesis of
DNA damage response proteins, and relies on upstream ORFs;
DNA damage has also been associated with a general reduction
in global translation (42, 43, 49). Our data suggested that SUM-
1315MO2 resistant cells had lower rates of global translation as
well as increased levels of p-elF2a and total ATF4, potentially
indicating that the alternative translation pathway contributed to
increased BRCA1-Met-297 expression.

In contrast to full-length BRCA1, Rdd-BRCA1 did not require
BARDI1 for stability, probably due to an absence of the RING-
located nuclear export signal usually masked by BARD1 bind-
ing (50). However, BARD1 was unstable and present at low or
undetectable levels in the absence of a BRCA1 RING domain-
containing peptide. Previous studies using genetic mouse mod-
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els of mammary carcinogenesis demonstrated that the Brcal®®¢
allele product, which is unable to interact with BARD1, promot-
ed RAD51 loading as well as platinum and PARPi resistance
(31). The mechanism we describe may not be limited to cancers
with BRCA1'%544¢ mutations and could be relevant to multiple
frameshifting, 5-located BRCAI mutations. However, mutations
located after Met-297 (c.891) are unlikely to develop resistance
through this mechanism, as the next downstream translation
start site at Met-531 (c.1593) produced a functionless protein.
Truncated constructs expressing BRCA1 BRCT domains have
previously been shown to be capable of forming foci (51-55).
However, BRCA1-Met-531 did not form IRIF, despite retaining
BRCT domains, suggesting that the peptide length or specific
regions retained may impact the ability of BRCT domains to be
recruited to sites of DNA damage.

SUM1315MO2 cells and tumors were initially PARPi and
platinum sensitive, in line with the patients’ clinical response
data, in which many patients harboring BRCA1$5¢4¢ mutations
had robust PARPi or platinum responses, but eventually acquired
resistance (17, 56). Although RNAi-mediated depletion of endog-
enous Rdd-BRCAL1 from SUM1315MO2 RR and CR cells reduced
RADS1 IRIF and restored PARPi and cisplatin sensitivity, ecto-
pic overexpression of BRCA1-Met-297 did not provide the same
degree of resistance that was observed in SUM1315MO2 RR and
CR cells. Furthermore, RING domain-deficient BRCA1 proteins
were less effective at rescuing PARPi and cisplatin sensitivity
than were ectopic full-length BRCAl-expressing cells. These
data suggest that Rdd-BRCA1 proteins were important for the
development of resistance; however, additional epi/genetic
events may work in conjunction with BRCA1-Met-297 to gener-
ate a more robust resistance phenotype.

BRCA15%46 tumors from patients who had developed either
platinum or PARPi resistance were previously shown to frequently
harbor genetic reversion mutations that restored the WT sequence
(22). Recent analyses of therapy-resistant ovarian carcinomas
confirmed that approximately half of BRCAI-mutant carcinomas
tested harbored secondary mutations that restored the ORF (25).
Interestingly, the allele frequency of reversion mutations often
varied within a tumor, potentially suggesting that intratumoral
heterogeneity facilitates the existence of more than one mecha-
nism of resistance within individual carcinomas. It is possible that
reversion mutation-containing cells coexist with RING-deficient
BRCAL1 protein-expressing cells within neoplasms.

In conclusion, we show that BRCA1 RING domain-deficient
proteins retain hypomorphic activity and, when expressed at high
enough levels, can contribute to HR DNA repair and therapy resis-
tance. In light of the increasing number of resistance mechanisms
described to date, multiple biological events may contribute to
therapy resistance in BRCAI mutation carriers, as well as within
individual tumors. Further work is required to assess the incidence
of these events in patients’ malignancies as well as their impact on
chemotherapeutic response and survival outcomes.

Methods

Cell lines and reagents. Cell lines were obtained from the ATCC or
Asterand. Cell lines tested negative for mycoplasma. Cells were
authenticated by DNA fingerprinting (IDEXX BioResearch). Chem-
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icals were purchased from Sigma-Aldrich. Clovis Oncology provided
rucaparib (CO-338). Cisplatin was from APP/Fresenius Kabai USA
and placlitaxel from Sagent Pharmaceuticals.

Derivation of resistant clones. SUM1315MO2 cells were cultured in
the presence of either 1 pM rucaparib or 30 ng/ml cisplatin in 6-well
plates until 3 independent resistant clones emerged (approximately 1
month). Clones were labeled RR1 to RR3 and CR1 to CR3. Cells were
cultured in the absence of rucaparib or cisplatin for a minimum of 2
weeks before they were used for experiments.

Colony formation assays. Cells were seeded in 6-well plates at 1,000
cells per well in the presence of increasing concentrations of rucaparib.
For cisplatin, mitomycin C, or taxol treatments, exponentially growing
cells were cultured in 24-well plates, treated with increasing concen-
trations or doses for 24 hours, and replated at 1,000 cells per well in
6-well plates for colony formation. For siRNA treatments, exponential-
ly growing cells were reverse transfected in 24-well plates, and 2 days
after transfection, cells were treated with rucaparib for 72 hours or cis-
platin for 24 hours and then replated in 6-well plates for colony forma-
tion. For the resistance emergence assays described in Figure 4E, cells
were seeded at decreasing densities in 6-well plates and maintained in
the presence of either 20 nM rucaparib or 20 ng/ml cisplatin until resis-
tant colonies emerged. Colony formation was assessed 2 weeks after
plating with crystal violet staining. The mean colony formation from 3
experiments was expressed as a percentage of colonies * SEM relative
to vehicle-treated cells. Lethal concentration (LCSO) values (concentra-
tion required to reduce colony formation by 50% compared with vehi-
cle) were calculated using GraphPad Prism software (Version 6) and
used to compare fold changes in drug sensitivity.

Immunoprecipitation, mass spectrometry, Western blotting, immu-
nofluorescence, and focal microscopy. BRCA1 Ab (Santa Cruz Biotech-
nology Inc.; catalog sc-6954) was used for immunoprecipitation of
BRCA1 complexes from 2 mg nuclear extract using a Pierce Classic
IP Kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Nuclear extracts were derived using NE-PER Nucle-
ar and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific)
according to the manufacturer’s instructions. For peptide analyses,
after immunoprecipitation, bands corresponding to BRCA1 were cut
out and gel purified, digested using chemotrypsin, and analyzed by
liquid chromatography-tandem mass spectrometry (LC-MS/MS).
The following Abs were used to detect proteins by Western blotting:
tubulin (Cell Signaling Technology; catalog 2148); HSP90 (Enzo Life
Sciences; catalog ADI-SPA-830); RADS1 (Santa Cruz Biotechnology
Inc., catalog sc-8349); N-terminal BRCA1, MS110 (Calbiochem; cat-
alog OP92); C-terminal BRCA1 (Santa Cruz Biotechnology Inc.; cat-
alog sc-6954); C-terminal BRCA1 (EMD Millipore; catalog 07-434);
V5 (Bethyl Laboratories; catalog A190-120A); CtIP (Bethyl Labora-
tories; catalog A300-488A); BARDI1 (Bethyl Laboratories; catalog
A300-263A); p-S51 elF2a (Cell Signaling Technology; catalog 3398);
total elF2o (Cell Signaling Technology; catalog 9722); and ATF4
(Cell Signaling Technology; catalog 11815). For assessment of new-
ly translated peptides, cells were incubated with 1 uM puromycin for
30 minutes. Cells were then collected and subjected to Western blot
analysis using anti-puromycin Ab (Kerafast; catalog EQ0001). For
immunofluorescence, V5 (Bethyl Laboratories; catalog A190-120A);
BRCA1 (Santa Cruz Biotechnology Inc.; catalog sc-6954); y-H2AX
[pS139] (EMD Millipore; catalog 05-636); and RAD51 (Santa Cruz
Biotechnology Inc.; catalog sc-8349), Abs were followed by second-

jci.org  Volume126  Number8  August 2016

The Journal of Clinical Investigation

ary Abs conjugated to FITC or Texas Red (Jackson ImmunoResearch
Laboratories; codes 711-585-152, 711-095-152, 715-095-150, and 715-
585-150). We acquired immunofluorescence images using a Nikon
NIU Upright Fluorescence Microscope and generated images using
Nikon NIS Elements software. For IR experiments, we routinely fixed
cells 8 hours after treatment with 10 Gy. For analyses, we counted a
minimum of 200 cells per condition or cell line. Each experiment was
performed at least 3 times with biological replicates.

Cell-cycle analysis. Cells were harvested and fixed with ethanol.
The cells were washed with PBS and resuspended in 0.5 ml FxCycle
PI/RNase Staining Solution (Life Technologies, Thermo Fisher Sci-
entific) and incubated at room temperature for 30 minutes. The data
were acquired using a BD LSR II Flow Cytometer and analyzed using
Flow]Jo software.

CRISPR/Cas9 gene editing. The CRISPR/Cas9 system was a gift
of Christoph Seeger (Fox Chase Cancer Center) (57). MDA-MB-231
and SUM1315MO2 cells were first infected with the lentiviral vector
pCW-Cas9 and selected with puromycin (2 ug/ml). Cas9 expression
was conditionally induced by the presence of doxycycline (4 pg/ml).
A Cas9 high-expression clone was selected for sequential genome
editing. Gene-specific single-guide RNA (sgRNA) sequences were
identified using the CRISPR Design Tool (http://crispr.mit.edu/). We
used the following DNA oligonucleotides to generate the following
sgRNAs: sg_GFP, forward: CACCGAGCTGGACGGCGACGTAAA;
sg_GFP, reverse: AAACTTTACGTCGCCGTCCAGCTC; sg_exon 2,
forward: CACCGTTGTGCTGACTTACCAGAT; sg_exon 2, reverse:
AAACATCTGGTAAGTCAGCACAAC; sg_exon 11, forward: CAC-
CGTGAAGTTAACAAATGCACC; sg_exon 11, reverse: AAACGGT-
GCATTTGTTAACTTCAC. sgRNA oligonucleotides were cloned into
the sgRNA expression vector pLX-SG1 using BsmBI sites.

MDA-MB-231-Cas9 and SUM1315MO2-Cas9 cells were then
infected with the lentiviral vector pLX-SG1 and selected with blasticidin
(10 pg/ml). After a 5-day incubation with doxycycline (4 pg/ml), cells
were collected. For validation of targeted mutations, genomic DNA was
isolated from cells, followed by PCR amplification of targeted loci using
the forward and reverse primers listed below, and PCR products were
directly sequenced using the primers listed below. The expression of
BRCA1lwas further confirmed by Western blot analysis. Exon 2, forward:
GATAGGAACTGGAATATGCCTTGA, exon 2, reverse: CAGCCTCTC-
GACAGAGATCCTAT, exon 2, sequenced: ATTGGAGAAAGCTAAG-
GCTACCA; exon 11, forward: GAGTGGTTTTCCAGAAGTGATGA,
exon 11, reverse: TAATACTGGAGCCCACTTCATTAGT, exon 11,
sequenced: TGGCTCAGTAACAAATGCTCCTAT.

RNA interference and cDNA add-back treatments. We purchased
Hs BRCAL1 FlexiTube siRNA constructs (construct 1, SI00096313 and
construct 2, SI02654575) and AllStars Negative Control siRNA (scram-
bled control) from QIAGEN. BARDI siRNA 1 (J-003873-09) and siRNA
2 (J-003873-10) were obtained from Dharmacon. Mission shRNA non-
target control (SHC002) was purchased from Sigma-Aldrich, and shRNA
targeting endogenous BRCA1 was a gift of Jos Jonkers (Netherlands
Cancer Institute, Amsterdam, Netherlands). Transfections were carried
out according to standard protocols. mCherry and HA-BRCA1 ¢cDNA
were cloned into the pENTRIA Gateway Entry vector (Invitrogen) and
shuttled into a pDest-IRES-GFP Destination vector (Life Technologies,
Thermo Fisher Scientific). To generate BRCA1 proteins where transla-
tion initiated at methionines 48-531, a small fragment corresponding to
the specific methionine of interest was first amplified using the follow-
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ing primers: Met-48, forward: CCCAAGCTTATGCTGAAACTTCT-
CAACCAGAAG, reverse: ATCTGTTATGTTGGCTCCTTGCTA; Met-
128, forward: CCCAAGCTTATGGGCTACAGAAACCGTGC, reverse:
ATCTGTTATGTTGGCTCCTTGCTA; Met-297, forward: AGCTTAT-
GAATGTAGAAAAGGCTG, reverse: AATTCAGCCTTTTCTACATTCA-
TA; Met-531, forward: CCCAAGCTTATGATAAATCAGGGAACTAAC-
CAAAC, reverse: CGAGATACTTTCCTGAGTGCCA. The amplified
fragments were used to replace the region spanning the HA affinity tag
to the ATG of interest in a pENTR-HA-BRCA1-V5 (full-length) construct
using HindIIl and EcoRI (M48, M128, M297) and Kpnl (M531) sites.
cDNAs were shuttled into pLenti-IRES-GFP Destination vectors using
the LR Clonase system (Invitrogen). Lentiviral generation and infections
were carried out according to standard protocols. Protein knockdown or
reexpression was routinely assessed 72 hours after transfection or 96 hours
after infection. Cells infected with cDNAs were sorted for GFP positivity
using the BD FACSAria II cell sorter and routinely checked for GFP posi-
tivity to maintain stable cell lines.

Gene-sequencing and RNA analyses. Genomic DNA was isolated
from cells using the DNeasy Blood and Tissue kit (QIAGEN). BRCAI
gene sequencing was carried out as previously described (58). PCR
amplicons were sequenced bidirectionally using the Applied Biosys-
tems Big Dye Terminator version 3.1 Cycle Sequencing Kit and an
ABI 3130xl genetic analyzer. Trace sequences were analyzed using
Sequencher version 4.9 software (Gene Codes Corporation) and ABI
Sequence Scanner version 1.0 software. BROCA sequencing includ-
ed the following genes: ATM, ATR, BABAMI, BAP1, BARDI, BLM,
BRCAI, BRCA2, BRCC36, BRE, BRIP1, CDK12, CHEKI, CHEK2,
DCLREIC, FAMI75A, FANCC, ID4, LIG4, MLHI, MRE1IA, MSH?2,
MSH6, NBN, PALB2, PIK3CA, PMS2, PRKDC, PTEN, RAD50, RADS],
RADS51B, RAD5IC, RAD51D, RBBPS, SLX4, TOPBP1, TP53, TP53BPI,
UIMCI1, USP28, XRCC2, XRCC3, XRCC4, XRCC5, and XRCC6, and
only clear loss-of-function mutations were reported (37).

Total RNA was isolated from cell lines using the RNeasy Plus
Mini Kit (QIAGEN). RT-PCR assays were performed with cDNA gen-
erated using the SuperScript III First-Strand Synthesis System (Life
Technologies, Thermo Fisher Scientific) and Hot Start Taq DNA
Polymerase (New England BioLabs). Primers were located in exon 1,
forward: GTATTCTGAGAGGCTGCTGCTTAG and exon 11, reverse:
TTCATTTGGCTTGTTACTCTTCTTG.

For quantitative RT-PCR, RNA was tested for quality on a Bio-
analyzer (Agilent). RNA concentrations were determined with a
spectrophotometer (NanoDrop; Thermo Fisher Scientific). RNA was
reverse transcribed using Moloney murine leukemia virus reverse
transcriptase (Ambion, Thermo Fisher Scientific) and a mixture of
anchored oligo-dT and random decamers. Two reverse transcription
reactions were performed for each sample using either 100 or 25 ng
input RNA. Assays were used in combination with Tagman Universal
Master Mix or Power SYBR Green Master Mix and run on a 7900 HT
Sequence Detection System (all from Applied Biosystems, Thermo
Fisher Scientific). Cycling conditions were 95°C for 15 minutes, fol-
lowed by 40 (2-step) cycles (95°C, 15 s; 60°C, 60 s). Ct values were
converted to quantities (in AU) using a standard curve (4 points,
4-fold dilutions) established with a calibrator sample. BRCAI and
the housekeeping gene POLR2F mRNA levels were measured using
the following forward and reverse primers: BRCAI, exons 2/3, for-
ward: TTATCTGCTCTTCGCGTTGAAG, BRCAI, exons 2/3, reverse:
TTGTGGAGACAGGTTCCTTGAT; BRCAI, exons 6/7, forward:
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TGACACAGGTTTGGAGTATGCA, BRCAI, exons 6/7, reverse: CTG-
TAGCCCATACTTTGGATGATAGA; BRCAI, exon 11, forward: TAG-
CAAGGAGCCAACATAACAGAT, BRCAI, exon 11, reverse: CTG-
TAGCCCATACTTTGGATGATAGA; BRCAI, exons 15/16, forward:
GAATAGAAACTACCCATCTCAAGAGGA, BRCAI, exons 15/16,
reverse: CAGGTAAGGGGTTCCCTCTAGAT; POLRZ2F, forward:
TGCCATGAAGGAACTCAAGG, POLR2F, reverse: TCATAGCTC-
CCATCTGGCAG.

For each experiment, the BRCAI mRNA values were normalized
to POL2RF values and expressed as a fraction of expression levels
detected in MDA-MB-231 cells.

RNA secondary structure predicted was made using the RNA-
structure web server (http://rna.urmc.rochester.edu/RNAstruc-
tureWeb/Servers/Predictl/Predictl.html). Briefly, we entered the
70-bp mRNA sequence upstream of Met-128 and Met-297 for second-
ary mRNA prediction using the default settings.

PDX tumor derivation, xenograft treatments, and analyses. NSG
(NOD.Cg-Prkdc II2rg™™/Sz]) mice were purchased from The Jack-
son Laboratory. Patients’ tumors were harvested at the time of surgery,
and small tumor chunks (5-mm) were transplanted into the ovary of
5- to 8-week-old female mice. Once tumors were established and
reached approximately 700 to 1,000 mm? by ultrasound (M-Turbo;
SonoSite), tumors were harvested for expansion and frozen for DNA,
RNA, and protein analyses. Whole-exome sequencing was performed
for BRCAI and BRCA2 genes.

For xenograft studies, SUM1315MO2 and MDA-MB-436 cells
were s.c. implanted into 6-week-old female NSG mice. When tumors
reached approximately 300 mm?, they were harvested and cut into
smaller pieces, followed by s.c. reimplantation. Treatment was initi-
ated when tumors reached between 150 and 180 mm?® in size. Ruca-
parib was administered at 150 mg/kg twice daily for 10 consecutive
days, with a 2-day break after the first 5 days. Cisplatin was adminis-
tered in a single dose of 6 mg/kg. Vehicle treatment consisted of 0.5%
methylcellulose in water. Tumors were measured with calipers and
tumor volumes calculated using the formula: (length x width?). Mea-
surements were made every 3 days and mice euthanized when tumors
reached 1,500 mm?, in accordance with the institutional guidelines of
Fox Chase Cancer Center.

Histologic and immunohistochemical staining. Slides were deparaf-
finized and hydrated. Antigen retrieval was performed using EDTA
buffer, pH 9 (Dako; code S2368). Endogenous peroxidases were
quenched by the immersion of slides in 3% hydrogen peroxide solu-
tion (30% H,0,, Fisher BP2633-500, diluted in methanol). The follow-
ing primary Abs were used: Ki-67 (Epitomics; clone EP5; 1:1,500) or
y-H2AX (pS139) (EMD Millipore; N1-431;1:20,000); BRCA1 N-termi-
nal (Calbiochem; MS110;1:400); and BRCA1 C-terminal (EMD Milli-
pore; 07-434; 1:7,500). Abs were diluted with DaVinci Green Diluant
(Biocare Medical; code PD900) and incubated on slides overnight at
4°Cin a humidified slide chamber. Slides were then washed 3 times in
Tris-buffered saline with Tween-20 (TBST) and incubated with EnVi-
sion+ System HRP Labelled Polymer Anti-Rabbit (Dako; code K4003)
for 1 hour at room temperature. Specimens were washed 3 times in
TBST and then developed with DAB solution (Dako; code K3468)
and counterstained in Meyer’s Hematoxylin (Sigma-Aldrich; catalog
MHS32-1L). For analyses of Ki67 and y-H2AX expression, a mini-
mum of 2 tumors derived from 2 separate mice were used. Mice were
treated with rucaparib 150 mg/kg 2 times per day for 4 consecutive
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days. For cisplatin, mice were treated with a single dose of 6 mg/kg.
Tumors were resected and formalin fixed 4 days after the first dose. A
minimum of 2 tumors and 3 images per tumor were used to calculate
staining intensities. Image-staining intensities were measured using
Image] software (NIH). For BRCA1 patient tumor analyses, staining
was scored either positively or negatively, on the basis of the presence
or absence of nuclear staining.

Statistics. All results are presented as the mean + SEM and were
analyzed by a 2-tailed Student’s ¢ test. Statistical significance was
accepted at a Pvalue of less than 0.05.

Study approval. Fox Chase Cancer Center (IRB no. 14-805) and the
University of Pennsylvania (IRB no.702679) approved the work carried
out in this study. Animals were maintained according to IACUC guide-
lines of the Fox Chase Cancer Center (IACUC no. 12-13) and the Wistar
Institute (Philadelphia, Pennsylvania, USA; IACUC no. 112635).
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