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Abstract

Purpose: BRCA1/2 pathogenic variant (PV) mutations confer radiation sensitivity preclinically,
but there are limited data regarding breast cancer outcomes after radiation therapy (RT) among
patients with documented BRCA1/2PV mutations versus no PV mutations.

Methods and Materials: This retrospective cohort study included women with clinical stage
I-111 breast cancer who received definitive surgery and RT and underwent BRCA1/2 genetic
evaluation at the The University of Texas MD Anderson Cancer Center. Rates of locoregional
recurrence (LRR), disease-specific death (DSD), toxicities, and second cancers were compared by
BRCA1/2PV status.

Results: Of the 2213 women who underwent BRCA1/2testing, 63% self-reported their race

as White, 13.6% as Black/African American, 17.6% as Hispanic, and 5.8% as Asian/American
Indian/Alaska Native; 124 had BRCAL and 100 had BRCAZ mutations; and 1394 (63%) received
regional nodal RT. The median follow-up time for all patients was 7.4 years (95% confidence
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interval [CI], 7.1-7.7 years). No differences were found between the groups with and without
BRCA1/2PV mutations in 10-year cumulative incidences of LRR (with mutations: 11.6% [95%
Cl, 7.0%-17.6%]; without mutations: 6.6% [95% ClI, 5.3%-8.0%]; P=.466) and DSD (with
mutations: 12.3% [95% CI, 8.0%—17.7%]; without mutations: 13.8% [95% CIl, 12.0%-15.8%];
P=.716). On multivariable analysis, BRCAI1/2 status was not associated with LRR or DSD, but
Black/African American patients (£ =.036) and Asians/American Indians/Alaska Native patients
(P=.002) were at higher risk of LRR compared with White patients, and Black/African American
patients were at higher risk of DSD versus White patients (P=.004). No in-field, nonbreast
second cancers were observed in the BRCA1/2PV group. Rates of acute and late grade >3
radiation-related toxicity in the BCRA1/2PV group were 5.4% (n = 12) and 0.4% (n = 1),
respectively.

Conclusions: Oncologic outcomes in a diverse cohort of patients with breast cancer who had a
germline BRCA1/2PV mutation and were treated with RT were similar to those of patients with
no mutation, supporting the use of RT according to standard indications in patients with a germline
BRCA1/2PV mutation.

Introduction

As knowledge about the link between germline mutations and the development of cancers
has evolved, guidelines have expanded regarding which patients with breast cancer should
be evaluated for pathogenic mutations.1> Patients with germline BRCA1 or BRCAZ
(BRCA1/2) pathogenic variant (PV) mutations may be offered alternative definitive
pharmacologic and surgical treatment options, distinct from the recommendations for non-
BRCA1/2-associated breast cancers.*6 Preclinical literature suggests that BRCA1/2-mutated
tumors may be more radiosensitive,’ although this has not been universally found®; whether
this is relevant in patients and if this should affect clinical decisions regarding radiation
therapy (RT) for patients with breast cancer and germline BRCA1/2 mutations remains
uncertain. There have been several attempts to create guidelines and reach consensus on how
to best deliver RT for such patients,*910 but additional data on clinical outcomes are needed
to guide decisions.

lonizing radiation induces both single- and double-strand breaks (DSBs) in DNA, with

the latter being particularly lethal via compromising the integrity of both DNA strands
simultaneously.1 DSBs may be repaired by homologous recombination, which has high
fidelity, or by nonhomologous end joining, which is relatively more error-prone. Both
BRCA1 and BRCAZ are important to the canonical homologous recombination pathway. 2
Consequently, RT-induced DSBs in tumors with a BRCA1/2 mutation can result in
increased chromosomal rearrangements, genomic instability, and eventual cell death owing
to deficiency in homologous recombination.! Several preclinical and clinical models
suggest that a BRCA1/2 PV mutation may render a tumor more sensitive to RT.13-16
Although this has been hypothesized to improve tumor control, concerns have been
expressed that the normal tissues of patients with BRCA1/2 germline mutations may also
be more radiosensitive and thus that such patients may experience greater toxicities and
secondary radiation-induced malignancies compared with patients without such mutations.
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Real-world evidence is needed to support appropriate practice in this area. A recent
population-based cohort study showed that women with germline pathogenic mutations

in breast cancer—associated genes were less likely to receive RT after breast-conserving
surgery for early-stage, hormone receptor—positive cancer.1” Prior studies compared
outcomes for patients with early-stage breast cancer who had BRCA1/2PV mutations

with outcomes for patients thought to have sporadic breast cancer,18-21 but the sporadic
controls had not undergone genetic testing, and BRCA1/2 pathogenic mutation status was
not confirmed.29-22.23 Reports of outcomes among patients with BRCA1/2 mutations and
locally advanced breast cancer, for whom regional nodal irradiation (RNI) is recommended,
are limited. Notably, RNI delivered in the treatment of locally advanced breast cancer
exposes significantly more of the thoracic contents (including the heart and lungs) to
radiation than does RT targeting only the breast (ie, for early-stage disease). For this reason,
any pathogenic normal-tissue effects could be more likely to appear among patients treated
with RNI. Because the clinical indications for RNI have increased, 2425 questions about the
safety and efficacy of RT for women with locally advanced breast cancer and BRCA1/2PV
mutations are particularly relevant.

The purpose of this study was to evaluate oncologic outcomes and RT-related toxicity in a
group of patients with breast cancer who underwent BRCA1/2 germline testing via a large
genetic screening program that serves a diverse patient population.

Methods and Materials

Patients

With institutional review board approval, patient databases at The University of Texas

MD Anderson Cancer Center Departments of Radiation Oncology and Breast Medical
Oncology were retrospectively queried and cross-referenced to identify women >18 years
old with a diagnosis of clinical stage -1l invasive breast cancer through the year 2017 who
were treated with definitive surgery and adjuvant external-beam RT, underwent BRCA1/2
germline mutation testing, were evaluated by a breast medical oncologist at our institution,
and were seen in follow-up. We included patients evaluated for a second primary cancer who
underwent germline mutation testing, and information about the primary breast cancer was
included for analysis. BRCA1/2 mutations were classified as either a PV or no mutation;

the latter consisted of variants of unknown significance (VUS) or no identifiable BRCA1/2
PV. Referrals for genetic testing were based on patients’ personal and family medical
histories, contemporaneous National Comprehensive Cancer Network guidelines, and shared
decision-making between the patient and her health care providers.

Clinicopathologic features, treatment details, and follow-up information were abstracted
from the electronic medical record. Disease was staged in all cases according to the
American Joint Committee on Cancer seventh edition staging manual.2®6 Among women
with synchronous, bilateral breast cancers, the cancer with higher clinical stage was
included as the index primary breast cancer. The Common Terminology Criteria for Adverse
Events, version 5.0, were used to record RT-related toxicities for the BRCA1/2 PV cohort.
Acute toxicities were those observed within 3 months of RT treatment completion, and

late toxicities were those observed afterward. Evaluation of subsequent in-field nonbreast
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cancers included tumors of nonbreast histology that arose in the breast/chest wall, thorax,
axilla, or neck.

Statistical analysis

Results

Patients

Patient, tumor, and treatment characteristics were compared by ;(2 or Fisher exact tests

for categorical variables; ¢tests were used to compare continuous variables. All time
intervals were calculated from the date of definitive surgery for the first diagnosed breast
cancer. Locoregional recurrence (LRR) was defined as clinically or pathologically confirmed
disease recurrence in the ipsilateral breast/chest wall or axillary, internal mammary chain,
or supraclavicular fossa nodal basins. Because local recurrences could not be distinguished
from new ipsilateral primary breast cancers, both were considered to be LRR events. For
disease-specific death (DSD), breast cancer—related death was scored as an event, with
patients otherwise censored at last follow-up; death from other causes was considered a
competing risk. Only patients with at least 1 year of follow-up after breast surgery were
included in the DSD and LRR analyses. Rates of LRR and DSD were estimated by the
method of cumulative incidence; outcomes based on BRCA1/2 PV mutational status were
compared by using the Gray test.2’ Death was considered a competing risk for both LRR
and DSD. The actuarial probabilities of overall survival by BRCA1/2 status were estimated
with the Kaplan-Meier method; differences were assessed with log-rank tests.

Univariate and multivariable proportional hazards models described by Fine and Gray, based
on the competing risk Cox proportional hazards regression model, were used to assess

the effect of potential prognostic factors on LRR and DSD.28 Corresponding hazard ratios
and 95% confidence intervals (Cls) are reported. Statistical tests were based on a 2-sided
significance level. A Pvalue <.05 was considered statistically significant in all analyses.
Toxicity data were summarized by descriptive statistics such as counts and percentages.
Statistical analyses were performed with SAS, version 9.4 (SAS Institute Inc, Cary, NC) and
Splus, version 8.2 (TIBCO Software Inc, Palo Alto, CA) or R, version 2.15.1 (R Project for
Statistical Computing).2°

Clinicopathologic features at the time of breast cancer diagnosis of the 2213 women who
met the inclusion criteria and received a diagnosis between 1977 and 2017 are shown in
Table 1. The population included 37% women who self-reported their race as non-White
(13.6% Black/African American, 17.6% Hispanic, and 6% Asian American or American
Indian). BRCA1/2PV mutations were identified in 224 women (10%), 124 with BRCA1
and 100 with BRCAZ PV mutations. A total of 73 patients (3.2% of the entire cohort)
harbored a BRCA1/2VUS without a PV mutation (16 BRCA1, 54 BRCAZ, and 3 both).

Patients in the BRCA1/2PV group were younger, with a median age of 41 years (P< .001),
and were more likely to have tumors of a higher clinical stage, triple-negative phenotype,
high grade, and synchronous contralateral breast cancers (all £< .005) than the no-mutation
group, but no significant differences were found by race between groups (P=.075). The
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BRCA1/2PV mutation group more often received mastectomy than breast-conserving
surgery, radiation to the chest wall and RNI versus other RT targets, and chemotherapy
versus no chemotherapy (all £<.05) and underwent bilateral salpingo-oophorectomy and
risk-reducing contralateral prophylactic mastectomy within 1 year of definitive breast cancer
surgery.

Survival and LRR outcomes

The median follow-up time for this analysis was 7.4 years (95% CI, 7.1-7.7 years). Ten-year
overall survival rates were comparable for the BRCA1/2PV and no-mutation groups (P=
.875; Fig. 1). The 10-year cumulative incidence of LRR was 11.6% (95% ClI, 7.0%-17.6%)
in the BRCA1/2PV group and 6.6% (95% ClI, 5.3%-8.0%) in the no-mutation group (P=
.466). Similarly, the 10-year DSD rate was 12.3% (95% CI, 8.0%-17.7%) in the BRCA1/2
PV group versus 13.8% (95% CI, 12.0%-15.8%) in the no-mutation group (P=.716). No
differences were found in LRR or DSD rates by BRCA1/2 status when analyzed by clinical
disease stage (Fig. 2 and 3). Patients who received RNI had a lower risk of LRR than those
who did not (10-year cumulative incidence rates of LRR, 5.9% [95% CI, 4.6%—7.5%] vs
8.9% [95% Cl, 6.7%-11.5%]; £=.004) but higher risk of DSD (16.6% [95% Cl, 14.2%
-19.1%] vs 8.7% [95% ClI, 6.5%-11.5%]; P< .001). The LRR rates also did not differ
among women who underwent bilateral salpingo-oophorectomy before or within 1 year of
their breast surgery compared with women who did not, with death considered a competing
risk (P> .05). Univariate analyses of factors found to be associated with LRR and DSD are
shown in Tables E1 and E2.

Multivariable analyses

On multivariable analysis, age <40 and higher pathologic disease stage retained significance
for associations with both LRR and DSD (Table 2). In the LRR model, being Black/African
American or Asian and American Indian/Alaska Native was associated with higher rates

of LRR compared with being White, whereas receipt of adjuvant hormone therapy was
associated with lower rates of LRR. Factors associated with higher rates of DSD were
Black/African American race compared with White race, clinical stage I1l versus stage I,
high nuclear grade, and increased nodal burden. Although mastectomy was associated with
lower rates of LRR (hazard ratio [HR], 0.360 [95% CI, 0.219-0.593]; A< .001), it correlated
with higher rates of DSD (HR, 1.555 [95% ClI, 1.130-2.141]; A= .007). Notably, BRCA1/2
status was not an independent predictor of LRR (HR, 0.873 [95% Cl, 0.496-1.536]; P=
.640). Despite inclusion of an interaction term for TNBC and BRCA1/2PV in the DSD
multivariable analysis model, BRCA1/2 status was not statistically significantly associated
with DSD in either the non-TNBC group (HR, 0.697 [95% CI, 0.376-1.293]; £=.250) or
the TNBC group (HR, 0.574 [95% ClI, 0.308-1.073]; £=.082).

Second nonbreast cancers in the radiation treatment field

No in-field nonbreast secondary tumors were observed in the BRCA1/2PV group. Thirteen
women without BRCA1/2 PV mutations experienced a second nonbreast primary tumor
within the radiation fields (median time after surgery, 4.4 years [range, 4 months to 20
years]). Six of these women developed thyroid cancer; all 6 had received RNI that included
targeting of the supraclavicular fossa. The other 7 women developed a radiation-associated
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sarcoma; 4 of these were spindle cell sarcomas and none were angiosarcomas in the breast,
chest wall, or intrathoracic region.

Toxicity in BRCA1/2 PV group

Acute and late toxicities among the BRCA1/2PV cohort are shown in Table 3. Overall,
grade 3 toxicities were minimal, and no grade 4-5 toxicities were noted. Twelve women
(5.4%) experienced any acute grade 3 toxicities, most of which were adverse skin effects
such as dermatitis, erythema, desquamation, or hyperpigmentation. One patient developed
grade 3 herpetic neuralgia of the untreated, contralateral chest wall and arm during the
course of RT. No acute lung or cardiac toxicities were observed. One patient developed
grade 1, asymptomatic radiation pneumonitis diagnosed on follow-up computed tomography
(CT) at 3 months, and no late grade =2 pulmonary or cardiac toxicities were noted.

Discussion

To our knowledge, this study is one of the largest to directly compare oncologic
outcomes after surgery and adjuvant RT between BRCA1/2PV mutation carriers and
testing-confirmed noncarriers. With more than 35% of patients self-identifying as non-
White, our findings represent the racially diverse demographic of the United States. Other
large-scale efforts to evaluate clinical outcomes after RT in patients with a BRCA1/2PV
mutation have focused primarily on patients with Ashkenazi Jewish ancestry and founder
mutations,30-32 although reports of other ethnic groups with BRCA 1/2 PV mutations
have also been published from Korea, France, and the Netherlands.33-3 Strikingly, in our
multivariate models of outcomes of LRR and DSD, neither BRCA 1/2 PV mutation status
was significant, whereas race was.

We demonstrated that overall survival, LRR, and DSD rates were similar between patients
with and without a BRCA1/2PV mutation. No in-field secondary nonbreast cancers were
observed in the BRCA1/2PV mutation group. Toxicities in the BRCA1/2PV mutation
group were low overall. Most earlier studies comparing clinical outcomes based on
BRCA1/2PV status did not have documentation confirming which patients did not have

a BRCA1/2mutation and instead relied primarily on a negative family history to define that
cohort,18-20.22 whereas testing was performed for every patient in our cohort, strengthening
our results. Collectively, these findings do not suggest that women with germline BRCA1/2
mutations have more radiosensitive disease or have a different clinical response to RT than
do BRCA1/2PV noncarriers.

Preclinical studies have shown that tumors with a heterozygous BRCA1/2 mutation are more
radiosensitive and more likely to have homologous recombination deficiencies and G2/M
checkpoint defects.” This heightened radiosensitivity has been found to affect not only
tumor cells but also lymphocytes and other benign tissues.1®:36:37 Increased radiosensitivity
among BRCA1/2PV carriers is thought to act as a double-edged sword that may increase
tumor control but simultaneously increase secondary tumors and toxicity,16:38-40

Second primary cancers after RT have been documented in large, contemporary, population-
based breast cancer data sets, albeit at low frequencies.#1=44 Low rates of second cancers
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are, in part, attributable to the use of modern radiation techniques, including CT-based
simulation, image guidance, and newer linear accelerators relative to historical experiences
with orthovoltage and Cobalt-60 machines. Sixty-three percent of the patients in our study
(1394 women) received RNI, which exposes more of the intrathoracic contents to low-dose
RT relative to whole- or partial-breast RT. In contrast, many earlier studies evaluating
clinical outcomes for patients with breast cancer based on BRCA1/2 status included only
patients who received whole-breast irradiation.18-20.22 No in-field second cancers were
observed in the 214 patients in the BRCA1/2PV mutation group, similar to the <0.5%

rate of second primary in-field tumors detected in BRCA1/2 carriers reported by Schlosser
et al.3! Given these low frequencies, we propose that the benefits of RT, when indicated,
outweigh the risk of second malignancies for women with BRCA1/2 PV mutations.

Prior studies of toxicities among BRCA1/2PV mutation carriers did not find significant
increases in toxicities, 184045 hyt these studies were limited largely to women with early-
stage disease requiring RT to the breast alone, a treatment with a toxicity profile distinct
from that of RNI. Our rates of acute and late grade 3 dermatitis of 4.9% and 0.4% are
comparable to those in the randomized NCIC MA.20 trial (3.7% and 0.7%, respectively)
for patients with unknown BRCA1/2 status.2> Three studies have shown equivalent rates
of RT-related toxicity among BRCA1/2 carriers and sporadic, untested controls.18:33:40
To our knowledge, no demonstrable evidence has been published to date of increased
radiosensitivity among BRCAI1/2 carriers.

With expanding recommendations, germline mutations will undoubtedly be detected

in a larger number of patients with breast cancer than before. Currently, BRCA1

and BRCAZ germline mutations are associated with 5% to 7% of all breast cancer

cases, disproportionately affecting younger women and portending a 50% to 80%
lifetime risk of developing breast cancer.!! The clinical conundrum for many physicians
is the recommendation for subsequent surgery, RT, and systemic therapy for these
patients. Women with early-stage breast cancer and PVs in BRCA1/2and other breast
cancer—associated genes are reportedly less likely to be treated with guideline-concordant
modalities, including omission of standard RT, than are their counterparts without PV
mutation.1” To address this issue, the American Society of Clinical Oncology, American
Society for Radiation Oncology, and Society of Surgical Oncology evaluated the current
literature and issued a consensus statement specifically for patients with germline PV
mutations; that statement declared that adjuvant RT is appropriate and carries no increased
risk of toxicity in BRCA1/2PV mutation carriers versus noncarriers. The present study
adds further evidence that RT can be used safely among patients with a BRCA1/2

PV, including a racially diverse population and those requiring RNI, groups previously
understudied in this context.

Although this study generated insights into the consequences of adjuvant RT for BRCA1/2
PV mutation carriers, certain limitations must be acknowledged. First, BRCA1/2PV patients
in our cohort had biologically higher-risk disease, with TNBC presenting at a younger age,
and were more likely to undergo neoadjuvant chemotherapy and mastectomy. This skew was
expected, because many BRCA1/2PV carriers with early-stage disease opt for mastectomy
and do not require adjuvant RT and thus were not eligible for evaluation. In addition, even
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with comparable pathologic stage disease, patients with a BRCA1/2PV were more likely
to receive RNI, likely because of some of these underlying biologically aggressive features
of their tumors. However, even with more aggressive stage and pathologic features, survival
and locoregional control rates were comparable between groups. A second limitation is

that a large majority of patients included in the study were treated before the use of
Poly(ADP-ribose)polymerase-1 inhibitors was incorporated into the treatment of patients
with BRCA1/2PV-associated breast cancer, which is now standard. A third limitation is
the challenges inherent in a retrospective study of this kind, specifically in the collection of
toxicity data, with indisputable selection, follow-up, and survival biases, and the difficulty
discerning between an LRR and a new primary on the ipsilateral side. Toxicities were
recorded only for the 224 patients with a BRCA1/2PV because there are data from
prospective phase 3 clinical trials with long-term follow-up documenting standard toxicities
seen after RT in other cohorts. Fourth, we recorded the index primary breast cancer for

all included patients. However, these patients often presented to our tertiary care cancer
center after diagnosis of a second breast cancer, at which time germline testing was
conducted, concordant with current National Comprehensive Cancer Network guidelines.!
We considered VUS to be in the “no mutation” comparison group. Although 3% of
BRCA1/2 gene perturbations detected are VUS, up to 20% are estimated to be pathogenic
mutations,*647 and the implications of this for use of RT remains uncertain. We also
acknowledge that follow-up time for assessing second in-field cancers remains limited, and
additional long-term screening of such patients is warranted. Nonetheless, major strengths of
this series include the large number and racial diversity of patients who underwent germline
mutation testing and had a known BRCA1/2 PV mutation status.

Conclusions

This single-institution study showed that among 2213 racially diverse women who
underwent germline BRCA1/2testing, surgery, and adjuvant RT, oncologic outcomes were
similar for patients with and without PV mutations. Possessing a germline BRCA1/2
mutation does not seem to translate to increased radiosensitivity in the clinical setting. Our
findings support the delivery of guideline-concordant care for patients with breast cancer
and a BRCA1/2 mutation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Toxicities
Toxicity Grade No. (%)
Acute
Any acute ™ <3 212(94.6)
3 12 (5.4)
Acute skin <3 213 (95.1)
3 11 (4.9)
Acute breast pain, atrophy, or edema <3 224 (100)
3 0(0)
Acute other <3 223 (99.6)
3 1(0.4)
Late
Any late” <3 223(99.6)
3 1(0.4)
Late skin <3 223 (99.6)
3 1(0.4)
Late breast pain, atrophy, or edema <3 224 (100)
3 0(0)
Late other <3 224 (100)
0 0(0)

*
No lung acute toxic effects were noted.
t
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Table 3

One late grade-1 lung toxic effect of asymptomatic radiation pneumonitis was detected on follow-up imaging.
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