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Abstract
Germline variations in genes coding for proteins involved in the oxidative stress 
and DNA repair greatly influence drug response and toxicity. Because BRCA1 and 
BRCA2 proteins play a role in DNA damage repair, we postulated that taxane-related 
toxicity is potentially higher and clinical outcome in different in patients with BRCA 
pathogenic variants (PV). Seven hundred nineteen women who underwent BRCA ge-
netic testing and were treated with taxane-containing chemotherapy for early-stage 
breast cancer between 1997 and 2018 were included in the study. Patients with 
BRCA variants of uncertain significance were excluded. The Kaplan-Meier product-
limit method was used to estimate recurrence-free survival (RFS) and overall survival 
(OS) rates. Logistic regression models were used to assess the association between 
chemotherapy toxicity and factors of interest. Cox regression models were used 
to assess the association between RFS and OS and factors of interest. Ninety-four 
(13%) and 54 (7%) patients had BRCA1 and BRCA2-PVs, respectively. While anemia 
(P = .0025) and leukopenia (P = .001) were more frequently seen in BRCA noncarri-
ers, there was no difference in regards to peripheral neuropathy or other toxicities 
between the groups. Increasing doses of taxane were associated with increased risk 
of neutropenia, stomatitis, nausea, vomiting, acne/rash, and peripheral neuropathy 
across all groups. In a multivariate logistic regression model, BRCA2 status remained 
as an independent significant predictor for decreased hematologic toxicity (HR: 0.36; 
95% CI: 0.20-0.67; P = .001) and increased gastrointestinal toxicity (HR: 1.93; 95% 
CI: 1.02-3.67; P = .04). Being overweight, obese and African-American race were sig-
nificant predictors for peripheral neuropathy (P = .04; P = .03; P = .06, respectively). 
Total taxane dose received did not have any impact on survival outcomes. Our study 
demonstrates that taxane-containing chemotherapy regimens do not increase risk 
of peripheral neuropathy or hematologic toxicity in patients with BRCA PVs. The 
mechanisms for this finding need to be further investigated as it may provide an 
opportunity to combine taxanes with other agents, such as platinum salts or PARP 
inhibitors, with less anticipated toxicity.
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1  | INTRODUC TION

Taxanes, such as paclitaxel, docetaxel, and nab-paclitaxel, are 
highly effective in the treatment of different solid malignancies 
including early and advanced breast cancer. They block cell divi-
sion by binding to β-tubulin and stabilizing the microtubules, which 
leads to cell death.1 They are primarily metabolized in the liver by 
CYP3A4 and undergo fecal excretion. Paclitaxel is also metabolized 
by CYP2C8, while docetaxel by CYP3A5. Taxane therapy toxicities 
includes severe hypersensitivity reactions, fatigue, hematologic tox-
icity, and neurotoxicity including sensory and motor neuropathy. 
Neurotoxicity remains the main dose-limiting toxicity.2 Studies have 
shown that there is an intersubject variability in antitumor efficacy 
and range of toxicities despite the administration of an equal dose,3,4 
and there is an increasing interest in research into genetic pathways 
of drug metabolism and the role of biomarkers to optimize therapeu-
tic decisions for each individual patient.5

Studies investigated the currently identified genes (pharmacog-
enomic profile) involved in drug metabolism to explain the variability 
in toxicity and efficacy.6 Arbitrio et al investigated the variants of 
transporter and metabolizing enzyme (ADME) genes by linked SNPs 
and grade 2-3 taxane-related peripheral neuropathy (TrPN) (G ≥ 2-3-
TrPN), in order to identify predictor markers.7 The NR1I3 gene was 
significantly associated with lower paclitaxel-associated neurotox-
icity, while the UGT2B7 polymorphic variants were associated with 
lower docetaxel-induced neurotoxicity. In contrast, the CYP2C8*38 
and *4,9 CYP3A4*2210 and*1B alleles were found to be correlated 
with increased risk of neurotoxicity. Kiyotani et al 11 found that the 
rs12762549 in ABCC2 and rs11045585 in SLCO1B3 were signifi-
cantly associated with docetaxel-induced leukopenia/neutropenia 
and hypothesized a role of ABCC2 and SLCO1B3 in docetaxel trans-
port. However, the impact of these risk markers on clinical practice 
is currently negligible.

More importantly, previous studies also showed that taxane 
treatment results in the production of intermediates such as reactive 
oxygen species (ROS) from the mitochondria matrix via cytochrome 
C initiating a downstream mitochondrial apoptotic pathway.12,13 In 
this way, ROS would be implicated in taxane cytotoxicity and genes 
coding for proteins involved in ROS and DNA repair may have been 
associated with taxane clearance. Therefore, we hypothesized that 
ineffective DNA repair mechanisms in breast cancer patients car-
rying BRCA1/2 germline pathogenic variants (PVs) could cause in-
creased ROS levels and influence taxane-related toxicity. Studies 
evaluating toxicities in BRCA PVs are limited. Therefore, the primary 
objective of this study is to evaluate taxane-containing chemother-
apy regimens induced toxicity in breast cancer patients with and 
without BRCA1/2 germline PVs. Secondary end points included 
the prognostic relevance of total taxane dose received on recur-
rence-free survival (RFS) and overall survival (OS).

2  | MATERIAL S AND METHODS

2.1 | Patient population

Seven hundred and nineteen women with breast cancer who under-
went clinical genetic testing for BRCA1 and BRCA2-PVs and who were 
treated with neoadjuvant or adjuvant taxane-based chemotherapy 
between 1997 and 2018 were identified from the prospectively main-
tained Breast Cancer Management System research database of The 
University of Texas MD Anderson Cancer Center (MDACC). Patients 
with BRCA variants of uncertain significance, or whose chemotherapy 
treatment data were not available, or patients with metastatic disease 
were excluded from the analysis. Initial clinical stage of all patients 
was reviewed and based on the seventh edition of the American Joint 
Committee on Cancer (AJCC) staging criteria.14 This study was ap-
proved by Institutional Review Board at MDACC. Analyzed variables in-
cluded patient demographics, tumor characteristics, initial stage (clinical 
or pathological), type of chemotherapy received, chemotherapy toxicity, 
and clinical outcome (recurrence-free survival and overall survival).

2.2 | Pathologic assessment

All pathologic specimens were reviewed by designated breast pa-
thologists at MDACC, and the reports were entered in a prospective 
research database. Invasive carcinoma was confirmed on core bi-
opsy specimens. Histologic type was defined according to the WHO 
classification system.15 Immunohistochemical (IHC) analysis was 
used to determine estrogen receptor (ER) and progesterone receptor 
(PR) status. Nuclear staining ≥1% of either ER or PR was considered 
positive. Human epidermal growth factor receptor 2 (HER2) positiv-
ity was defined as 3+ receptor overexpression by IHC staining and/
or as gene amplification by fluorescence in situ hybridization (FISH) 
according with CAP/ASCO definition.16

2.3 | Treatment

Any chemotherapy regimen containing paclitaxel, docetaxel, or nab-
paclitaxel in the neoadjuvant/adjuvant setting was considered as a 
taxane-containing regimen in this study. In the neoadjuvant/adjuvant 
settings, taxane-containing chemotherapy regimens comprised of one 
of the following: FEC (5-fluorouracil (5-FU) 500 mg/m2, epirubicin 75-
100 mg/m2 and cyclophosphamide 500 mg/m2); FAC (5-FU 500 mg/
m2, doxorubicin 50 mg/m2, and cyclophosphamide 500 mg/m2) intra-
venously (IV) on Day 1 every 3 weeks; or AC (doxorubicin 60 mg/m2 
and cyclophosphamide 600 mg/m2) IV on Day 1 every 2 weeks (dose-
dense AC) or every 3 weeks followed by taxanes (paclitaxel 80 mg/
m2 IV weekly for 12 doses, or docetaxel 100 mg/m2 IV on Day 1 every 
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3 weeks for 4 cycles); or TC (docetaxel 75 mg/m2 and cyclophospha-
mide 600 mg/m2) IV on Day 1 every 3 weeks for 4 cycles. Patients 
(N = 156) who had HER2-positive early-stage breast cancer also re-
ceived trastuzumab (H) IV weekly or on Day 1 every 3 weeks ± pertu-
zumab (P) after completing AC regimen, or as a part of TCH ± P regimen 
which included docetaxel 75 mg/m2 IV on Day 1, carboplatin at an 
area-under-the-concentration curve (AUC) of 6 IV on Day 1, and tras-
tuzumab 8 mg/kg IV on Day 1 followed by 6 mg/kg maintenance dose, 
± pertuzumab 840 mg IV on Day 1 followed by 420 mg IV administered 
at 3-week intervals for six cycles followed by trastuzumab ± pertu-
zumab to complete 1 year of therapy. Patients (N = 21) who had nab-
paclitaxel-containing regimen were also included in this study.

The planned dose of taxanes was recorded from the chemo-
therapy prescription software where a specific item was filled by 
the physician at each dosing. To calculate the taxane dose at each 
cycle, the patient's BSA was calculated using the following formula: 
√

height (cm)×weight (kg)

3600
. Then, the weight-adjusted amount of taxanes 

taken was calculated as the sum of all taxane use divided by the pa-
tients’ BSA. For reference, a full dose is considered to be 960 mg/m2. 
Total taxane use was then divided into 4 quartiles for analysis. The 
main end point was to compare the total taxane dose received to the 
toxicity profile in each patient subgroup.

2.4 | Data collection on toxicity

Data on toxicity were obtained from medical records by a researcher 
blind to genetic data and were categorized by the Common Toxicity 
Criteria for Adverse Events (version 4.03).17 Data on hematologic 
toxicity were collected from the blood analysis, which was carried 
out before each cycle of chemotherapy. Anemia was defined as hav-
ing a hemoglobin (HGB) value of <12 g/dL. Leukopenia was defined 
as having a white blood cell (WBC) count of <4 × 109/L. Neutropenia 
was defined as having an absolute neutrophil count (ANC) of 
<1.5 × 109/L. Thrombocytopenia was defined as having a platelet 
(PLT) count of <150 × 109/L. Adverse events were counted once if 
they occurred several times at the same grade and twice if the grade 
increased between events.

2.5 | Statistical analysis and outcome measures

The demographic and clinical characteristics were summarized and 
compared between the 3 groups, defined by BRCA status (noncar-
rier, BRCA1 carrier or BRCA2 carrier), with Fisher's exact tests for 
categorical variables and Wilcoxon rank-sum tests for continuous 
variables. Univariate logistic regression was used to identify the sig-
nificant factors predictive of chemotoxicity and treatment outcomes 
and to evaluate the impact of BRCA status on chemotoxicity in vari-
ous patient subsets. A multivariate logistic regression model was fit-
ted to examine the relationship between chemotherapy toxicity and 
age, BRCA status, BMI (body-mass-index), ER status, total taxane 
dose, nodal stage, race, HER2 status, and type of taxane agent.

Recurrence-free survival was calculated from the time of initial 
diagnosis until the first date of documented disease recurrence or 
death or the date of last follow-up. OS was calculated from the time 
of initial diagnosis until the date of death from any cause or last fol-
low-up. Survival outcomes were estimated using the Kaplan-Meier 
product-limit method and groups were compared with the log-rank 
test. Due to the exploratory nature of the analysis, no adjustments 
to P-values were made. P-values ≤ .05 were considered statistically 
significant; all tests were two-sided. Statistical analysis was carried 
out using R version 3.6.1.

3  | RESULTS

3.1 | Patient population

Patient demographics and clinical characteristics are summarized 
in Table 1. Of the 719 women included in our analysis, 571 tested 
negative for mutations in the BRCA1 and BRCA2 genes (hereafter 
"noncarriers"), 148 were found to have a pathogenic mutation in 
the BRCA1 gene (94) and BRCA2 gene (54) (hereafter "PV"). BRCA 
noncarriers tended to be older than BRCA1-PV but younger than 
BRCA2-PV (P = .05). They were less likely to have N0 disease than 
either BRCA1-PVs or BRCA2-PVs (P = .02). They were more likely 
to have ER-positive and PR-positive tumors than BRCA1-PVs but 
less likely than BRCA2-PVs (P = .0005, and P = .0005, respectively). 
They were more likely to be HER2-positive than either BRCA1-PVs 
or BRCA2-PVs (P = .0005).

Tumor characteristics also differed among the groups. BRCA2-PV 
had more frequently mixed ductal and lobular histology than either 
BRCA noncarriers or BRCA1-PVs (P = .03). Triple-negative (TN) and 
nuclear grade III tumors were statistically more frequent in patients 
with BRCA1-PVs compared to patients with BRCA2-PV and noncar-
riers (P = .0005 and P = .0005, respectively). The type of taxane 
agent and the total administered taxane dose were not significantly 
different among the three groups.

3.2 | Safety

The frequency of chemotherapy-associated adverse reactions in our 
population is shown in Table 2. Anemia (P = .0025) and leukopenia 
(P = .001) occurred less often in patients with BRCA PVs vs noncarri-
ers. Grade 1-2 peripheral neuropathy was the most common toxicity, 
and the proportion of overall patients who experienced any grade 1 
or higher peripheral neuropathy did not differ between patients with 
BRCA PVs vs noncarriers, occurring in 62% and 70% of patients with 
BRCA1 and BRCA2 PVs vs 55% of noncarriers (P = .80).

Table 3 summarizes toxicities by total administered dose of tax-
ane (in quartiles) for all patients. The rates of neutropenia, febrile 
neutropenia, and G-CSF use beyond preplanned doses, stomatitis, 
and nausea/vomiting were higher in patients who received the low-
est total taxane dose. On the contrary, the rates of acne/rash and 
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TA B L E  1   Patient demographics and baseline disease characteristics by BRCA groups

BRCA noncarrier 
(N = 571) BRCA1 (N = 94) BRCA2 (N = 54) P

Age

Median (Range) 40 (21-74) 38 (23-61) 43 (22-60) .05

Race

White 382 (66.9%) 60 (63.8%) 33 (61.1%) .54

Black 55 (9.6%) 6 (6.4%) 7 (13%)

Hispanic 92 (16.1%) 22 (23.4%) 9 (16.7%)

Other 42 (7.4%) 6 (6.4%) 5 (9.3%)

Clinical tumor stage

T1 158 (27.9%) 26 (27.7%) 20 (37.7%) .68

T2 258 (45.5%) 45 (47.9%) 25 (47.2%)

T3 80 (14.1%) 12 (12.8%) 4 (7.5%)

T4 71 (12.5%) 11 (11.7%) 4 (7.5%)

Clinical nodal stage

N0 186 (33%) 43 (46.2%) 20 (37%) .02

N1 238 (42.3%) 26 (28%) 23 (42.6%)

N2 50 (8.9%) 5 (5.4%) 7 (13%)

N3 89 (15.8%) 19 (20.4%) 4 (7.4%)

Clinical stage

I 70 (12.3%) 16 (17%) 12 (22.2%) .49

II 294 (51.8%) 46 (48.9%) 26 (48.1%)

III 161 (28.4%) 27 (28.7%) 13 (24.1%)

IV 43 (7.6%) 5 (5.3%) 3 (5.6%)

ER status

Negative 171 (30%) 56 (59.6%) 13 (24.1%) .0005

Positive 399 (70%) 38 (40.4%) 41 (75.9%)

PR status

Negative 257 (45.2%) 73 (77.7%) 17 (32.1%) .0005

Positive 311 (54.8%) 21 (22.3%) 36 (67.9%)

HER2 status

Negative 422 (74.6%) 85 (90.4%) 50 (94.3%) .0005

Positive 144 (25.4%) 9 (9.6%) 3 (5.7%)

Triple-negative status

No 462 (81%) 41 (43.6%) 42 (77.8%) .0005

Yes 108 (18.9%) 53 (56.4%) 12 (22.2%)

Histology

Ductal 507 (88.8%) 91 (96.8%) 43 (79.6%) .03

Lobular 22 (3.8%) 1 (1.1%) 2 (3.7%)

Both 39 (6.8%) 2 (2.1%) 8 (14.8%)

Other 3 (0.5%) 0 (0%) 1 (1.8%)

Nuclear grade

I 27 (4.8%) 0 (0%) 0 (0%) .0005

II 191 (34%) 9 (9.8%) 25 (46.3%)

III 344 (61.2%) 83 (90.2%) 29 (53.7%)

Taxane therapy typea 

(Continues)
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BRCA noncarrier 
(N = 571) BRCA1 (N = 94) BRCA2 (N = 54) P

Paclitaxel 482 (84.4%) 76 (80.8%) 47 (87%) .45

Docetaxel 75 (13.1%) 13 (13.8%) 5 (9.3%)

Nab-Paclitaxel 14 (2.4%) 5 (5.3%) 2 (3.7%)

Total taxane dose

N57-486 144 (25.2%) 25 (26.9%) 10 (18.5%) .47

N487-954 147 (25.7%) 24 (25.8%) 9 (16.7%)

N955-976 138 (24.2%) 22 (23.7%) 19 (35.2)

N977-4061 142 (24.9%) 22 (23.7%) 16 (29.6%)

BMI

Normal/Underweight 227 (39.8%) 32 (34%) 20 (37%) .31

Overweight 175 (30.6%) 25 (26.6%) 20 (37%)

Obese 169 (29.6%) 37 (39.4%) 14 (25.9%)

Diabetes

No 531 (93%) 87 (92.5%) 47 (87%) .29

Yes 40 (7%) 7 (7.4%) 7 (13.0%)

Abbreviations: ER, estrogen receptor; HER2, human epidermal growth factor receptor-2; PR, progesterone receptor.
aAll patients received weekly paclitaxel which was given weekly in paclitaxel-containing regimens, and docetaxel was given once every 3 wks in 
docetaxel-containing regimens. Patients who had received dose-dense taxanes were excluded from the study 

TA B L E  1   (Continued)

BRCA noncarrier 
(N = 571)

BRCA1 
(N = 94)

BRCA2 
(N = 54) P

Hematologic toxicities

Anemia 329 (57.6%) 48 (51.1%) 18 (33.3%) .0025

Leukopenia 171 (30%) 16 (17%) 7 (13%) .001

Neutropenia 72 (12.6%) 6 (6.4%) 4 (7.4%) .15

Thrombocytopenia 16 (2.8%) 1 (1.1%) 1 (1.8%) .82

Febrile neutropenia 25 (4.4%) 3 (3.2%) 0 (0%) .31

GCSF use 48 (8.4%) 5 (5.3%) 3 (5.6%) .61

Digestive toxicities

Stomatitis 136 (23.8%) 22 (23.4%) 16 (29.6%) .59

Nausea/vomiting 157 (27.5%) 24 (25.5%) 15 (27.8%) .96

Diarrhea 154 (27.1%) 23 (24.5%) 19 (35.9%) .31

Constipation 144 (25.3%) 17 (18.1%) 17 (32.1%) .14

Peripheral neuropathy

Grade 1-2 346 (60.5%) 65 (69.1%) 29 (53.7%) .80

Grade 3-4 13 (2.2%) 1 (1.0%) 1 (1.8%)

Cutaneous toxicities

Acne/Rash 226 (39.6%) 38 (40.4%) 16 (29.6%) .35

Alopecia 356 (62.4%) 58 (61.7%) 31 (57.4%) .77

Nail disorders 125 (21.9%) 15 (16%) 9 (17.3%) .37

Other toxicities

Myalgia 258 (45.2%) 36 (38.3%) 29 (53.7%) .19

Hot flashes 131 (22.9%) 17 (18.1%) 10 (18.5%) .51

TA B L E  2   Adverse events observed by 
BRCA groups
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all grades of peripheral neuropathy were higher in patients who re-
ceived the higher total taxane dose.

3.3 | Multivariable analysis

In the multivariate logistic regression model, median age at diagno-
sis was not a significant predictor of chemotherapy toxicity. Being 
overweight (hazard ratio [HR]: 1.51; 95% confidence interval [CI]: 
1.02-2.23; P = .04), obese (HR: 1.56; 95% CI: 1.04-2.35; P = .03), ER-
positive (HR: 1.70; 95% CI: 1.20-2.41; P = .003), and receiving the 
second quartile of taxanes (HR: 1.92; 95% CI: 1.30-2.83; P = .001) 
were significant predictors for increased risk of peripheral neuropa-
thy. Conversely, N1-3 status (HR: 0.63; 95% CI: 0.45-0.90; P = .01) 
and non-African-American race (HR: 0.53; 95% CI: 0.28-1.02; 
P = .057) were predictive factors for decreased risk of peripheral 
neuropathy.

Factors associated with decreased risk of hematologic toxicity 
were BRCA2 status (HR: 0.36; 95% CI: 0.20-0.67; P = .001), being 

overweight (HR: 0.62; 95% CI: 0.42-0.91; P = .01), obese (HR: 0.65; 
95% CI: 0.44-0.98; P = .04), non-African-American race (HR: 0.16; 
95% CI: 0.07-0.36; P ≤ .0001), and having received paclitaxel-con-
taining chemotherapy regimen vs docetaxel-containing regimen 
(HR: 0.51; 95% CI: 0.27-0.96; P = .04). Of note, HER2-positivity 
was associated with increased hematologic toxicity (HR: 1.55; 95% 
CI: 1.03-2.32; P = .03). In regard to the GI toxicities, BRCA2 status 
was a significant risk factor for increased GI toxicities (HR: 1.93; 
95% CI: 1.02-3.67; P = .04). In contrast, paclitaxel-containing regi-
mens (HR: 0.10; 95% CI: 0.04-0.22; P < .001) and N1-3 status (HR: 
0.68; 95% CI: 0.48-0.95; P = .03) were associated with less risk of 
GI toxicities compared to docetaxel or nab-paclitaxel-containing 
regimens (Table 4).

3.4 | Survival estimates

Median follow-up of all patients was 4.2 years (range 1.5-21.2 years). 
BRCA status did not significantly influence RFS (P = .91) (Figure 1). In 

N57-486 
(N = 179)

N487-954 
(N = 180)

N955-976 
(N = 179)

N977-4061 
(N = 180) P

Hematologic toxicities

Anemia 91 (50.8%) 105 (58.3%) 95 (53.1%) 104 (57.8%) .40

Leukopenia 46 (25.8%) 54 (30%) 41 (22.9%) 53 (29.4%) .39

Neutropenia 29 (16.2%) 18 (10.1%) 9 (5%) 26 (14.4%) .0035

Thrombocytopenia 9 (5%) 3 (1.7%) 3 (1.7%) 3 (1.7%) .17

Febrile neutropenia 17 (9.5%) 8 (4.4%) 1 (0.6%) 2 (1.1%) .0005

GCSF use 33 (18.4%) 9 (5%) 2 (1.1%) 12 (6.7%) .0005

Digestive toxicities

Stomatitis 68 (38%) 35 (19.4%) 35 (19.6%) 36 (20%) .0005

Nausea/vomiting 73 (40.8%) 43 (23.9%) 34 (19%) 46 (25.6%) .0005

Diarrhea 53 (29.9%) 44 (24.6%) 45 (25.1%) 54 (30%) .50

Constipation 54 (30.5%) 41 (22.9%) 38 (21.2%) 45 (25%) .23

Peripheral neuropathy

Grade 1-2 96 (53.6%) 100 (55.5%) 118 
(65.9%)

125 (69.4%) .22

Grade 3-4 3 (1.6%) 7 (3.8%) 3 (1.6%) 2 (1.1%)

Cutaneous toxicities

Acne/Rash 51 (28.5%) 77 (42.8%) 80 (44.7%) 72 (40%) .007

Alopecia 113 (63.1%) 111 (61.7%) 110 
(61.5%)

110 (61.1%) .98

Nail disorders 40 (22.5%) 30 (16.9%) 40 (22.4%) 39 (21.7%) .48

Other toxicities

Myalgia 87 (48.6%) 76 (42.2%) 79 (44.1%) 81 (45%) .67

Hot flashes 32 (17.9%) 45 (25%) 33 (18.4%) 48 (26.7%) .09

Peripheral neuropathy

No 75 (42.4%) 68 (38.6%) 58 (32.4%) 46 (25.8%) .008

Yes 102 (57.6%) 108 (61.4%) 121 
(67.6%)

132 (74.2%)

TA B L E  3   Adverse events observed by 
total dose of taxane received
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univariate analyses, ER/PR-negativity, Black race, higher nodal, and 
tumor stage were associated with a significantly increased risk of 
recurrence. Likewise, BRCA status did not significantly influence the 
OS (P = .62) (Figure 2). ER/PR/HER2-negativity, Black race, higher 
nodal, and tumor stage were independent predictors of increased 
risk of death (Table 5).

4  | DISCUSSION

In this study, we identified that anemia and leukopenia were less 
frequent in BRCA PVs vs noncarriers. Moreover, any grade 1 or 
higher peripheral neuropathy did not differ between PVs vs non-
carriers. In the multivariate logistic regression model, BRCA2-PV 
had decreased risk of hematologic toxicity, but higher risk of GI 
toxicities.

Beyond the well-known activity on microtubules, taxanes also 
influence the levels of ROS.12,13 The activation of ROS induces a 
stress response activating multiple pathways, including the expres-
sion of certain SNPs in genes containing the antioxidant response 
element.18-20 In this sense, Edvardsen et al21 described an associa-
tion of polymorphic variants in genes involved in taxane metabolism 

with changes in ROS and DNA repair. Therefore, we speculated 
that in BRCA PVs, ineffective DNA repair mechanisms might de-
crease taxane glucuronidation/clearance with probably increased 
chemotoxicity.

Currently, there is very limited data on taxane-related toxicities 
in BRCA1/2-carriers. Thus far, very few studies have investigated the 
acute toxicity of (neo)adjuvant chemotherapy in BRCA1/2-PVs, and 
the results have been inconsistent.22,23 In the retrospective study of 
Shanley et al,22 the patient population was small (62 BRCA1/2-PVs 
vs 62 noncarriers), and a large proportion of patients (80/124; 65%) 
were treated with older chemotherapy regimens without anthracy-
clines, while no patient was treated with taxanes. They observed 
less hematologic toxicities in BRCA2-PV compared to BRCA1-PV 
and noncarriers. In the study by Huszno et al,23 41 BRCA1/2-PV and 
229 BRCA noncarrier breast cancer patients treated with anthracy-
cline and taxane-containing regimens were included. They reported 
higher rates of neutropenia and treatment delays in BRCA-PV, and 
more GI toxicity in noncarriers.

Recently, West et al24 compared the incidence of hematologic 
toxicities in BRCA1/2-PV (N = 163) vs noncarriers. They reported 
that the proportions and timing of experiencing any grade or grade 
3/4 cytopenias during chemotherapy were not significantly different 

TA B L E  4   Multivariate logistic regression model for chemotherapy-related adverse events

Peripheral neuropathy Hematologic toxicity GI toxicity

HR 95% CI P HR 95% CI P HR 95% CI P

Age: >50 vs ≤50 1.1 0.7-1.7 .68 1.0 0.6-1.6 .91 0.8 0.5-1.3 .51

BRCA status

BRCA1(+) vs (−) 1.5 0.9-2.6 .10 0.9 0.6-1.6 .92 0.9 0.5-1.5 .86

BRCA2(+) vs (−) 0.6 0.3-1.2 .17 0.2 0.1-0.6 .001 1.9 1.0-3.7 .04

BMI

Overweight vs Normal/
underweight

1.5 1.0-2.2 .04 0.6 0.4-0.9 .01 1.1 0.7-1.6 .49

Obese vs Normal/
underweight

1.5 1.0-2.3 .03 0.6 0.4-0.9 .04 1.1 0.7-1.7 .43

ER Status Positive vs 
negative

1.7 1.2-2.4 .003 1.2 0.8-1.7 .29 0.9 0.6-1.3 .9

Total taxane dose received

N57-486 vs N487-954 1.9 1.3-2.8 .001 1.3 0.8-1.9 .16 1.2 0.8-1.7 .2

N57-486 vs N955-976 1.2 0.8-1.7 .37 0.8 0.5-1.2 .34 0.8 0.5-1.1 .21

N57-486 vs N977-4061 0.9 0.7-1.3 .97 1.2 0.8-1.6 .27 1.1 0.8-1.6 .32

Nodal stage

N1-3 vs N0 0.6 0.4-0.9 .01 0.9 0.6-1.3 .82 0.6 0.5-0.9 .03

Race

White vs Black 0.5 0.2-1.0 .05 0.16 0.07-0.34 ≤.0001 1.2 0.7-2.2 .44

Hispanic vs Black 0.5 0.3-1.6 .11 0.16 0.06-0.3 ≤.0001 0.9 0.4-1.7 .79

HER2 status

Positive vs Negative 1.1 0.7-1.7 .4 1.5 1.03-2.3 .02 0.9 0.6-1.4 .88

Chemotherapy regimen

Paclitaxel vs Docetaxel 0.3 0.1-1.0 .06 0.5 0.2-0.9 .04 0.10 0.04-0.22 <.001

Paclitaxel vs Nab-Paclitaxel 1.0 0.5-1.8 .95 1.3 0.4-4.4 .62 0.09 0.04-0.21 .0001
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between BRCA1/2-PVs vs matched wild-type patients. Also, propor-
tions requiring treatment modifications and time to first modification 
were similar. Likewise, a retrospective study by Drooger et al25 did 
not show any significant differences in (neo)adjuvant anthracyclines 
and taxanes chemotherapy-related toxicities, delay in chemotherapy 
administration, or outcome measures between BRCA1/2-associated 
(N = 65) and sporadic breast cancer patients. These results suggest 
that the DNA damage repair mechanism of noncancer cells with only 
one normal copy of either the BRCA1 or BRCA2 gene is sufficient 
enough to handle acute chemotherapy-associated toxicities.

Taxane-related peripheral neurotoxicity (TrPN) is predominantly 
sensory and develops as a painful, debilitating and symmetrical distal 
axonal neuropathy2,26; it is dose-cumulative, cannot be predicted, 
and takes place at any time during treatment. Currently, the exact 
mechanism of taxane-induced peripheral neuropathy is not well un-
derstood. Prior research has shown germline genetic variability in 
SNP in FANCD2 and FDG4 as predictors for taxane-induced neurop-
athy.27 Oxidative stress has also been proposed as a mechanism in-
volved in chemotherapy-induced neuropathy.28 Interestingly, Chen 
et al29 demonstrated that patients with elevated levels of pro-in-
flammatory cytokines, IL-6 and C/EBPβ, prior to taxane treatment 
were at decreased risk for taxane-induced peripheral neuropathy. 
Our findings indicate that higher BMI, ER-positive tumors, and 
higher administered total taxane doses were significant predictors 
for increased risk of peripheral neuropathy. Of note, we were also 
able to evaluate for concomitant diabetes that could cause neuronal 
toxicity and the incidence of diabetes was equally distributed across 
the study cohorts.

While we found that ER-positive tumors were predictive of 
increased risk of peripheral neuropathy, we know that multiple 

inflammatory cytokines, for example, IL-10, MCP-1, and MIP-1beta, 
are overexpressed in ER-negative breast carcinoma30,31 which could 
account for the aggressiveness of these tumors. Therefore, our find-
ings do not support the hypothesis that there may be a possible in-
teraction between peripheral neuropathy and increased oxidative 
stress in BRCA associated breast cancers, or increased inflammation 
in ER-negative tumors. Further studies are needed to identify the 
germline biomarkers in BRCA genes that correlate to the taxane tox-
icity protective effects.

Similar to our previous studies,32 in this study BRCA noncarriers 
tended to be older than BRCA1-PV but younger than BRCA2-PV; 
there were no significant differences in RFS and OS rates between 
the study groups.33,34 Herein, older age at diagnosis (>50 vs ≤50) was 
not a significant predictor for increased chemotherapy-related tox-
icities. BRCA2-PVs had decreased risk of hematologic toxicity but 
higher risk of GI toxicity compared to BRCA1-PVs and noncarriers.

This study shows that physicians can safely treat their breast 
cancer patients who carry germline BRCA mutations with conven-
tional chemotherapy doses in the curative setting which is of major 
relevance for reducing the risk of recurrence. Platinum agents are 
particularly effective, especially in BRCA mutations.35-39 In our 
study, the number of patients treated with carboplatin was very 
low and no conclusions can be drawn hereon. Further studies are 
needed in order to define the differences in toxicities from plati-
num and taxane-containing regimen between BRCA1/2-PVs and 
sporadic breast cancer patients. More importantly, our overall 
survival data provide strong evidence of the clinical benefit and 
efficacy of anthracycline and taxane-containing chemotherapy 
regimens in BRCA PVs as that was the most used regimen in our 
study population.

F I G U R E  1   Kaplan-Meier estimates of recurrence-free survival 
(RFS) by BRCA status. Recurrence-Free Survival Years [Color figure 
can be viewed at wileyonlinelibrary.com]
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F I G U R E  2   Kaplan-Meier estimates of overall survival (OS) by 
BRCA status. Overall Survival Years [Color figure can be viewed at 
wileyonlinelibrary.com]
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Limitations of our study include its retrospective design and 
the heterogeneous nature of the patient cohort. Another limita-
tion of the study is that information about the exercise level which 
is known to ameliorate neurotoxicity was not collected in our da-
tabase. However, this analysis provides detailed outcomes in a re-
al-world clinical setting and, therefore, we believe the findings are 
highly relevant to current clinical practice. Although the enrolled 
patients were not equally distributed for docetaxel or paclitaxel 

treatment and patients were treated with different combinations 
of chemotherapy, we were able to validate the selected biomark-
ers according to the same criteria. These results are hypothesis 
generating that should be replicated in prospective studies.

In conclusion, our results show that, BRCA germline pathogenic 
mutation does not confer increased risk for peripheral neuropathy or 
hematological toxicity, but that BRCA2-carriers may have an increased 
risk of chemotherapy-related GI toxicities. These results do not 

TA B L E  5   Five-year overall survival and recurrence-free survival estimates in patient subgroups

5-Y Survival Rate (95% CI)

OS P RFS P

Age

≤50 87.6% (85%, 90%) .09 79.8% (76.6%, 83.1%) .23

>50 84.2% (77.9%, 91%) 75.2% (67.9%, 83.3%)

Race

Black 79.3% (70.2%, 89.6%) .05 70% (59.8%, 81.9%) .01

White 87.4% (84.5%, 90.5%) 79.5% (75.9%, 83.2%)

Clinical tumor stage

T1-3 89.9% (87.5%, 92.3%) <.0001 83.1% (80.3%, 86.1%) <.0001

T4 65.5% (56.2%, 76.6%) 47.3% (37.8, 59.2%)

Clinical nodal stage

N0 92.3% (89%, 95.7%) .0066 87% (82.9%, 91.3%) .0003

N1-3 84.9% (81.6%, 88.2%) 74.9% (71.1%, 79%)

ER status

Negative 81.6% (76.8%,86.6%) .0063 72.7% (67.3%, 78.6%) .04

Positive 89.8% (87.1%,92.6%) 82.1% (78.7%, 85.6%)

PR status

Negative 81.3% (77.3%, 85.6%) <.0001 72.4% (67.8%, 77.3%) .0001

Positive 92.3% (89.6%, 95.1%) 84.9% (81.3%, 88.7%)

HER2 status

Negative 85.7% (82.8%, 88.7%) .007 78.5% (75.1%, 82%) .34

Positive 91.5% (87.2%, 96%) 80.1% (74%, 86.6%)

Triple-negative status

No 89.8% (87.2%, 92.4%) .0002 81% (77.7%, 84.3%) .11

Yes 78.5% (58.5%, 96.7%) 72.6% (66.2%, 79.6%)

Total taxane dose category

N57-486 87.5% (82.7%, 92.5%) 80.3% (74.7%, 86.4%)

N487-954 85.4% (80.4%, 90.7%) .60 76.9% (71%, 83.4%) .80

N955-976 88.3% (83.7%, 93.1%) .82 81.6% (76.1%, 87.4%) .42

N977-4061 87% (82.2, 92.1%) .64 77% (71%, 83.4%) .21

BRCA status

Noncarrier 88% (85.3%, 90.7%) 79.4% (76.1, 82.8%)

BRCA1 81.6% (74%, 89.9%) .28 75.2% (66.9%, 84.5%) .59

BRCA2 86.9% (78.3%, 96.4%) .62 81.5% (71.8%, 92.5%) .91

BMI

Normal/underweight 89.8% (86.4%, 93.5%) 80.9% (76.4%, 85.6%)

Overweight 88% (83.8%, 92.4%) .26 79.9% (74.7%, 85.4%) .72

Obese 82.6% (77.7%, 87.8%) .01 75.6% (70.1%, 81.6%) .11
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support the hypothesis that taxane toxicity is influenced by genetic 
variants in BRCA1/2 genes. The association between genes involved 
in other DNA repair mechanisms and ROS levels and chemotherapy 
toxicity will need to be defined in further studies which could lead 
to better treatment selection for BRCA mutation-associated breast 
cancer such as combinations with platinums and PARP inhibitors.39
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