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Abstract

Objectives—b53BP1, a critical mediator of the DNA damage response, functions by regulating
the balance between homologous recombination (HR) and the more error-prone non-homologous
endjoining (NHEJ). Deletion of 53BP1 in brcal (but not brca2) null cells partially restores HR and
reverses sensitivity to poly-ADP-ribose polymerase inhibitors (PARPi). We characterized 53BP1
and BRCAZ1 expression and their association with clinical outcomes in sporadic and inherited
ovarian carcinomas.

Methods—We evaluated 53BP1 and BRCA1 protein expression using immunohistochemistry in
248 ovarian carcinomas and mRNA expression in 89 cases with quantitative reverse transcriptase
PCR. All subjects were comprehensively characterized for germline mutations in BRCA1 and
BRCA2.

Results—BRCA1-mutated (but not BRCA2-mutated) ovarian carcinomas had significantly higher
53BP1 protein expression than wildtype carcinomas. 53BP1 message levels were significantly
associated with BRCA1 message levels in wildtype and BRCA1-mutated but not BRCA2-mutated
carcinomas. In wildtype carcinomas, lower 53BP1 message predicted improved survival (p=0.02,
median survival 74 vs. 41 months, HR 0.49, 95% CI 0.27-0.88). Survival was not impacted by
BRCAL message level. 53BP1 expression was not associated with primary platinum resistance. In
54 paired primary and recurrent cases, 53BP1 protein expression was equally likely to decrease or
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increase, and there was no association between decreased 53BP1 at recurrence and the
development of platinum resistance.

Conclusions—BRCA1-mutated ovarian carcinomas have higher 53BP1 protein expression than
wildtype or BRCA2-mutated carcinomas, in opposition to previous findings in breast carcinomas.
Higher 53BP1 protein, which promotes NHEJ, could explain the frequent chromosomal
aberrations that are characteristic of BRCA1l-mutated ovarian carcinomas. In wildtype ovarian
carcinomas, decreased 53BP1 message predicts improved survival, but message and protein
expression were not associated.
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INTRODUCTION

In mammalian cells, homologous recombination (HR) and non-homologous end joining
(NHEJ) are the two major pathways responsible for the repair of DNA double-strand breaks.
BRCAL and BRCA2 (BRCA1/2) are required for error-free repair via HR. In BRCA1/2
mutation carriers, primary carcinomas develop when the wildtype BRCA1/2 allele is lost,
leading to a deficiency of functional BRCA1/2 protein. Cells deficient in BRCA1/2 have
defective HR, which results in increased sensitivity to DNA crosslinking agents, such as
cisplatin and carboplatin. In addition, loss of HR-mediated DNA repair is synthetically
lethal with exposure to poly-ADP-ribose polymerase inhibitors (PARPI) [1-3].

Cells with defective HR preferentially undergo DNA repair through the NHEJ pathway. In
BRCAL/2-deficient cells, p53-binding protein 1 (53BP1) occupies sites of damage and
promotes error-prone NHEJ, which results in mutations and radial chromosome formation.
While 53BP1 promotes NHEJ, loss of 53BP1 promotes HR [4-8]; thus, 53BP1 appears to be
a key transducer of the cellular response to DNA damage. Investigators have shown that
deletion of 53BP1 in brcal (but not brca2) null cells rescues embryonic lethality, partially
restores HR, and reverses sensitivity to PARPI [9, 10]. However, while 53BP1 knockdown
or deletion rescues HR deficiency and sensitivity to PARPI, it is insufficient to reverse
sensitivity to agents that cause interstrand DNA cross-links, including cisplatin [11].

BRCAL/2-mutated ovarian carcinomas have aneuploidy and frequent chromosomal
aberrations, consistent with NHEJ being the predominant DNA repair pathway in these
carcinomas. Most studies report improved survival in women with BRCA1/2-mutated
ovarian carcinomas compared to women with sporadic ovarian carcinomas, consistent with
increased sensitivity to platinum-based chemotherapy secondary to HR deficiency [12-14].
Although somatic mutations in BRCAL/2 are relatively rare in sporadic ovarian carcinomas,
loss of BRCAL protein is common [15]. BRCAL methylation, which occurs in 15-20% of
ovarian carcinomas [16-19], is associated with decreased protein expression, but explains
only a fraction of sporadic carcinomas with decreased BRCA1 message [15]. Decreased
BRCAL protein expression, but not BRCAL methylation, is associated with improved
overall survival in sporadic ovarian carcinomas [15, 20, 21].

A better understanding of the role of 53BP1 in sporadic and inherited ovarian carcinoma
could have important therapeutic implications. We evaluated protein and mRNA expression
of 53BP1 and BRCAL in a large number of primary and recurrent ovarian, fallopian tube,
and peritoneal carcinomas to determine whether 53BP1 expression is associated with
clinical outcomes in sporadic and inherited ovarian carcinoma.
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Primary or recurrent epithelial ovarian, fallopian tube, and peritoneal carcinomas that were
completely characterized for germline mutations in BRCA1 and BRCA2 were included in the
study. All tissues and clinical information were obtained from the University of Washington
Gynecologic Oncology Tissue Bank according to an institutional review board-approved
protocol. BRCAL/2 genetic testing information was obtained from clinical records or from
comprehensive genomic analysis using targeted capture and massively parallel sequencing,
as previously described [22]. All cases with negative genetic testing were evaluated for
BRCAL/2 gene rearrangements. 194 subjects were included in the study. 112 primary, 28
recurrent, and 54 paired primary-recurrent carcinomas were analyzed.

Only germline mutations in BRCAL and BRCA2 were considered for the study, as it is not
established that somatic and germline mutations would necessarily behave in an equivalent
manner. However, the majority of subjects (129 out of 194, 66%) underwent comprehensive
genomic analysis for somatic mutations, and only three subjects were identified as having
somatic mutations in BRCAL or BRCA2.

nohistochemistry (IHC)

IHC analysis was performed on 4-pm-thick tissue sections prepared from formalin-fixed,
paraffin-embedded tissue. Tissue sections were deparaffinized in xylene and sequentially
rehydrated. Heat-mediated antigen retrieval was performed in a Tris-EDTA buffer (10 mM
Tris Base, 1 mM EDTA, pH 9.0) containing 0.05% Tween 20. Slides were allowed to cool
to room temperature, washed in PBS, incubated in 3% hydrogen peroxide to block
endogenous peroxidase, blocked with 2.5% horse serum, and incubated with mouse primary
antibody diluted 1:20 (Anti-53BP1, a kind gift from Thanos Halazonetis, University of
Geneva [23]) at 4°C overnight. Secondary antibody was anti-mouse immunoglobulin
(ImmPRESS Anti-Mouse IgG, Rat adsorbed peroxidase Polymer Detection Kit; Vector
Laboratories, Burlingame, CA, MP-7422-15), and was applied for 30 minutes at room
temperature. DAB substrate (Dako) was used to visualize antibody complexes. Sections
were counterstained with hematoxylin. Negative (no primary antibody) and positive (normal
fallopian tube epithelium) controls were included in each staining run. For each slide, the
percentage of positive tumor cells was defined as the percent that stained moderately to
strongly positive (huclear staining) and was treated as a continuous variable for some
analyses. The percent of positive neoplastic cells was dichotomized as normal (=40%
moderate or strongly positive) or decreased (<40% moderate or strongly positive) in most
analyses, although other cut-offs besides 40% were also examined. The 40% cut-off has
been used in other studies which used this same antibody [10, 24], and the relatively high
cut-off of 40% was originally chosen because this 53BP1 antibody is very sensitive for
detection of low levels of 53BP1.

BRCA1 Immunohistochemistry

BRCAL protein was detected in formalin fixed paraffin sections using the mouse
monoclonal antibody MS110 diluted 1:250 (previously called Ab-1, Oncogene Research
Products), as previously described [15]. The MS110 antibody recognizes an amino terminal
epitope at BRCA1 (amino acid residues 89-222) [25]. We used non-tumor inflammatory
and stromal cells as internal positive control cells for BRCAL. Decreased protein was only
scored if normal cells on the same section were positive. Primary and recurrent tumors were
stained side by side under identical conditions.
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Real-Time Quantitative Reverse Transcription-Polymerase Chain Reaction

Real-time quantitative reverse transcription-polymerase chain reaction (QRT-PCR) was used
to determine expression of BRCAL and 53BP1 in a subset of 89 cases for which fresh frozen
neoplasm was available. RNA was isolated from frozen tissue using the RNeasy Maxi kit
(Qiagen, Valencia, CA). Reverse-transcription was performed with the Superscript VILO
cDNA synthesis kit (Invitrogen Life Technologies, Grand Island, NY). TagMan Gene
Expression Assays (Applied Biosystems, Carlsbad, CA) were used for BRCA1
(Hs00173233_m1), 53BP1 (Hs00996818_m1) and GAPDH (PN 4352934E). All samples
were run in triplicate, and the Comparative CT (ddCT) method was used for relative
quantitation using ABI Sequence Detection Software v2.4 (Applied Biosystems). Target
gene CT values were normalized to GAPDH. GAPDH was chosen as our reference gene
based on prior experiments evaluating the stability of various candidate reference genes
among our samples: We previously tested 7 of our own ovarian cancer specimens (6 of
which overlapped with our current study) along with paired normal ovarian epithelial tissue
for expression of 10 housekeeping genes (ACTB, B2M, GAPDH, GUSB, HPRT, PGK,
PPIA, RPLPO, TBP, and TFRC) as well as 18S rRNA. Among the 11 reference genes
tested, GAPDH was the most consistently expressed across malignant and non-malignant
ovarian specimens.

Statistical Analysis

Significance of contingency tables was analyzed by Chi squared or Fisher’s exact test.
Comparison of 53BP1 protein expression as a continuous variable in subgroups was
performed with unpaired t-test. 53BP1 and BRCA1 mRNA associations were evaluated with
Pearson correlation analysis. Overall survival was evaluated according to the method of
Kaplan and Meier; differences were assessed by the log-rank test. In cases with paired
primary and recurrent samples, individuals were counted only once and the primary
carcinoma of the pair was used for analysis. Primary platinum sensitivity was defined as a
complete response to treatment maintained without progression for at least six months after
platinum therapy. Primary platinum resistance was defined as progressive disease on
platinum therapy, less than a complete response to platinum therapy, or progression within 6
months of completing platinum therapy. When paired primary and recurrent samples were
evaluated to determine if 53BP1 status could predict the development of platinum resistance
at time of recurrence, the actual response to platinum-based chemotherapy was used. A case
was considered platinum sensitive at recurrence if the subject had a complete response to
platinum therapy administered for that recurrence, followed by a progression free interval of
six months or greater. The case was considered platinum resistant at recurrence if the subject
had less than a complete response to the platinum therapy or recurrence within six months.
All P values were two-tailed with alpha set at 0.05. GraphPad Prism software (La Jolla, CA)
was used for all statistical analyses.

RESULTS

Case characteristics

194 subjects and 248 carcinomas were included in this study: 112 subjects with primary
carcinoma, 28 with recurrent carcinoma, and 54 with a paired primary and recurrent
carcinoma (thus, a total of 166 cases were primary and 82 cases were recurrent). Of the 194
subjects, 66 had a deleterious mutation in BRCAL, 23 in BRCA2, and 105 were wildtype for
BRCAL/2. Supplementary Table 1 provides the specific germline BRCAL/2 mutations
observed. Individuals with variants of uncertain significance were excluded from the study.
For primary carcinomas, the median age at diagnosis was 57 years (range, 27-88 years),
89% were advanced stage and had serous histology, and 71% had optimal cytoreduction (<1
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cm maximum residual tumor diameter) at the time of primary surgery (Table 1). Table 1
reflects characteristics of the 166 cases with primary carcinoma.

85 subjects had 53BP1 and BRCA1 mRNA expression evaluated. In this subset, 61 subjects
had primary carcinoma, 20 had recurrent carcinoma, and 4 subjects had paired primary-
recurrent carcinomas (thus, a total of 65 primary and 24 recurrent cases). 10 subjects were
BRCA1 mutation carriers, 5 were BRCA2 mutation carriers, and 70 were wildtype for
BRCAZL/2. Characteristics of the 65 primary carcinoma cases with mRNA expression data
are displayed in Table 1.

53BP1 protein expression

Representative pictures of normal and decreased 53BP1 protein expression in carcinomas
are shown in Figure 1. Decreased 53BP1 protein (<40% of cancer cells stained positive) was
noted in 22% of all primary carcinomas and 29% of all recurrent carcinomas (p=0.27).
When primary carcinomas were stratified by decreased or normal 53BP1 protein expression,
there was no significant difference in age at diagnosis, stage, histology, or optimal
cytoreduction rates (Table 1). A higher proportion of wildtype primary carcinomas (29.4%)
had decreased 53BP1 protein (<40% staining) compared to BRCA1-mutated ovarian
carcinomas (11.9%, p=0.01). There was no significant difference in 53BP1 protein
expression between BRCA2-mutated and wildtype ovarian carcinomas (Table 1). Using
protein expression as a continuous variable, BRCA1-mutated ovarian carcinomas had
significantly higher 53BP1 protein expression than wildtype carcinomas in both primary
(p=0.001) and recurrent (p=0.04) carcinomas (Figure 2). BRCA2-mutated ovarian
carcinomas had a trend toward higher 53BP1 expression than wildtype carcinomas in
primary (p=0.07) but not recurrent (p=0.9) carcinomas.

There was no difference in 53BP1 protein expression among primary wildtype carcinomas
when samples with low BRCA1 protein expression (<30% staining of tumor cells) versus
normal BRCAL protein expression were compared. Likewise, there was also no difference
in 53BP1 protein expression when samples were stratified by BRCAL1 mRNA expression
(data not shown).

53BP1 mRNA expression

In the 65 primary carcinomas with 53BP1 and BRCA1 mRNA expression data, there was no
difference in clinical characteristics for carcinomas with low versus high 53BP1 mRNA
expression when dichotomizing samples around median 53BP1 mRNA expression (Table
1). There was also no difference in 53BP1 message levels between BRCAL, BRCAZ2, or
wildtype carcinomas, but these analyses were limited by the small number of cases in this
series with BRCAL1/2 mutations. When dichotomizing samples around median 53BP1
mMRNA expression, 16 out of 20 (80%) of recurrent carcinomas had low 53BP1, compared to
33 out of 65 (51%) primary carcinomas (p=0.04). When analyzing mRNA expression as a
continuous variable, recurrent carcinomas had slightly lower 53BP1 message expression
compared to primary carcinomas (p=0.03); recurrent carcinomas had a median expression of
5.01, compared to 7.93 in the primary carcinomas (1.6-fold lower).

53BP1 message levels were significantly associated with BRCA1 message levels in
wildtype and in BRCA1l-mutated, but not in BRCA2-mutated, ovarian carcinomas (Figure 3).

Importantly, there was no significant correlation between 53BP1 mRNA and protein
expression for cases for which both were evaluated, including whether mMRNA and protein
expression were considered as continuous variables or as dichotomous variables.
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53BP1 and clinical outcomes

Lower 53BP1 message in wildtype carcinoma was associated with an improved overall
survival (P=0.02), with a median survival of 74 months versus 41 months (Hazard
ratio=0.49, 95% confidence interval 0.27-0.88, Figure 4). Too few carcinomas with
BRCA1/2 mutations were available for 53BP1 mRNA assessment to allow survival estimates
in those subsets. In contrast to message expression, 53BP1 protein expression did not impact
overall survival for subjects with primary wildtype, BRCA1-mutated, or BRCA2-mutated
carcinomas, whether analyzed as a dichotomous or continuous variable.

Since mRNA levels of BRCAL and 53BP1 were correlated, we assessed whether the
improved survival observed for wildtype ovarian carcinomas with low 53BP1 message
could be attributed to low BRCAL message. However, survival was not significantly
impacted by BRCAL message level when carcinomas were dichotomized around median
BRCAL message expression.

For primary carcinomas, there was no significant association between decreased 53BP1
protein expression or low 53BP1 message and primary platinum resistance. There was also
no significant association between decreased BRCA1 protein expression (<30% staining) or
low BRCA1 message and platinum resistance in wildtype carcinomas.

53BP1 protein expression in primary-recurrent pairs

Fifty-four subjects had both a primary and a recurrent carcinoma available for evaluation; of
these, 18 had a germline BRCAL mutation, 9 had a germline BRCA2 mutation, and 27 were
wildtype. We classified 53BP1 protein expression as decreased or normal and examined
whether 53BP1 levels varied at the time of recurrence compared to the untreated primary
carcinoma (Table 2). In 43 cases in which the primary carcinoma had normal 53BP1
expression, 28 (65%) maintained normal protein expression, and 15 (35%) demonstrated
decreased 53BP1 expression in the recurrence. In 11 cases in which the primary carcinomas
had decreased 53BP1 expression, 6 (55%) had similar and 5 (45%) had increased (i.e.
normal) 53BP1 expression in the recurrence. Therefore, it was not more likely for 53BP1
protein to increase or decrease in a paired recurrence. Only four pairs had 53BP1 mRNA
levels evaluated for both the primary and recurrent sample (one BRCA1-mutated carcinoma,
and three wildtype carcinomas), and all four demonstrated a relative decrease in 53BP1
mMRNA levels in the recurrence.

Although not statistically significant, there was a trend that BRCA1-mutated carcinomas
were more likely to retain normal 53BP1 protein expression in recurrence compared to
wildtype carcinomas, with 53BP1 decreasing in only three out of 17 (17.6%) BRCA1-
mutated carcinomas, compared to nine out of 20 (45%) wildtype carcinomas (p=0.09).

22 wildtype, 14 BRCA1-mutated, and five BRCA2-mutated pairs had complete clinical
information available regarding their history of recurrence and platinum sensitivity (Table
2). There was no association between decreased 53BP1 protein expression (<40%) at time of
recurrence and development of platinum resistance. In wildtype carcinomas, 13 patients had
decreased 53BP1 at recurrence, and three (23%) developed platinum resistance (six
remained platinum-sensitive and three had primary platinum resistance); 9 patients had
normal 53BP1 expression in their recurrence, and one (11%) developed platinum resistance
(four remained platinum-sensitive and four had primary platinum resistance).

In the BRCA1-mutated carcinomas, four patients had decreased 53BP1 at recurrence, and
two (50%) developed platinum resistance (one patient remained platinum-sensitive and one
had primary platinum resistance); ten patients had normal 53BP1 expression in their
recurrence, and two (20%) developed platinum resistance (seven remained platinum-
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sensitive and one had primary platinum resistance). 12 of 14 BRCAl-mutated carcinomas
also were evaluated for secondary somatic mutations that restored BRCAL in the recurrence,
which we have previously shown to predict platinum resistance [26]. For those with
decreased 53BP1 expression at recurrence, both recurrent carcinomas (100%) which had
developed platinum resistance had somatic mutations that restored BRCA1. Of those which
retained normal 53BP1 expression, two of three (66%) which had developed platinum
resistance had secondary somatic mutations that restored BRCAL. (No secondary mutations
were found in the patients who remained platinum sensitive, regardless of 53BP1
expression.) Thus, a decrease in 53BP1 protein at recurrence did not predict platinum
resistance in BRCA1-mutated carcinomas, in contrast to the development of reversion
mutations, which was highly correlated with platinum resistance.

Exploratory analyses using different definitions of decreased 53BP1 protein expression

53BP1 protein expression was considered decreased when less than 40% of malignant
epithelial cells stained positive. We explored whether other cut-offs, including 30% and
50%, would change our results. When using a cut-off of 50%, a higher proportion of
wildtype primary carcinomas (29.4%) had decreased 53BP1 protein compared to BRCA1-
mutated ovarian carcinomas (13.6%, p=0.03), and there was no significant difference in
53BP1 protein expression between BRCA2-mutated and wildtype ovarian carcinomas,
similar to the findings seen when using a cut-off of 40%. When using a cut-off of 30%,
overall fewer primary cases had decreased 53BP1 expression (16.9% compared to 21.7%
using the 40% cut-off), and there was no longer a statistically significant difference between
primary wildtype and BRCA1l-mutated (or BRCA2-mutated) carcinomas, although there was
a trend towards significance (p=0.07).

There was no association between decreased 53BP1 protein expression and primary
platinum sensitivity or survival for any cut-off evaluated. When evaluating 53BP1 protein
expression in primary-recurrent pairs, it was not more likely for 53BP1 protein to increase or
decrease in a paired recurrence. Of the cases in which the primary carcinoma had normal
53BP1 expression, 33%, 35%, and 32% of cases demonstrated decreased 53BP1 expression
at recurrence, when using cut-offs of 30%, 40%, and 50%, respectively. Of the small
number of cases in which the primary carcinomas had decreased 53BP1 expression, 36%,
45%, and 50% had increased (i.e. normal) expression in the recurrence, respectively. Thus,
findings were very similar when using different cut-offs.

DISCUSSION

We evaluated 53BP1 expression in a large set of ovarian, fallopian tube, and peritoneal
carcinomas, and correlated 53BP1 expression with clinical outcomes in sporadic and
inherited carcinomas. Primary and recurrent BRCA1-mutated (but not BRCA2-mutated)
ovarian carcinomas had higher 53BP1 protein expression compared to wildtype carcinomas.
In primary carcinomas, decreased 53BP1 expression was noted in 29% of wildtype
compared to only 12% of BRCA1-mutated carcinomas. However, although these results
were statistically significant, the lack of an association of 53BP1 protein expression with
clinical outcomes calls into question the clinical importance of this finding.

In contrast to our findings of higher 53BP1 protein expression in BRCA1l-mutated compared
to wildtype ovarian carcinomas, Bouwman et al reported that both BRCA1-mutated and
BRCA2-mutated breast carcinomas had lower 53BP1 expression compared to non-BRCAL/2
breast carcinomas [10]. These investigators hypothesized that loss of 53BP1 promoted
survival, allowing BRCA1/2-deficient neoplastic cells to proliferate. It is not immediately
clear why 53BP1 protein expression would have an opposite association with BRCA1-
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mutation status in breast versus ovarian carcinomas. Notably, we used the same antibody,
dilution, and definition of decreased expression.

We did not find as pronounced an association for BRCA2-mutated compared to BRCA1-
mutated ovarian carcinomas and 53BP1 expression, which is in line with in vitro data that
demonstrates a differential effect for 53BP1 in a BRCAl-mutated compared to a BRCA2-
mutated background. The increased 53BP1 protein expression in BRCALl-mutated ovarian
cancers could merely reflect dominance of the NHEJ DNA repair pathway, which is
promoted by 53BP1, in these cancers. The frequently observed chromosomal aberrations
and high aneuploidy seen in BRCA1l-mutated ovarian carcinomas are consistent with NHEJ
being the primary DNA repair pathway in these cells. Indeed, our finding of increased
53BP1 protein in BRCA1-mutated ovarian carcinomas is concordant with laboratory
findings by Bouwman et al, who showed that brcal-null conditional mouse embryonic stem
cells accumulate in G2, likely reflecting a checkpoint response induced by unrepaired DNA
damage, and display increased 53BP1 protein levels in response to DNA damage [10]. The
G2 arrest of brcal-null cells was abrogated by shRNA-mediated depletion of 53BP1.

Because in vitro studies have shown that loss of 53BP1 partially restores HR [9-11], we
predicted that decreased 53BP1 would correlate with worsened survival. However, we did
not observe any correlation of 53BP1 protein expression (whether considered as a
dichotomous or continuous variable) with outcomes. Instead, we observed that low 53BP1
mMRNA levels significantly correlated with improved survival for subjects with wildtype
ovarian carcinoma, with a median survival of 74 months in tumors with low 53BP1 mRNA
compared to 41 months in tumors with high 53BP1 mRNA (p=0.02). Notably, 53BP1
mRNA and protein levels were not associated, implying that 53BP1 protein expression is
dependent on regulatory mechanisms other than mMRNA level, such as microRNAs or protein
stability and turnover. Since 53BP1 mRNA was significantly associated with BRCAL
MRNA expression in wildtype carcinomas, we evaluated whether the improved survival
associated with low 53BP1 message could be attributed to low BRCA1 message. However,
that was not the case. Given the lack of correlation between 53BP1 mRNA and protein
levels, it seems doubtful that the improved survival associated with decreased message is
directly related to 53BP1 activity, but instead reflects some other gene regulatory process
associated with outcome, such as alterations of transcription factors or microRNAs that
simultaneously impact both 53BP1 and other genes that impact survival.

In a recent analysis of expression of DNA repair genes using data from the Cancer Genome
Atlas (TCGA) analysis of serous ovarian carcinomas [20], Kang et al found that higher
expression of 10 of 11 HR genes was associated with improved survival, an effect in
opposite direction to their predicted hypothesis [28]. The notable exception was BRCA2, in
which lower expression was associated with longer survival. Kang’s findings that higher HR
gene expression was associated with improved survival runs counter to the current
predictive model of HR defective ovarian carcinomas and predicted platinum sensitivity.
Possibly, cells that are defective in HR have higher expression of HR genes and lower
53BP1 message in an ineffective attempt to alter protein expression and increase HR
function. The DNA damage response pathway and how alterations in individual components
might impact therapeutic response appears more complex than our underlying assumptions;
regulatory mechanism will require significant further investigation.

A hallmark of BRCAL/2-mutated carcinomas is hypersensitivity to platinum-based
chemotherapy and PARP inhibitors. Investigators have shown that deletion of 53BP1 in
brcal (but not brca2) null cells partially restores HR and reverses sensitivity to PARP
inhibitors [9-11], but does not reverse sensitivity to cisplatin [11]. Furthermore, data from
Patel et al suggest that response to PARP inhibitors requires an intact NHEJ pathway [29].
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In our study, decreased 53BP1 expression did not correlate with platinum resistance in either
primary or paired primary and recurrent cases, concordant with recent in vitro data [11].
However, it will be of interest to correlate 53BP1 protein expression with in vivo response to
PARPiI.

In BRCAL/2 mutation carriers, the development of secondary somatic mutations that restore
BRCAL/2 in recurrent ovarian carcinoma is highly predictive of developing platinum
resistance [26]. We hypothesized that loss of 53BP1 could be a complementary resistance
mechanism. However, in our set of paired primary and recurrent carcinomas, most of the
BRCA1-mutated recurrent carcinomas that developed platinum resistance had a secondary
somatic mutation that restored BRCAL, likely explaining platinum resistance. In these cases,
53BP1 protein alterations did not add further predictive information. Thus, a decrease in
53BP1 protein at recurrence compared to untreated primary carcinoma does not appear to be
an important mediator of platinum resistance in BRCA1-mutated carcinomas.

In summary, BRCA1-mutated ovarian carcinomas have higher 53BP1 protein expression
compared to wildtype or BRCA2-mutated ovarian carcinomas, which contrasts to previous
data in breast carcinomas. Decreased 53BP1 mRNA expression predicts improved overall
survival in wildtype carcinomas. Decreased 53BP1 does not appear to be a mediator of
platinum resistance, but it will be important to assess whether 53BP1 expression is more
predictive of clinical PARPI response or resistance.
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Representative protein expression of 53BP1 in ovarian carcinomas. Protein expression is

represented by brown stain. Black bars in lower right corners represent 10 microns. A.

Normal 53BP1 protein expression in an ovarian carcinoma. B. Decreased 53BP1 expression
in an ovarian carcinoma. Adjacent normal fallopian tube epithelium has normal 53BP1

protein expression.
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53BP1 protein expression by genetic status. Primary and recurrent BRCA1-mutated
carcinomas had significantly higher 53BP1 protein expression compared to wildtype
carcinomas. BRCA2-mutated carcinomas had a trend toward higher 53BP1 expression
compared to wildtype carcinomas in primary but not recurrent carcinomas. There was no
significant difference between primary and recurrent carcinomas for any genetic subgroup.
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Figure 3.

Correlation between expression of 53BP1 and BRCA1 messages. There was a significant
correlation between 53BP1 and BRCAL message expression in wildtype carcinomas (A) and
in BRCAL1-mutated carcinomas (B). Removing the outliers with high BRCA1 and 53BP1
MRNA expression did not change statistical significance.
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Figure 4.

53BP1 message and overall survival. There was a significant association between low
53BP1 mRNA expression and improved survival in subjects with wildtype carcinomas, with
a median survival of 74 months versus 41 months (HR=0.49, 95% C1=0.27-0.88, P=0.02).
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Table 1

Clinical characteristics of primary carcinomas with normal and decreased 53BP1 expression.

53BP1 protein expression

Total (N) | Decreased (<40%) | Normal (240%) P

Median age (years) | 57y | 60y | 555y 0.31
Stage
Early (I/11) 18 1 17 0.12
Advanced (111/1V) 148 35 113
Histology
Serous 148 32 116 1.0
Non-serous 18 4 14
Endometrioid 9
Clear cell 3
MMMT 5
Transitional cell 1
Cytoreduction
Optimal 118 22 96 0.14
Suboptimal 46 14 32
Unknown 2 0 2
Genetic status
Wildtype 85 25 60
BRCA1-mutated 59 7 52 *0.01
BRCA2-mutated 22 4 18 t0.42
Total | 166 | 36 (22%) | 130 (78%)
53BP1 mRNA expression
Total (N) Low | High P
Median age (years) | 56y | 57y | 56y 0.73
Stage
Early (I/11) 2 1 1 1.0
Advanced (111/1V) 63 32 31
Histology
Serous 59 30 29 1.0
Non-serous 6 3 3
Endometrioid 2
Clear cell 1
MMMT 3
Cytoreduction | |
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53BP1 mRNA expression

Total (N) Low High P
Optimal 40 18 22 0.31
Suboptimal 25 15 10
Genetic status
Wildtype 53 26 27
BRCA1-mutated 8 5 3 *0.71
BRCA2-mutated 4 2 2 1.0
Total | s | 331w | 32040%)

*
Comparison between wildtype and BRCA1-mutated

¥ Comparison between wildtype and BRCA2-mutated
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Table 2

53BP1 protein expression and platinum response in 54 paired primary and recurrent carcinomas, by genetic
subtype.
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Wildtype pairs
53BP1 status Number platinum resistant (%)*
Primary | Recurrent | Total (N) Primary Recurrent
Normal Normal 11 3/7 (43%) 3/7 (43%)
Normal Decreased 9 2/8 (25%) 4/8 (50%)
Decreased | Decreased 5 1/5 (20%) 3/5 (60%)
Decreased Normal 2 1/2 (50%) 2/2 (100%)
BRCA1-mutated pairs
53BP1 status Number platinum resistant (%)
Primary | Recurrent | Total (N) Primary Recurrent
Normal Normal 14 1/10 (10%) 3/10 (30%)
Normal Decreased 3 1/3 (33%) 2/3 (66%)
Decreased | Decreased 1 0/1 (0%) 1/1 (100%)
Decreased Normal 0 0/0 0/0
BRCA2-mutated pairs
53BP1 status Number platinum resistant (%)
Primary | Recurrent | Total (N) Primary Recurrent
Normal Normal 3 0/2 (0%) 1/2 (50%)
Normal Decreased 3 0/1 (0%) 0/1 (0%)
Decreased | Decreased 0 0/0 0/0
Decreased Normal 3 0/2 (0%) 0/2 (100%)

*
Not all pairs with 53BP1 assessment had complete clinical information available
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