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A B S T R A C T

Purpose
This multicenter phase II trial evaluated lurbinectedin (PM01183), a selective inhibitor of active
transcription of protein-coding genes, in patients with metastatic breast cancer. A unicenter
translational substudy assessed potential mechanisms of lurbinectedin resistance.

Patients and Methods
Two arms were evaluated according to germline BRCA1/2 status: BRCA1/2mutated (arm A; n = 54)
and unselected (BRCA1/2 wild-type or unknown status; arm B; n = 35). Lurbinectedin starting dose
was a 7-mg flat dose and later, 3.5 mg/m2 in arm A. The primary end point was objective response
rate (ORR) per Response Evaluation Criteria in Solid Tumors (RECIST). The translational substudy of
resistance mechanisms included exome sequencing (n = 13) and in vivo experiments with patient-
derived xenografts (n = 11) from BRCA1/2-mutated tumors.

Results
ORR was 41% (95% CI, 28% to 55%) in arm A and 9% (95% CI, 2% to 24%) in arm B. In arm A,
median progression-free survival was 4.6 months (95% CI, 3.0 to 6.0 months), and median overall
survival was 20.0months (95%CI, 11.8 to 26.6months). Patients withBRCA2mutations showed an
ORR of 61%, median progression-free survival of 5.9 months, and median overall survival of
26.6 months. The safety profile improved with lurbinectedin dose adjustment to body surface area.
The most common nonhematologic adverse events seen at 3.5 mg/m2 were nausea (74%; grade 3,
5%) and fatigue (74%; grade 3, 21%). Neutropenia was the most common severe hematologic
adverse event (grade 3, 47%; grade 4, 10%). Exome sequencing showedmutations in genes related
to the nucleotide excision repair pathway in four of seven tumors at primary or acquired resistance
and in one patient with short-term stable disease. In vivo, sensitivity to cisplatin and lurbinectedin
was evidenced in lurbinectedin-resistant (one of two) and cisplatin-resistant (two of three) patient-
derived xenografts.

Conclusion
Lurbinectedin showed noteworthy activity in patients with BRCA1/2 mutations. Response and
survival was notable in those with BRCA2 mutations. Additional clinical development in this subset
of patients with metastatic breast cancer is warranted.

J Clin Oncol 36:3134-3143. © 2018 by American Society of Clinical Oncology. Licensed under the
Creative Commons Attribution 4.0 License: http://creativecommons.org/licenses/by/4.0/

INTRODUCTION

Metastatic breast cancer (MBC) is a heterogeneous
disease. Some new therapeutic approaches offer
a tailored therapy on the basis of tumor char-
acteristics. Beyond hormone receptor (HR) and
human epidermal growth factor receptor 2 (HER2)

status, a better knowledge of the DNA damage
response pathway has allowed the identification of
actionable targets for MBC.

Approximately 3% to 5% of unselected pa-
tients with MBC carry a germline mutation in
BRCA1 or BRCA2 genes. These genes encode for
two tumor suppressor proteins essential in ho-
mologous recombination repair (HRR), a vital

Author affiliations and support information

(if applicable) appear at the end of this

article.

Published at jco.org on September 21,

2018.

C.C. and A.L.-G. contributed equally to this

study as co-first authors. J.Bal. and S.J.I.

contributed equally to this study as co-senior

authors.

Clinical trial information: NCT01525589.

Corresponding author: Judith Balmaña,

MD, PhD, Vall d’Hebron Institute of

Oncology, Paseo Vall d’Hebron 119-129,

08035 Barcelona, Spain;

e-mail: jbalmana@vhio.net.

© 2018 by American Society of Clinical

Oncology. Licensed under the Creative

Commons Attribution 4.0 License.

0732-183X/18/3631w-3134w/$20.00

ASSOCIATED CONTENT

Appendix

DOI: https://doi.org/10.1200/JCO.

2018.78.6558

Data Supplements

DOI: https://doi.org/10.1200/JCO.

2018.78.6558

DOI: https://doi.org/10.1200/JCO.2018.

78.6558

3134 © 2018 by American Society of Clinical Oncology

VOLUME 36 • NUMBER 31 • NOVEMBER 1, 2018

http://creativecommons.org/licenses/by/4.0/
http://jco.org
mailto:jbalmana@vhio.net
http://ascopubs.org/doi/full/10.1200/JCO.2018.78.6558
http://ascopubs.org/doi/full/10.1200/JCO.2018.78.6558
http://ascopubs.org/doi/full/10.1200/JCO.2018.78.6558
http://ascopubs.org/doi/full/10.1200/JCO.2018.78.6558
http://ascopubs.org/doi/full/10.1200/JCO.2018.78.6558
http://ascopubs.org/doi/full/10.1200/JCO.2018.78.6558


DNA repair process that uses the undamaged sister chromatid to
carry out high-fidelity repair of DNA double-strand breaks.1

Trabectedin, an antitumor agent that relies on an efficient nu-
cleotide excision repair (NER) and a deficient HRR pathway, has
shown remarkable activity in heavily pretreated patients with MBC
with a germline BRCA1/2 mutation.2-4

Lurbinectedin, a trabectedin analog, is a selective inhibitor of
the active transcription of protein-coding genes. The mechanism
involves the irreversible stalling of elongating RNA polymerase II
on the DNA template and its specific degradation by the ubiquitin/
proteasome machinery. Subsequently, recruitment of DNA repair
factors, including XPF nuclease, induces the accumulation of
double-strand breaks and apoptosis as downstream events.5 These
effects are increased in HRR-deficient cells. Indeed, in BRCA2-
mutated cells, this could be related to the concurrence of deficient
DNA repair and formation of R-loops that occurs during the
elongation step of transcription by RNA polymerase II.6,7

Both antitumor activity observed with lurbinectedin against
HRR-deficient cell lines8,9 and clinical activity observed with
trabectedin prompted the conduct of this phase II trial to evaluate
the efficacy and safety of lurbinectedin in patients with MBC with
deleterious germline BRCA1/2 mutations or unselected disease.
Two arms were evaluated according to germline BRCA1/2 status:
BRCA1/2mutated (arm A) and unselected (BRCA1/2 wild-type or
unknown status; arm B). In parallel, a correlative translational
research study was undertaken to identify predictive biomarkers of
response and resistance through exome sequencing of patients’
biopsy samples and in vivo efficacy analyses in preclinical models.

PATIENTS AND METHODS

Patients were recruited from 11 investigational sites in the United States
and Spain. The study protocol was approved by the independent local
ethics committee at each participating center and was conducted in ac-
cordance with the Declaration of Helsinki, Good Clinical Practice
guidelines, and local regulations for clinical trials. Signed informed consent
was obtained from all patients before any study-specific procedure.

Eligibility Criteria
Patients eligible for this study were 18 to 75 years old with a histo-

logically proven diagnosis of MBC, nomore than three prior chemotherapy-
containing regimens in the advanced setting (including at least one prior
trastuzumab-containing regimen in those with knownHER2-overexpressing
tumors), measurable disease per Response Criteria in Solid Tumors
(RECIST) version 1.1,10 Eastern Cooperative Oncology Group performance
status # 1, and adequate major organ function. Patients were excluded if
they had previously received lurbinectedin, trabectedin, or radiotherapy to
. 35% of bone marrow; prior or concurrent other malignant disease unless
in complete remission for. 5 years; symptomatic, corticosteroid-requiring,
or progressive CNS involvement; exclusively bone-limited disease; concomitant
unstable or serious medical condition, or impending need for radiotherapy.

Treatment
All patients were treated with lurbinectedin administered as a 1-hour

intravenous (IV) infusion every 3 weeks. The starting dose was a 7.0-mg
flat dose (FD) on the basis of results from the first-in-human phase I trial.11

On the basis of new (unpublished) data from this and other lurbinectedin
studies that suggested body surface area (BSA)–related toxicity, the study
was amended to introduce BSA-based dosing. After an amendment,

patients received lurbinectedin as a 1-hour IV infusion on day 1 every
3 weeks at a starting dose of 3.5 mg/m2 (capped at BSA 2.0 m2). All patients
received antiemetic prophylaxis. Granulocyte colony-stimulating factors
were allowed for secondary prevention of neutropenia.

Efficacy Assessment
The primary efficacy end point was objective response rate (ORR)

according to RECIST version 1.1. Secondary efficacy end points were
duration of response, clinical benefit (ORR or stable disease. 3 months),
progression-free survival (PFS), and overall survival (OS). Patients
evaluable for efficacy received at least one complete lurbinectedin infusion
and had at least one tumor assessment. Radiologic tumor evaluation was
performed every 6 weeks (two cycles) until cycle six, and every 9 weeks
(three cycles) thereafter. Objective response was confirmed at least 4 weeks
later. Patients in arm B who achieved a confirmed response and whose
BRCA1/2 status was unknown were tested for BRCA1/2 germline variants.

Safety Assessment
Safety was evaluated in all patients who received at least one lur-

binectedin infusion by assessment of adverse events (AEs), clinical lab-
oratory test results, physical examinations, and vital signs. AEs were
recorded and coded with the Medical Dictionary for Regulatory
Activities version 12.0. AEs and laboratory values were graded according
to the National Cancer Institute Common Toxicity Criteria for Adverse
Events (version 4.0). All patients were followed until recovery from any
lurbinectedin-related AE.

Pharmacogenomic Substudy
Single nucleotide polymorphisms and DNA mutations in a panel of

151 cancer-related genes were centrally analyzed (Appendix, online only).

Fresh Biopsy Cohort, Exome Sequencing, Implantation of
Patient-Derived Xenograft Models, and In Vivo Experiments

All patients from one of the investigational sites were offered to
participate in a translational substudy (Appendix).

Statistical Methods
A futility analysis on the basis of the primary end point (ORR) was

planned after 20 and 30 evaluable patients had been treated in arms A and
B, respectively. If fewer than four of the 20 patients in arm A or fewer than
three of the 30 patients in arm B achieved an objective confirmed response,
recruitment into that arm was halted. Otherwise, recruitment was planned
until at least 53 and 64 evaluable patients were included in each arm,
respectively (Appendix).

In the clinical part of the study, binomial exact estimator and 95% CI
were calculated for ORR. Kaplan-Meier method was used to analyze PFS
and OS (compared in subgroups by unstratified log-rank test). Logistic
regression was used in the ORR multivariable analysis.

Statistical analysis for in vitro data consisted of t test or one-way
analysis of variance (Dunnett’s post hoc test). Two-way analysis of variance
(Tukey’s post hoc test) was used for in vivo patient-derived xenograft
(PDX) data. Multiplicity-adjusted P values are reported, and statistical
significance was achieved if P , .05.

RESULTS

Patient Characteristics
Eighty-nine patients were treated with lurbinectedin between

June 2012 and March 2016 (arm A, 54 patients; arm B, 35 patients;
Fig 1). In arm A, 57% and 43% of patients carried deleterious
BRCA1 and BRCA2 mutations, respectively; 56% and 44% had
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triple-negative andHR+ disease; and 59% hadmore than two tumor
sites (liver metastasis, 52%; CNS metastasis, 6%). Patients received
a median of one (range, zero to three) prior advanced chemotherapy
lines, including platinum in 37% (19% in the adjuvant/neoadjuvant
setting; Table 1).

In arm B, 74% of patients had unknown BRCA1/2 status (26%
were BRCA1/2 negative); 49% and 51% had triple-negative and

HR+ disease, respectively; and 40% had more than two tumor sites
(liver metastasis, 60%). The median number of advanced che-
motherapy lines was one (range, one to three), and 6% and 20% of
patients received prior platinum-based chemotherapy in the
adjuvant/neoadjuvant and advanced setting, respectively (Table 1).
No relevant differences between arms were observed (Appendix
Table A1, online only).

Patients enrolled
(N = 91)

Patients treated
(n = 89)

Arm A: BRCA1/2
(n = 54)*

Arm B: BRCA wild type or unknown status
(n = 35)*

PM01183 day 1 every 3 weeks dose 

   7-mg FD

Futility analysis: If fewer than four
   of 20 patients with response in 
   arm A, stop recruitment, otherwise
   continue until at least 53 evaluable 
   patients
   Responses in the first
      20 patients

Futility analysis: If fewer than three
   of 30 patients with response, stop
   recruitment, otherwise continue 
   until 64 evaluable patients
   Responses in the first 
      30 patients

Patients not treated
(n = 2 in arm A)

Consent refusal
Investigator’s decision

(n = 1)
(n = 1)

PM01183 day 1 every 3 weeks dose

   7-mg FD
   3.5 mg/m2

(n = 35)
( n = 19)

Discontinued treatment
  Disease progression
  Clinical progression
  Investigator’s decision
  Patient refusal
  Treatment-related adverse event
  Treatment-unrelated adverse event

(n = 52)
(n = 45)
(n = 3)
(n = 1)
(n = 1)
(n = 1)
(n = 1)

Discontinued treatment
  Disease progression
  Investigator’s decision
  Treatment-related adverse event
Death
    Unknown relationship
    Treatment-unrelated

(n = 35)
(n = 29)
(n = 2)
(n = 2)

(n = 1)
(n = 1)

Analyzed for primary end point
Excluded from analysis

(n = 54)
(n = 0)

Analyzed for primary end point
Excluded from analysis; early death

(n = 34)
(n = 1)

Analyzed for pharmacogenomicsAnalyzed for pharmacogenomics
Analyzed for exome substudy

(n = 8)
   Recruitment continued

   Recruitment was closed
(n = 2)

(n = 19)†
(n = 13)

(n = 20)†

(n = 35)

Fig 1. CONSORT diagram for both the phase II clinical trial and the biomarker substudy. (*) Per study design, recruitment had to continue until at least 53 patients in armA
(complete cohort) and 30 patients in arm B (futility analysis) were evaluable for response. First tumor assessment in each patient took place per protocol 6 weeks after first
lurbinectedin infusion. At that time, once the required 53 and 30 evaluable patients had been included, one additional patient in arm A and five additional patients in arm B
also had been enrolled. (†) The sample size in pharmacogenomic analyses corresponds to samples and not to number of patients. FD, flat dose.
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Dosing
In arm A, 35 patients received lurbinectedin at a starting dose

of 7 mg FD (median of six cycles per patient [range, one to 24
cycles]), and 19 patients received 3.5 mg/m2 (median of nine cycles
per patient [range, two to 30 cycles]). In arm B, all 35 patients
received lurbinectedin at 7 mg FD (median of three cycles [range,
one to 27 cycles]; Fig 1).

Efficacy in Arm A (BRCA1/2 Mutated)
Futility analysis conducted on the first 20 evaluable patients

showed eight objective responses (ORR, 40.0%; 95% CI, 19% to
64%); therefore, recruitment continued to accrue 54 evaluable
patients. ORR at final analysis was 41% (95% CI, 28% to 55%),
including two complete responses (CRs) and 20 partial responses
(PRs; Table 2; Appendix Fig A1, online only). Efficacy was not
affected by lurbinectedin dose modification from 7 mg FD to
3.5 mg/m2 (Fig 2). Median duration of response was 6.1 months
(95% CI, 3.4 to 11.3 months). Disease control rate and clinical
benefit rate were 83% and 61%, respectively. Responding patients
had received a median of one prior advanced chemotherapy line
(range, zero to two lines). Prespecified subgroup analysis showed
an ORR of 61% (95% CI, 38.5% to 80.3%) in patients with the
BRCA2mutation and 26% (95%CI, 11.9% to 44.6%) in those with
the BRCA1mutation. ORR increased in patients without prior poly
(ADP-ribose) polymerase inhibitor (PARPi) therapy, especially in
BRCA2 (ORR, 72% v 30% in BRCA1). ORR in patients with HR+
versus triple-negative disease was 46% (95% CI, 25.6% to 67.2%)
and 37% (95% CI, 19.9% to 56.1%), respectively. With regard to
prior platinum, ORR was 26% (95% CI, 11.1% to 46.3%) and 56%
(95% CI, 35.3% to 74.5%) for patients with or without prior
platinum therapy, respectively. Among platinum-naı̈ve patients
(n = 27), ORR in BRCA1 and BRCA2 was 30% and 71%, re-
spectively. ORRodds ratio per subgroup is shown in Appendix Fig A2
(online only). Multivariable analysis including BRCA status, HR,
and prior platinum and advanced chemotherapy lines showed
BRCA2 as the only significant variable for predicting response.

Median PFS was 4.6 months (95% CI, 3.0 to 6.0 months
[BRCA2, 5.9 months; BRCA1, 3.0 months]; Fig 3A). Median OS
was 20.0 months (95% CI, 11.8 to 26.6 months [BRCA2,
26.6 months; BRCA1, 15.9 months]; Fig 3B).

Efficacy in Arm B (BRCA1/2 Wild-Type or Unknown
Status)

Futility analysis conducted on the first 30 evaluable patients
showed two objective responses (below the minimum of three
responses required for recruitment extension), and this cohort was
closed. The ORR in 34 total evaluable patients was 9% (95% CI,
2% to 24%), including three PRs (Table 2; Appendix Fig A1).
Median duration of response was 5 months (95% CI, 2 to
18 months). Disease control rate and clinical benefit rate were 59%
and 26%, respectively. Germline BRCA1/2 status of the three
patients with PRs was wild type. No other candidate genes for
sensitivity were found in the pharmacogenomic substudy of tumor
samples (Appendix Table A2, online only). Median PFS was
2.5 months (95% CI, 1.3 to 3.4 months; Fig 3A), and median OS
was 12.5 months (95% CI, 6.6 to 17.9 months; Fig 3B).

Table 1. Patient Baseline Disease and Prior Treatment Characteristics Per
Treatment Arm and in All Included Patients

Characteristic

Arm, No. (%)

Total, No. (%)
A

(BRCA)

B
(BRCA WT or
unknown
status)

No. of patients 54 35 89
Median age, years

(range)
43 (30-73) 52 (32-70) 47 (30-73)

Median BSA, m2

(range)
1.72 (1.47-2.12) 1.75 (1.36-2.41) 1.73 (1.36-2.41)

BRCA status
BRCA1 mutated 31 (57) 0 31 (35)
BRCA2 mutated 23 (43) 0 23 (26)
WT 0 9 (26) 9 (10)
Unknown 0 26 (74) 26 (29)

ECOG PS status
0 31 (57) 22 (63) 53 (60)
1 23 (43) 13 (47) 36 (40)

Receptor status
Triple negative 30 (56) 17 (49) 47 (53)
HR+/HER22 22 (41) 14 (41) 36 (40)
HR+/HER2+ 2 (4) 4 (11) 6 (7)

Stage at diagnosis
I 9 (17) 0 9 (10)
II 23 (43) 13 (37) 36 (40)
III 16 (30) 19 (54) 35 (39)
IV 6 (11) 3 (9) 9 (10)

No. of tumor sites
# 2 25 (46) 21 (60) 46 (52)
. 2 29 (54) 14 (40) 44 (48)

Location of metastases
Lymph nodes 32 (59) 18 (51) 50 (56)
Liver 28 (52) 21 (60) 49 (55)
Bone 29 (54) 17 (49) 46 (52)
CNS 3 (6) 0 3 (3)
Lung 24 (44) 10 (29) 34 (38)

Median No. of prior
advanced lines
(range)

Total (chemotherapy,
hormonal
therapy, biologic,
etc)

2 (0-5) 2 (1-5) 2 (0-5)

Chemotherapy 1 (0-3) 1 (1-3) 1 (0-3)
Type of prior therapies
Adjuvant/

neoadjuvant
Anthracycline
based

38 (70) 32 (91) 70 (79)

Taxane based 43 (80) 29 (83) 72 (81)
Platinum based 10 (19) 2 (6) 12 (13)
Hormonal therapy 23 (43) 17 (49) 40 (45)

Advanced setting
Anthracycline
based

8 (15) 3 (9) 11 (12)

Taxane based 18 (33) 19 (54) 37 (42)
Platinum based 20 (37) 7 (20) 27 (50)
Capecitabine 18 (33) 23 (66) 41 (46)
Eribulin 5 (9) 2 (6) 8 (9)
Hormonal therapy 17 (31) 11 (31) 28 (32)
PARPi 9 (17) 0 9 (10)

Abbreviations: BSA, body surface area; ECOG PS, Eastern Cooperative On-
cology Group performance status; HER2, human epidermal growth factor re-
ceptor 2; HR, hormone receptor; PARPi, poly (ADP-ribose) polymerase inhibitor;
WT, wild type.
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Safety
All 89 treated patients were evaluable for safety (Table 3).

Severe AEs and laboratory abnormalities occurred at lower in-
cidences after dose adjustment according to BSA in arm A. Grade 4
hematologic abnormalities (mainly neutropenia and thrombocy-
topenia) and febrile neutropenia (from 29% to 5% of patients)
were notably reduced. The most common nonhematologic AEs
were nausea and fatigue (74%).

Treatment-related discontinuations occurred in three patients
treated before the amendment that adjusted dose to BSA (3.5mg/m2):
one in arm A (because of grade 3 dyspnea with multiple pleural
metastases at baseline, talc pleurodesis, and pericardial window) and
two in arm B (because of grade 3 pneumonitis and grade 3 failure to
thrive/vomiting). Furthermore, one patient in armBwhowas treated
with the 7-mg FD died during cycle 1 as a result of septic shock with
unknown relationship, which was concomitant with treatment-
related grade 4 ALT/AST increase (extensive miliary liver metasta-
ses and grade 2 ALT/AST increase were present at baseline; Fig 1).

Exome Sequencing Analysis
A parallel unicenter translational research study included

whole-exome sequencing on five paired pre- and postlurbinectedin

fresh biopsy samples that met sufficient cellularity (n = 10; Appendix
Table A3, online only). No secondary BRCA1/2 mutations were
identified at disease progression (PD). Because prior in vitro data
reported transcription-coupled NER gene mutations as a mecha-
nism of resistance to trabectedin,4 this analysis was focused on these
and other DNA repair genes. An acquired mutation in the NER gene
ERCC4 (c.A583T; variant allele frequency [VAF], 47%) appeared in
the postlurbinectedin sample from long-responder patient 2 (PFS,
14.3 months; Figs 4A and 4B; Appendix Fig A3A, online only).
ERCC4 encodes the nuclease XPF involved in DNA damage accu-
mulation by lurbinectedin.5 The c.A583T change affects a splicing
donor site, which could generate a premature stop codon and
protein truncation (XPF p.R195*; Fig 4B). Alternatively, the c.A583T
variant could encode a missense amino acid substitution (XPF
p.R195W), the functional effect of which was evaluated in vitro.
Complementation of XPF-deficient human fibroblasts (GM08437)
with wild-type XPF sensitized these cells to lurbinectedin, whereas
complementation with XPF p.R195W behaved as the empty vector
(Fig 4C). Similarly, two somatic mutations in NER genes were
identified in another patient at PD (patient 4; PFS, 5.9 months):XPA
(p.Q216E; VAF, 38%) and GTF2H5 (p.C12R; VAF, 29%; Appendix
Table A3). Copy number variation analysis of PDX252 derived from
patient 6 at lurbinectedin progression identified a complete loss of

Table 2. Lurbinectedin Treatment Overall Efficacy and Subgroup Analyses

Overall RECIST Response

Arm, No. (%)

A (BRCA)

B (BRCA WT or unknown status; n = 34)*
BRCA1
(n = 31)

BRCA2
(n = 23)

Total
(n = 54)

ORR 8 (26) 14 (61) 22 (41) 3 (9)
95% CI 12 to 45 39 to 80 28 to 55 2 to 24
CR 2 (7) 0 2 (4) 0
PR 6 (19) 14 (61) 20 (37) 3 (9)†
SD 15 (48) 8 (35) 23 (43)‡ 17 (50)
PD 8 (26) 1 (4) 9 (17) 13 (38)

Disease control rate (CR + PR + SD) 23 (74) 22 (96) 45 (83) 20 (59)
Clinical benefit (CR + PR 2 SD . 3 months) 14 (45) 19 (83) 33 (61) 11 (32)
Clinical benefit (CR + PR 2 SD $ 6 months) 12 (39) 15 (65) 27 (50) 4 (12)
Median duration of response, months (95% CI) 11 (3 to NR) 6 (3 to 13) 6.1 (3 to 11) 5 (2 to 18)
ORR by subgroup No. of Patients With Response of Overall

No. of Patients in Subgroup (%)
BRCA1/2 status
BRCA1 8 of 31 (26) —

BRCA2 14 of 23 (61) —

WT or unknown — 3 of 34 (9)†
Estrogen/progesterone receptor/HER2 status
Non–triple negative 11 of 24 (46)§ 1 of 16 (6)k
Triple negative 11 of 30 (37) 2 of 18 (12)

Prior platinum
No 15 of 27 (56) 3 of 25 (12)
Yes 7 of 27 (26) 0 of 9 (0)

No. of prior advanced chemotherapy lines
0-1 16 of 31 (52) 2 of 18 (11)
2-3 6 of 23 (26) 1 of 16 (6)

Abbreviations: CR, complete response; HER2, human epidermal growth factor receptor 2; NE, not evaluable; NR, not reached; ORR; objective response rate; PD,
disease progression; PR, partial response; RECIST, Response Evaluation Criteria in Solid Tumors; SD, stable disease; WT, wild type.
*Thirty-five patients were treated, but one patient was not considered evaluable for ORR assessment because she died during the first cycle (early death) as a result of
treatment-unrelated pneumonia; therefore, tumor assessment was not possible in this patient. Furthermore, one of the 34 evaluable patients was considered to have
experienced treatment failure because of early death as a result of septic shock with unknown causality.
†Germline BRCA1/2 status of the three patients with PRs was WT.
‡Including four patients with unconfirmed PR.
§Includes nine patients with HR+/HER22 and one patient HR+/HER2+ status.
kPatient with HR+/HER22 status.
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NER gene ERCC8/CSA, a previously reported mechanism of tra-
bectedin resistance.4 In the remaining two patients with paired
biopsy samples, exome sequencing did not reveal NER mutations at
resistance.

Secondary BRCA1/2 mutations and NER-related alterations
also were searched in nonpaired fresh tumor samples and in all
archival tumor samples available (n = 7 primary; n = 5 meta-
static). No secondary BRCA1/2 mutations were found. A het-
erozygous germline mutation in ERCC4 (XPF p.Q300H; VAF,
46%) was identified in patient 12, who had primary lurbi-
nectedin resistance. Of note, this mutation was enriched to
homozygosity in the primary tumor (VAF, 69%) and in the
metastatic relapse (VAF, 60%; Appendix Figs A4A and A4B,
online only). None of the long-responder patients carried an
ERCC4 mutation. A mutation in the XPF scaffold protein SLX4/
FANCP was found in patient 10, who showed stable disease (PFS,
2.7 months; p.A952M; VAF, 91%). Thus, these results suggest
that NER-related alterations may arise as a mechanism of re-
sistance to lurbinectedin.

In Vivo Studies With Lurbinectedin and Cisplatin
Prior data suggested that NER alterations could induce re-

sistance to lurbinectedin but increase sensitivity to cisplatin,4,5 and
we confirmed this in vitro (Appendix Fig A3B, online only).
Antitumor activity of cisplatin and lurbinectedin was investigated
in five coclinical PDX models derived from patients in arm A
(Appendix Table A3; Appendix Fig A5A, online only). All PDX
models recapitulated the clinical response to lurbinectedin. Three
of five models showed opposite responses for lurbinectedin and
cisplatin. Of note, one PDX (PDX252) generated at progression to
lurbinectedin harbored an ERCC8/CSA loss and responded to
cisplatin. Six additional PDX models from a collection of BRCA1/
2-mutated PDXs12 were tested, and the spectrum of activity of
lurbinectedin and cisplatin only partially overlapped (Appendix
Fig A5B,online only).

Supporting evidence for clinical cisplatin sensitivity after
progression to lurbinectedin is exemplified in Appendix Fig A6
(online only). The patient who harbored mutations in XPA and
GTF2H5 in the liver metastasis at lurbinectedin progression was

0

EXO1 POLE PRKDC REV3 BRCA Dose

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Months
28 29 30

Complete response

Partial response

First response

Disease progression time

Stable disease

Disease progression

BRCA1

BRCA2

7-mg FD

Mutated

3.5 mg/m2

Wild type

Fig 2. Swimmer plot that shows clinical response, duration of therapy (in months), BRCA status, and lurbinectedin dose received in patients from arm A (BRCA1/2
mutated). Each bar represents one patient in the study (n = 54). Information from pharmacogenomic analyses is shown in the columns located to the left. FD, flat dose.
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subsequently treated with platinum-based chemotherapy and
achieved a sustained PR.

DISCUSSION

This phase II trial met its primary end point and showed lurbi-
nectedin to be active in patients with BRCA1/2-mutated MBC.
Overall, 22 of 54 patients with BRCA1/2 mutations achieved
a confirmed response (ORR, 41%), including two CRs, with
a median duration of response of 6.1 months (range, 3 to

11 months). Median PFS and OS were 4.6 and 20.0 months,
respectively.

The most common nonhematologic (nausea and fatigue) and
hematologic (neutropenia) AEs observed in patients with MBC
were already reported in a phase I study conducted at 7 mg FD11

and in a phase II study in patients with platinum-resistant/
refractory advanced ovarian cancer.13 Nonetheless, the lurbi-
nectedin safety profile was improved after implementation of BSA-
based dosing. Severe events occurred at lower incidences, with
a notable reduction in the rate of grade 4 hematologic abnor-
malities and febrile neutropenia. Cumulative toxicity was not
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observed, and most patients achieved long-time exposure. There-
fore, lurbinectedin 3.5 mg/m2 seems to be a safe and active dose for
future trials.

The most remarkable antitumor activity was found in pa-
tients with BRCA2 mutation (ORR, 61%; PFS, 5.9 months; OS,
26.6 months) in whom ORR increased to 72% and 71% in those
without prior PARPi and platinum therapy, respectively. Tra-
bectedin also had shown higher efficacy in patients with BRCA2
MBC versus BRCA1 (ORR, 33% v 9%; median, PFS 4.7 v
2.5 months).3 ORR for PARPi therapy in patients with BRCA2
MBC in phase I/II trials was 22% with olaparib,14 36% with
veliparib,15 and 34% with talazoparib.16 The reasons for the
different efficacy of lurbinectedin in BRCA2 versus BRCA1 dis-
ease are under investigation. In addition to its well-known role
in HRR, BRCA2 prevents the formation of RNA-DNA hybrids
(R-loops) that occurs during the elongation step of transcription
by RNA polymerase II.6,7 One hypothesis to explain the differ-
ential activity of trabectedin and lurbinectedin observed in BRCA2-
compared with BRCA1-mutated MBC is the concurrence of

deficient DNA repair and the formation of R-loops. Recognition
of HRR deficiency as a biomarker of sensitivity to platinum agents
has led to their reconsideration for the treatment of BRCA1/2
mutation–associated tumors. Indeed, the Triple-Negative Breast
Cancer Trial showed germline BRCA1/2 tumors to be more
sensitive to carboplatin than docetaxel and provided clinical
evidence to treat these patients with platinum in the metastatic
setting.17 Nevertheless, previous platinum exposure decreases the
benefit to other BRCA1/2-directed therapies, such as PARPi.16,18 In
this regard, in a phase II study with talazoparib, patients who
responded to platinum and did not progress until at least 8 weeks
after treatment had an ORR of 21% versus 37% among those who
were platinum naı̈ve in the metastatic setting.16 In the phase III
OlympiAD18 trial with olaparib, the ORR (unconfirmed re-
sponse) decreased from 66% in platinum-naı̈ve patients to 46%
in patients with prior platinum therapy and no progression
during treatment. Responses to lurbinectedin also decreased in
patients previously exposed to platinum, although comparisons
with PARPi trials14,16 cannot be made because of different

Table 3. Most Common Laboratory Abnormalities and Treatment-Related AEs ($ 10% of Patients or Grade $ 3)

Abnormality or AE

Arm A (BRCA; n = 54), No. (%)
Arm B (BRCA WT or unknown

status; n = 35), No. (%)

7-mg FD (n = 35) 3.5 mg/m2 (n = 19) 7-mg FD (n = 35)

NCI CTCAE Grade NCI CTCAE Grade NCI CTCAE Grade

All 3 4 All 3 4 All 3 4

Hematologic abnormality*
Anemia 33 (94) 9 (26) 0 17 (89) 1 (5) 0 31 (89) 3 (9) 0
Lymphopenia 30 (86) 9 (26) 6 (17) 17 (89) 4 (21) 1 (5) 29 (83) 6 (17) 3 (9)
Neutropenia 31 (89) 7 (20) 18 (51) 15 (79) 9 (47) 2 (10) 28 (80) 10 (29) 12 (34)
Thrombocytopenia 27 (77) 1 (3) 9 (26) 9 (47) 1 (5) 0 24 (69) 4 (11) 0

Biochemical abnormality*
AP increased 23 (66) 0 0 14 (74) 0 0 19 (54) 0 0
ALT increased 29 (83) 7 (20) 1 (3) 17 (89) 2 (10) 0 30 (86) 6 (17) 1 (3)
AST increased 27 (77) 2 (6) 1 (3) 13 (68) 1 (5) 0 26 (74) 1 (3) 1 (3)
CPK increased 4 (11) 0 0 3 (16) 0 1 (5)† 4 (12) 0 0
Creatinine increased‡ 29 (83) (0) 0 16 (84) 0 0 28 (80) 0 0
GGT increased 20 (57) 6 (17) 0 17 (89) 3 (16) 0 30 (86) 6 (17) 1 (3)

AE
Abdominal pain 4 (11) 0 0 1 (5) 1 (5) 0 3 (9) 0 0
Alopecia 1 (3) 0 0 2 (10) 0 0 0 0 0
Constipation 8 (23) 0 0 2 (10) 0 0 4 (11) 0 0
Cough 3 (9) 0 0 2 (10) 0 0 0 0 0
Decreased appetite 9 (26) 0 0 5 (26) 0 0 5 (14) 0 0
Diarrhea 6 (17) 0 0 6 (32) 0 0 3 (9) 0 0
Dizziness 1 (3) 0 0 2 (10) 0 0 2 (6) 0 0
Dyspnea 3 (9) 2 (6) 0 2 (10) 0 0 2 (6) 0 0
Fatigue 32 (91) 6 (17) 0 14 (74) 4 (21) 0 30 (86) 0 0
Febrile neutropenia 10 (29) 7 (20) 3 (9) 1 (5) 1 (5) 0 0 0 0
Headache 2 (6) 0 0 5 (26) 0 0 2 (6) 0 0
Hypophosphatemia 0 0 0 2 (10) 2 (10) 0 0 0 0
Myalgia/musculoskeletal discomfort 3 (9) 0 0 2 (10) 0 0 0 0 0
Nausea 28 (80) 3 (9) 0 14 (74) 1 (5) 0 20 (57) 0 0
Phlebitis/thrombophlebitis 1 (3) 0 0 2 (10) 0 0 1 (3) 0 0
Pyrexia 2 (6) 0 0 4 (21) 0 0 1 (3) 0 0
Stomatitis 7 (20) 0 0 4 (21) 0 0 9 (26) 0 0
Vomiting 17 (49) 2 (6) 0 7 (37) 1 (5) 0 9 (26) 1 (3) 0

Abbreviations: AE, adverse event; AP, alkaline phosphatase; CPK, creatine phosphokinase; FD, flat dose; GGT, g-glutamyltransferase; NCI CTCAE, National Cancer
Institute Common Toxicity Criteria for Adverse Events (version 4.0); WT, wild type.
*On the basis of total patients with laboratory data available.
†Grade 4 CPK increase was related to a concomitant medication.
‡NCI CTCAE grades creatinine increases from baseline, even if creatinine values remain normal.
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inclusion criteria in the platinum-free interval. Although clinical
data show decreased sensitivity to lurbinectedin in platinum-
pretreated patients, preclinical data in PDXs suggest a partial
overlap of efficacy and resistance mechanisms. Additional re-
search is needed to delineate the most appropriate therapeutic
sequence to minimize cross-resistances.

Secondary mutations in BRCA1 and BRCA2 that re-establish the
reading frame may restore HRR proficiency and render cancer cells
resistant to agents that target DNA damage.19 In this study, exome
sequencing showed no secondary BRCA1/2 mutations in either
primary or acquired resistance. In contrast, alterations in NER-related
genes were found. Somatic mutations in ERCC4 could explain
primary resistance to lurbinectedin in a nonresponder patient and
acquired resistance in another long-responder patient. VAF in two
mutated genes involved in active transcription and NER (XPA and
GTF2H5) increased at lurbinectedin progression in another patient.
Of note, the acquisition of resistance to lurbinectedin did not pre-
clude a subsequent response to platinum-based chemotherapy in this
patient, as was also observed in a coclinical acquired-resistance model
(PDX252). Limitations of this studywere the small size of some of the
subsets evaluated and the optional participation for the translational
unicentric substudy, which resulted in a limited sampling. Additional
studies will have to focus on lurbinectedin activity as a transcription
inhibitor in HRR-deficient/NER-active tumors.

In conclusion, lurbinectedin has a uniquemechanism of action,
with promising efficacy observed in BRCA1/2-mutated MBC. The
noteworthy specific activity of lurbinectedin in patients with
BRCA2 mutation warrants additional clinical development.
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Appendix

Methods
Pharmacogenomic substudy. Patients optionally participated in this substudy (52 patients; total of 39 samples). A customized

cancer panel was used to obtain the exon sequence of genes involved in DNA repair and cancer biology. The panel comprised four
primer pools that totaled 1,774 primer pairs (target size, approximately 2.5 Mb). Genomic DNAwas extracted frommacrodissected
formalin-fixed paraffin-embedded (FFPE) tumor tissue and quantified by Qubit (Thermo Fisher Scientific, Waltham, MA); its
quality was determined by ladder polymerase chain reaction (PCR) using 2 ng of genomic DNA (gDNA). A library was obtained
with each of the four primer pools using 10 ng of gDNA, and the amplicons in each library were sequenced using Ion 318 Chip Kit
v2 (Thermo Fisher Scientific). Identified variants (both in exonic regions and in noncoding regions) were analyzed using Ion
Reporter version 4.2 software and AmpliSeq Comprehensive Cancer Panel using a single, simple Ion PGM version 4.2 workflow
(Thermo Fisher Scientific). Potentially deleterious variants were predicted using the ANNOVAR software tool (Wang et al: Nucleic
Acids Res 38:e164, 2010), and single nucleotide polymorphisms were identified using Ion Reporter version 4.2 software.

Fresh biopsy sample cohort. All participants from one of the investigational sites (Vall d’Hebron University Hospital, Barcelona,
Spain) were asked to undergo voluntarily a fresh core biopsy. The sample was taken from a metastatic lesion before starting
treatment with lurbinectedin. Participants signed local institutional review board–approved consent forms, unless a representative
metastatic sample was already available. A paired biopsy sample of the same tumor lesion from patients who achieved a Response
Evaluation Criteria in Solid Tumors (RECIST) version 1.1 response was obtained at the time of progression to lurbinectedin, if
amenable. Exome sequencing analysis and xenograft implantation was done from these biopsy samples.

Exome sequencing. Patients provided written informed consent for somatic and germline DNA analysis. Fresh frozen tumor
samples, along with a blood sample, were subjected to whole-exome sequencing. Additional archival samples from the same patient
cohort were sequenced when available. Samples initially were assessed for tumor content on the basis of a hematoxylin-eosin stain.
gDNA was extracted from frozen samples with the QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany), from archival FFPE
samples with the Maxwell 16 FFPE Plus LEV DNA Purification Kit (Promega, Madison, WI), and from whole blood with the
QIAamp DNA blood Mini Kit (QIAGEN) according to the manufacturers’ instructions. Library preparation was performed while
following the standard Illumina protocol (Genomic DNA Sample Prep Kit; Illumina, San Diego, CA). One microgram of DNAwas
fragmented; ends repaired; and an adenine ligated to each of the 39 ends, where sample-specific adaptors were linked. Libraries were
amplified using eight cycles of PCR, and exome enrichment was performed using specific biotinylated probes (SureSelect XT
Human All Exon 50 Mb; Agilent Technologies, Santa Clara, CA). After enrichment, the exome libraries were PCR amplified (eight
cycles), quantified, and loaded in a HiSeq 2000 sequencing system (Illumina).

A quality check of the raw data were performed by the FastQC tool (www.bioinformatics.babraham.ac.uk/projects/fastqc).
Paired-end 100-base sequences were aligned to the Sanger human reference genome (hg19) using the Burrows-Wheeler Alignment
tool version 7.12 (Li et al: Bioinformatics 26:589-595, 2010). This yielded a depth of coverage in targeted regions of approximately
70%, with approximately 70% of the exome having at least 10 reads. The resulting binary alignment map files were processed using
SAMtools version 1.19 (Li et: Bioinformatics 25:2078-2079, 2009; Li: Bioinformatics 27:2987-2993, 2011) and the Genome Analysis
ToolKit version 3.2.0 (McKenna et al: Genome Res 20:1297-1303, 2010). Mutations were called with VarScan2 version 2.3.7
software (Koboldt et al: Genome Res 22:568-576, 2012) using the following parameters: somatic, minimum 83 coverage, minimum
five reads supporting the variant allele, minimum variant allele frequency (VAF) of 5%, strand-bias filtering, and P , .05.
Annotation of the variant call format files was performed with ANNOVAR software (Wang et al: Nucleic Acids Res 38:e164, 2010).
Except for germline BRCA1 and BRCA2, variants were filtered on the basis of being annotated as exonic by the RefSeq release 45
database (National Center for Biotechnology Information, Bethesda, MD) and nonsynonymous. Final manual review was done to
check for local indel misalignments and homopolymer false-positive calls. Copy number variations (CNVs) were identified using
the tool SeqGene (Deng: BMC Bioinformatics 12:267m 2011) and the R Bioconductor DNAcopy package (Venkatraman et al:
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Bioinformatics 23:657-663, 2007). We focused on mutations and CNVs of genes involved in DNA damage repair on the basis of an
in-home–made list of 485 genes.

Implantation of patient-derived xenograft models and in vivo experiments. Fresh tumor samples from patients were prospectively
collected and immediately implanted into the lower flank of nude mice under an institutional review board–approved protocol and
the associated informed consent (Bruna et al: Cell 167:260-274, 2016). Upon growth of the engrafted tumors, the model was
perpetuated by serial transplantation onto the lower flank of Naval Medical Research Institute nude mice. To evaluate the sensitivity
to the drugs, tumor-bearing mice were equally distributed into treatment groups, with tumors ranging in size from 100 to 300mm3.
Lurbinectedin (0.18 mg/kg) and cisplatin (6 mg/kg) were administered intravenously weekly unless relative tumor volume, 0.5 or
weight loss . 20%. Tumor growth was measured with caliper biweekly since the first day of treatment, and tumor volume was
calculated as V = 4p / 3 / L 3 l2, where L is the largest diameter and l is the smallest. The antitumor activity was determined by
comparing tumor volume after three to four cycles or at best response (in sensitive patient-derived xenograft [PDX], minimum
value of percent tumor volume change sustained for at least 10 days) to its baseline: percent tumor volume change = (V – Vinitial) /
Vinitial 3 100. To classify the response of the subcutaneous implants, we modified the RECIST to be based on the percent tumor
volume change: complete response, best response,295%; partial response, best response,230%; stable disease230%, best
response, 20; and disease progression, best response. 20%. Experiments were conducted using the European Union animal care
directive (2010/63/EU) and were approved by the Ethical Committee of Animal Experimentation of the Vall d’Hebron Research
Institute.

Statistical Methods: Information From the Phase II Trial
Sample size was calculated using East version 5.4 software (Cytel, Cambridge, MA) for each arm as a single proportion test,

including a futility analysis in each one. The next hypotheses were selected as follows:

• Arm A (BRCA): At least 53 evaluable patients had to be recruited to test the null hypothesis that objective response rate
(ORR) was# 20% (P# .20) versus the alternative hypothesis that$ 40% patients have an objective response (P$ .4). With
these assumptions, if the number of evaluable patients with an objective response is$ 17, then this would allow the rejection
of the null hypothesis.

• Arm B (BRCAwild-type or unknown status): At least 64 evaluable patients had to be recruited to test the null hypothesis that
ORR is # 10% (P # .10) versus the alternative hypothesis that $ 25% patients have an objective response (P $ .25). With
these assumptions, if the number of evaluable patients with an objective response is$ 12, then this would allow the rejection
of the null hypothesis.

The variance of the standardized tests was based on the null hypothesis. The type I error (a) associated with each one-sided test
was 0.025, and the type II error (b) was , 0.1; hence, statistical power was . 90%.

Futility analysis controlled by the gamma family boundary was performed when 20 and 30 patients had been evaluated in arms
A [gamma(22)] and B [gamma(21.5)], respectively. If fewer than four of 20 patients in arm A or fewer than three of 30 patients in
arm B achieved an objective response, recruitment in that arm had to be stopped.
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Fig A1. Efficacy of lurbinectedin by dose. A waterfall plot shows themaximum variation of target lesions in patients with at least one radiologic tumor assessment in arm
A (BRCA1/2) and arm B (BRCA wild-type or unknown status). One patient in arm B had a complete response in target lesions but not in nontarget lesions (objective
response was then partial). (*) Confirmed response. (†) Patients with BRCA2 mutation. FD, flat dose; PR, partial response; PD, disease progression.

7.1 (1.9 to 26.2)

3.6 (1.1 to 11.3)

7.0 (0.8 to 34.0)

1.5 (0.5 to 4.4)

3.0 (0.9 to 9.7)

4.5 (1.4 to 14.3)

6.2 (1.6 to 23.1)

5.6 (1.0 to 30.9)

Odds Ratio (95% CI)

Group (responders/treated)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 ... 60

Arm A (22 of 54) v arm B (3 of 34)
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Fig A2. Summary of odds ratios and 95% CIs for objective response rate in the subgroups analyzed. Data shown include responder and treated patients. HR, hormone
receptor; PARPi, poly (ADP-ribose) polymerase inhibitor; TN, triple negative.
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Fig A6. Sequential radiologic responses to lurbinectedin and cisplatin in patient 4. Mutations in the nucleotide excision repair (NER) genes XPA and GTF2H5 were
acquired at progression to lurbinectedin. A confirmed partial response (PR) to cisplatin was observed after lurbinectedin progression. Computed tomography (CT) scans are
shown. The red arrow points to the liver metastasis. PD, disease progression.
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Table A1. Baseline Characteristics: Comparison by Treatment Arm

Characteristic

Arm, No. (%)

P†No. of Patients A (BRCA) B (BRCA WT or unknown status)*

Median age, years (range) 89 43 (30-73) 52 (32-70) .0747
Race 1
White 89 49 (90.7) 32 (91.4)
Other — 5 (9.3) 3 (8.6)

ECOG PS .6628
0 89 31 (57.4) 22 (62.9)
1 — 23 (42.6) 13 (37.1)

No. of advanced chemotherapy lines .6644
# 1 89 31 (57.4) 18 (51.4)
. 1 — 23 (42.6) 17 (48.6)

No. of sites .2780
# 2 89 25 (46.3) 21 (60)
. 2 — 29 (53.7) 14 (40)

Bulky lesion .3884
No 89 47 (87) 28 (80)
Yes — 7 (13) 7 (20)

Prior anthracyclines .2324
No 89 11 (20.4) 3 (8.6)
Yes — 43 (79.6) 32 (91.4)

Prior taxanes .4725
No 89 6 (11.1) 2 (5.7)
Yes — 48 (88.9) 33 (94.3)

Prior platinum .0279
No 89 27 (50) 26 (74.3)
Yes — 27 (50) 9 (25.7)

Prior hormone therapy 1
No 89 27 (50) 17 (48.6)
Yes — 27 (50) 18 (51.4)

Median last advanced chemotherapy PFS (range) 82 4 (0.4-45) 5.2 (1.1-15.3) .3558
Median time since diagnosis (range) 89 44.6 (1-170.3) 47.1 (5-177.4) .9397
Median CA15.3 (range) 66 36.6 (11.3-820.7) 46.9 (8.4-990) .5928
Median CA27.29 (range) 25 41.2 (7.2-1148) 47.5 (13-191) .7932
Lymph nodes .5164
No 89 22 (40.7) 17 (48.6)
Yes — 32 (59.3) 18 (51.4)

Liver .5163
No 89 26 (48.1) 14 (40)
Yes — 28 (51.9) 21 (60)

Lung .1807
No 89 30 (55.6) 25 (71.4)
Yes — 24 (44.4) 10 (28.6)

CNS .2760
No 89 51 (94.4) 35 (100)
Yes — 3 (5.6) 0 (0)

Bone .6693
No 89 25 (46.3) 18 (51.4)
Yes — 29 (53.7) 17 (48.6)

Estrogen receptor 1
Negative 89 30 (55.6) 19 (54.3)
Positive — 24 (44.4) 16 (45.7)

Progesterone receptor .4960
Negative 89 37 (68.5) 21 (60)
Positive — 17 (31.5) 14 (40)

HER2 .2063
Negative 89 52 (96.3) 31 (88.6)
Positive — 2 (3.7) 4 (11.4)

Triple negative .6641
No 89 24 (44.4) 18 (51.4)
Yes — 30 (55.6) 17 (48.6)

Abbreviations: ECOG PS, Eastern Cooperative Oncology Group performance status; HER2, human epidermal growth factor receptor 2; PFS, progression-free survival;
WT, wild type.
*Includes one nonevaluable patient.
†Fisher’s exact test (categorical variables); Mann-Whitney-Wilcoxon test (continuous variables).
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Table A2. Correlation of SNP Variants and Objective Response Per RECIST Version 1.1 in a Panel of 151 Genes Involved in DNA Repair

SNP Variant Mutant, No. WT, No.

Objective Response, No. (%)

P*Mutant WT

Arm A (BRCA)
EXO1-p.Val458Met† 10 9 7 (70) 2 (22.2) .037
EXO1-p.Glu589Lys 9 10 2 (22.2) 7 (70.0) .037
GEN1-p.Lys882Glu 3 16 3 (100) 6 (37.5) .046
POLE-p.Ala252Val 3 16 3 (100) 6 (37.5) .046
POLE-p.Asn1396Ser 6 13 5 (83.3) 4 (30.8) .032
PRKDC-p.Phe1244fs 11 8 3 (27.3) 6 (75.0) .039
REV3L-p.Val3064Ile 6 13 5 (83.3) 4 (30.8) .032

Arm B (BRCA WT or unknown status)
PRKDC-p.Phe1244fs 16 4 1 (6.3) 2 (50.0) .028
TET1-p.Asp162Gly 12 8 0 (0) 3 (37.5) .021
TET1-p.Ser193Thr 3 17 2 (66.7) 1 (5.9) .006
TET2-p.Ile172Val 14 6 0 (0) 3 (50.0) .004
TP53-Val73fs 3 17 2 (66.7) 1 (5.9) .006
XPC-p.Gln939Lys 11 9 0 (0) 3 (33.3) .037
XRCC5-p.Ser526fs 8 12 3 (37.5) 0 (0) .021

NOTE. The table lists the SNP variants that were positive in univariable analysis.
Abbreviations: RECIST, Response Evaluation Criteria in Solid Tumors; SNP, single nucleotide polymorphism; WT, wild type.
*x2 test.
†Amplicons in each library were sequenced using Ion 318 Chip Kit v2 (Thermo Fisher Scientific, Waltham, MA); identified variants were analyzed using Ion Reporter
version 4.2 software and AmpliSeq Comprehensive Cancer Panel single, simple Ion PGM version 4.2 workflow (Thermo Fisher Scientific).

jco.org © 2018 by American Society of Clinical Oncology

Lurbinectedin in BRCA and Unselected Metastatic Breast Cancer

http://jco.org


Ta
bl
e
A3

.
E
xo

m
e
S
eq

ue
nc

in
g
C
oh

or
t

P
at
ie
nt
:
B
R
C
A
M
ut
at
io
n

(H
G
V
S
);
D
ia
gn

os
is

A
ge

(y
ea

rs
)

P
re
vi
ou

s
A
dv

an
ce

d
C
T

Li
ne

s,
N
o.

B
es

t
R
es

po
ns

e
R
E
C
IS
T
v1

.1
P
FS

(m
on

th
s)

S
om

at
ic

B
R
C
A
LO

H
B
R
C
A
1/
2

R
ev

er
si
on

M
ut
at
io
ns

in
D
N
A

D
am

ag
e
R
es

po
ns

e
G
en

es
by

E
xo

m
e

S
eq

ue
nc

in
g
(V
A
F%

,
P
ol
yP

he
n)

P
D
X
M
od

el
*

A
rc
hi
va
lS

am
pl
e
Fr
om

P
rim

ar
y
Tu

m
or

P
re
tr
ea

tm
en

t
S
am

pl
e

P
os

t-T
re
at
m
en

t
S
am

pl
e

S
uc

ce
ss
fu
lly

E
st
ab

lis
he

d
C
an

di
da

te
M
ut
at
ed

N
E
R
-R
el
at
ed

G
en

es

P
at
ie
nt

1:
B
R
C
A
2
c.
83

64
G
.
A
;

ID
C
E
R
+
,
H
E
R
22

57
1

P
R

21
.5

Y
es

N
on

e
B
R
IP
1
(C
N

ga
in
)

C
O
P
S
3
(1
5.
7,

no
nf
s
de

l)
M
S
H
3
(1
3,

0.
08

)
N
E
IL
3
(6
,
0)

P
O
LR

2E
(C
N

lo
ss
)

S
TK

11
(C
N

lo
ss
)

U
S
P
45

(7
.5
,
0.
63

)

—
—

—
—

P
at
ie
nt

2:
B
R
C
A
1
c.
16

12
C
.
T;

ID
C
TN

B
C

56
2

C
R

14
.3

Y
es

N
on

e
C
H
D
4
(5
.8
,
0.
89

)
M
D
C
1
(6
.8
,
0.
05

)
N
S
D
2
(2
1.
3,

0.
41

)
P
O
LG

(5
.5
,
0.
99

)
P
O
LQ

(1
0.
6,

0.
25

)
TP

53
(4
2.
6,

fs
)

C
19

O
R
F4

0
(C
N

ga
in
)

C
C
N
E
1
(C
N

ga
in
)

N
S
D
2
(3
6.
4,

0.
41

)
P
O
LQ

(2
9.
4,

0.
25

)
S
M
A
R
C
A
4
(4
0,

0.
01

)
TP

53
(4
4.
4,

fs
)

U
B
E
2N

(3
2,

0.
99

)

C
D
K
2
(3
2.
9,

0.
03

)
E
R
C
C
4
(R
19

5W
/

R
19

5X
47

,
1)

M
LH

3
(1
0.
4,

fs
)

N
S
D
2
(5
0.
0,

0.
41

)
P
O
LQ

(2
9.
2,

0.
25

)
S
M
A
R
C
A
4
(3
8.
1,

0.
01

)
TO

P
1M

T
(1
2.
3,

0.
99

)
TP

53
(8
3.
1,

fs
)

U
B
E
2N

(3
2.
6,

0.
99

)

—
—

P
at
ie
nt

3:
B
R
C
A
2
c.
51

du
pA

;
ID
C

E
R
+
,
H
E
R
2+

43
1

P
R

(2
74

%
)

7.
9

Y
es

N
on

e
—

D
D
X
11

(3
4.
6,

0.
59

)
P
O
LR

2B
(2
0,

fs
)

X
P
C
(6
.7
,
fs
)

—
—

—

P
at
ie
nt

4:
B
R
C
A
2
c.
93

82
C
.
T;

ID
C
E
R
+
,
H
E
R
22

39
2

S
D

(2
29

%
)

5.
9

U
D

in
pr
im

ar
y

N
o
in

m
et
s

N
on

e
P
O
LQ

(2
7.
3,

0.
99

)
X
PA

(6
6.
7,

0.
98

)
B
R
IP
1
(9
.1
,
0.
97

)
K
D
M
4B

(9
.1
,

no
nf
s
de

l)
G
TF

2H
5
(3
,†

0.
99

)
X
PA

(5
,
0.
98

)

B
R
IP
1
(1
8.
2,

0.
97

)
FA

N
C
G
(2
7.
5,

0.
3)

FA
N
C
M

(2
0,

0.
31

)
G
TF

2H
5
(2
8.
6,

0.
99

)
P
O
LE

(6
.9
,
fs
)

R
A
D
54

L
(3
3.
3,

0.
99

)
TI
M
E
LE

S
S
(1
7.
9,

0.
93

)
X
PA

(3
7.
5,

0.
98

)

—
—

P
at
ie
nt

5:
B
R
C
A
1

c.
37

70
_3

77
1d

el
A
A
;

ID
C
TN

B
C

42
1

P
R

(2
38

%
)

4.
1

U
D

N
on

e
—

C
H
A
F1

A
(1
5.
9,

0.
96

)
C
H
A
F1

A
(1
2.
3,

0.
96

)
K
D
M
4B

(1
0.
6,

no
nf
s
de

l)

—
—

P
at
ie
nt

6:
B
R
C
A
1
c.
51

23
C
.
A
;

IL
C

TN
B
C

32
2

P
R

(2
88

%
)

4.
1

Y
es

N
on

e
—

A
TM

(1
8.
4,

0.
15

)
P
TE

N
(C
N

lo
ss
)

S
A
M
H
D
1
(6
5.
9,

0.
99

)
TP

53
(7
6.
5,

0.
41

)

A
TM

(5
.6
,
0.
15

)
E
R
C
C
8
(C
N
lo
ss

‡
)

S
A
M
H
D
1
(5
8.
4,

0.
99

)
TP

53
(6
7.
1,

0.
41

)

P
D
X
25

2
E
R
C
C
8
(C
N

lo
ss
)

P
at
ie
nt

7:
B
R
C
A
1

c.
22

85
_2

28
6d

el
G
A
;

ID
C
TN

B
C

41
1

S
D

4.
1

N
o
in

pr
im

ar
y

Lo
ss

in
P
D
X

N
on

e
A
B
L1

(1
1.
8,

no
nf
s
de

l)
X
P
C

(1
4.
6,

no
nf
s

de
l)

In
su

ffi
ci
en

t
In
su

ffi
ci
en

t
P
D
X
34

1
N
on

e

P
at
ie
nt

8:
B
R
C
A
2

c.
93

10
_9

31
1d

el
A
A
;

ID
C
E
R
+
,
H
E
R
22

38
1

P
R

(2
35

%
)

4.
0

Y
es

N
on

e
G
E
N
1
(7
.3
,
0.
06

)
PA

X
IP
1
(1
6.
7,

no
nf
s
de

l)
P
O
LM

(1
6.
5,

0.
77

)

M
S
H
3
(1
4.
8,

0.
27

)
P
O
LM

(3
5.
2,

0.
77

)
TP

53
(C
N

lo
ss
)

—
—

(c
on

tin
ue

d
on

fo
llo
w
in
g
pa

ge
)

© 2018 by American Society of Clinical Oncology JOURNAL OF CLINICAL ONCOLOGY

Cruz et al



Ta
bl
e
A3

.
E
xo

m
e
S
eq

ue
nc

in
g
C
oh

or
t
(c
on

tin
ue

d)

P
at
ie
nt
:
B
R
C
A
M
ut
at
io
n

(H
G
V
S
);
D
ia
gn

os
is

A
ge

(y
ea

rs
)

P
re
vi
ou

s
A
dv

an
ce

d
C
T

Li
ne

s,
N
o.

B
es

t
R
es

po
ns

e
R
E
C
IS
T
v1

.1
P
FS

(m
on

th
s)

S
om

at
ic

B
R
C
A
LO

H
B
R
C
A
1/
2

R
ev

er
si
on

M
ut
at
io
ns

in
D
N
A

D
am

ag
e
R
es

po
ns

e
G
en

es
by

E
xo

m
e

S
eq

ue
nc

in
g
(V
A
F%

,
P
ol
yP

he
n)

P
D
X
M
od

el
*

A
rc
hi
va
lS

am
pl
e
Fr
om

P
rim

ar
y
Tu

m
or

P
re
tr
ea

tm
en

t
S
am

pl
e

P
os

t-T
re
at
m
en

t
S
am

pl
e

S
uc

ce
ss
fu
lly

E
st
ab

lis
he

d
C
an

di
da

te
M
ut
at
ed

N
E
R
-R
el
at
ed

G
en

es

P
at
ie
nt

9:
B
R
C
A
2
c.
18

42
du

pT
;

ID
C
E
R
+
,
H
E
R
22

49
3

P
R

3.
5

N
o

N
on

e
A
P
E
X
1
(9
.2
,
0)

E
M
E
1
(1
0.
4,

no
nf
s

in
s)

E
X
O
1
(6
.8
,
0.
00

2)
FA

N
C
A
(1
5.
2,

0)
G
E
N
1
(1
0.
7,

0.
06

)
M
S
H
5
(1
0.
9,

0.
06

)
R
E
V
3L

(9
.7
,s
pl
ic
in
g)

TP
53

(2
6.
1,

0.
4)

U
S
P
45

(2
0.
8,

0.
63

)
W
R
N

(7
,
0.
99

)

—
—

—
—

P
at
ie
nt

10
:

B
R
C
A
1
c.
51

94
-1
2G

.
A
;

ID
C
TN

B
C

38
3

S
D

2.
7

Y
es

N
on

e
—

C
U
L4

A
(1
8.
7,

0.
34

)
E
YA

(8
.1
,
1)

FA
M
17

5A
/

A
B
R
A
X
A
S
1

(3
7.
0,

fs
)

P
C
N
A
(1
0.
8,

0.
75

)
S
LX

4
(9
1.
0,

0.
99

)

—
P
D
X
23

6
C
U
L4

A
(V
A
F,

50
.3
%
;

P
ol
yP

he
n,

0.
34

)
P
C
N
A
(V
A
F,

35
.6
%
,

P
ol
yP

he
n,

0.
75

)
S
LX

4
(V
A
F,

91
.5
%
,

P
ol
yP

he
n,

0.
99

)

P
at
ie
nt

11
:

B
R
C
A
1
c.
53

09
G
.
T;

ID
C
TN

B
C

33
0

S
D

2.
7

Y
es

N
on

e
—

N
on

e
—

—
—

P
at
ie
nt

12
:

B
R
C
A
1
c.
50

27
de

lT
;I
D
C

TN
B
C

39
1

P
D

2.
6

Y
es

N
on

e
A
TA

D
2
(5
.9
,
fs
)

B
R
IP
1
(5
1.
1,

0)
E
R
C
C
4
(Q

30
0H

69
,

0.
88

)
TP

53
(4
9.
4,

1)

B
M
P
R
1A

(5
.9
,

0.
98

)§
B
R
IP
1
(7
6.
4,

0)
E
R
C
C
4
(Q

30
0H

60
,
0.
88

)
N
F2

(5
,
0.
81

)
R
B
B
P
8
(5
.6
,

0.
01

)
S
LK

(7
.7
,
0.
22

)
TP

53
(6
1.
7,

1)

—
P
D
X
22

1
E
R
C
C
4
(Q

30
0H

;
V
A
F,

10
0%

;
P
ol
yP

he
n,

0.
88

)

P
at
ie
nt

13
:

B
R
C
A
1
c.
21

1A
.
G
;I
D
C

TN
B
C

39
2

P
D

1.
4

Y
es

N
on

e
—

M
S
H
4
(2
5,

fs
)

R
FC

4
(1
4.
9,

0.
93

;
13

,
fs
)

TP
53

(7
2.
1,

0.
73

)

—
P
D
X
27

4
N
on

e

N
O
TE

.P
at
ie
nt

ch
ar
ac
te
ris

tic
s
an

d
tu
m
or

al
te
ra
tio

ns
in
D
N
A
da

m
ag

e
re
sp

on
se

ge
ne

s
ar
e
ba

se
d
on

ex
om

e
se

qu
en

ci
ng

an
al
ys
is
.P

at
ie
nt
s
ar
e
lis
te
d
(in

de
sc

en
di
ng

or
de

r)
on

th
e
ba

si
s
of

th
ei
rP

FS
(ie

,p
at
ie
nt
s
w
ith

B
R
C
A
2

m
ut
at
io
n)
.T

he
ta
bl
e
al
so

lis
ts

th
e
P
D
X
m
od

el
s
fr
om

pa
tie

nt
sa
m
pl
es

of
th
is
cl
in
ic
al
co

ho
rt
an

d
th
ei
ra

lte
ra
tio

ns
in

N
E
R
-re

la
te
d
ge

ne
s.

Th
e
m
od

el
s
re
ca

pi
tu
la
te

th
e
re
sp

on
se

to
lu
rb
in
ec

te
di
n
se

en
in

th
e
co

rr
es

po
nd

in
g

pa
tie

nt
.T

hi
s
ta
bl
e
lis
ts

D
N
A
da

m
ag

e
re
sp

on
se

ge
ne

s
w
ith

si
ng

le
nu

cl
eo

tid
e
va
ria

nt
s,

no
nf
s
in
s/
de

l,
sp

lic
in
g
va
ria

nt
s,

an
d
C
N
ga

in
/lo

ss
.T

he
V
A
F%

an
d
P
ol
yP

he
n
(fu

nc
tio

na
lp

re
di
ct
iv
e
va

lu
e)

ar
e
lis
te
d
fo
re

ac
h
m
ut
at
ed

ge
ne

.
A
bb

re
vi
at
io
ns

:C
N
,c

op
y
nu

m
be

r;
C
R
,c

om
pl
et
e
re
sp

on
se

;C
T,

ch
em

ot
he

ra
py

;d
el
,d

el
et
io
n;

E
R
,e

st
ro
ge

n
re
ce

pt
or
;f
s,

fr
am

es
hi
ft
;H

E
R
2,

hu
m
an

ep
id
er
m
al
gr
ow

th
fa
ct
or

re
ce

pt
or

2;
H
G
V
S
,H

um
an

G
en

om
e
V
ar
ia
tio

n
S
oc

ie
ty
;I
D
C
,i
nv

as
iv
e
du

ct
al
ca

rc
in
om

a;
IL
C
,i
nv

as
iv
e
lo
bu

la
rc

ar
ci
no

m
a;
in
s,
in
se

rt
io
n;

LO
H
,l
os

s
of

he
te
ro
zy
go

si
ty
;m

et
s,
m
et
as

ta
se

s;
N
E
R
,n

uc
le
ot
id
e
ex

ci
si
on

re
pa

ir;
nf
s,
no

nf
ra
m
es

hi
ft
;P

D
,d

is
ea

se
pr
og

re
ss

io
n;

P
D
X
,

pa
tie

nt
-d
er
iv
ed

xe
no

gr
af
t;
P
FS

,p
ro
gr
es

si
on

-fr
ee

su
rv
iv
al
;P

ol
yP

he
n,

P
ol
ym

or
ph

is
m

P
he

no
ty
pi
ng

;P
R
,p

ar
tia

lr
es

po
ns

e;
R
E
C
IS
T
v1

.1
,R

es
po

ns
e
E
va
lu
at
io
n
C
rit
er
ia
in
S
ol
id
Tu

m
or
s
ve

rs
io
n
1.
1;

S
D
,s
ta
bl
e
di
se

as
e;

TN
B
C
,

tr
ip
le
-n
eg

at
iv
e
br
ea

st
ca
nc

er
;
U
D
,
un

de
te
rm

in
ed

;
V
A
F,

va
ria

nt
al
le
le

fr
eq

ue
nc

y.
*A

ll
hu

m
an

sa
m
pl
es

w
er
e
ob

ta
in
ed

an
d
im

pl
an

te
d
be

fo
re

lu
rb
in
ec

te
di
n
th
er
ap

y,
ex

ce
pt

P
D
X
25

2
(a
t
ac

qu
ire

d
re
si
st
an

ce
)
an

d
P
D
X
22

1
(fr
om

pr
im

ar
y
tu
m
or
).

†
G
en

e
m
ut
at
io
ns

w
ith

a
V
A
F
#

5%
ar
e
ex

cl
ud

ed
by

th
e
pr
ed

efi
ne

d
fi
lte

rin
g
fo
rv

ar
ia
nt

ca
lli
ng

;h
ow

ev
er
,i
ft
he

y
ar
e
fo
un

d
in

th
e
po

st
-tr
ea

tm
en

ts
am

pl
e
at

V
A
F
.

5%
,t
he

n
th
ey

ar
e
in
cl
ud

ed
an

d
co

ns
id
er
ed

su
bc

lo
na

l
va

ria
nt
s
in

th
e
pr
et
re
at
m
en

t
sa

m
pl
e.

‡
C
N

va
ria

nt
ex

cl
ud

ed
by

th
e
pr
ed

efi
ne

d
fi
lte

rin
g
bu

t
w
ith

a
lo
g2

co
py

ra
tio

of
2
0.
77

28
,
w
hi
ch

su
gg

es
ts

a
su

bc
lo
na

lp
re
se

nc
e
th
at

is
en

ric
he

d
in

th
e
P
D
X
sa

m
pl
e.

§T
hi
s
sa

m
pl
e
fr
om

pa
tie

nt
12

w
as

ob
ta
in
ed

fr
om

th
e
m
et
as

ta
si
s
at

fi
rs
t
re
la
ps

e
an

d
re
ce

iv
ed

on
e
lin
e
of

C
T
be

fo
re

tr
ea

tm
en

t
w
ith

lu
rb
in
ec

te
di
n.

jco.org © 2018 by American Society of Clinical Oncology

Lurbinectedin in BRCA and Unselected Metastatic Breast Cancer

http://jco.org

	Multicenter Phase II Study of Lurbinectedin in BRCA-Mutated and Unselected Metastatic Advanced Breast Cancer and Biomarker  ...
	INTRODUCTION
	PATIENTS AND METHODS
	Eligibility Criteria
	Treatment
	Efficacy Assessment
	Safety Assessment
	Pharmacogenomic Substudy
	Fresh Biopsy Cohort, Exome Sequencing, Implantation of Patient-Derived Xenograft Models, and In Vivo Experiments
	Statistical Methods

	RESULTS
	Patient Characteristics
	Dosing
	Efficacy in Arm A (BRCA1/2 Mutated)
	Efficacy in Arm B (BRCA1/2 Wild-Type or Unknown Status)
	Safety
	Exome Sequencing Analysis
	In Vivo Studies With Lurbinectedin and Cisplatin

	DISCUSSION
	REFERENCES
	ACKNOWLEDGMENT
	Appendix


