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Abstract
Purpose: Onalespib is a potent, fragment-derived secondgeneration HSP90 inhibitor with preclinical activity in castration-resistant prostate cancer (CPRC) models. This phase I/II
trial evaluated onalespib in combination with abiraterone
acetate (AA) and either prednisone or prednisolone (P) in
men with CRPC progressing on AA/P.
Patients and Methods: Patients with progressing CRPC
were randomly assigned to receive 1 of 2 regimens of onalespib
combined with AA/P. Onalespib was administered as intravenous infusion starting at 220 mg/m2 once weekly for 3 of
4 weeks (regimen 1); or at 120 mg/m2 on day 1 and day
2 weekly for 3 of 4 weeks (regimen 2). Primary endpoints were
response rate and safety. Secondary endpoints included evaluation of androgen receptor (AR) depletion in circulating
tumor cells (CTC) and in fresh tumor tissue biopsies.

Introduction
Prostate cancer is the second most frequently diagnosed cancer
and the sixth leading cause of cancer deaths in males worldwide (1). Androgen deprivation therapy (ADT) remains the
mainstay of treatment for patients with advanced disease.
However, in almost all patients, response to initial ADT is unfortunately followed by the emergence of resistance, so-called
castration-resistant prostate cancer (CRPC). The efﬁcacy of abiraterone acetate (AA; ref. 2) and enzalutamide (3) in patients

1
Memorial Sloan-Kettering Cancer Center, New York, New York. 2The Clatterbridge Cancer Centre NHS Foundation Trust, Wirral, United Kingdom. 3Centre
Hospitalier de l'Universite de Montreal, Montreal, Quebec, Canada. 4Cleveland
Clinic, Cleveland, Ohio. 5Washington University School of Medicine, St. Louis,
Missouri. 6Astex Therapeutics Ltd., Cambridge, United Kingdom. 7The Institute
of Cancer Research and Royal Marsden Hospital, London, United Kingdom.
8
Astex Pharmaceuticals, Inc., Pleasanton, California.

Note: Supplementary data for this article are available at Clinical Cancer
Research Online (http://clincancerres.aacrjournals.org/).
Corresponding Author: Johann de Bono, The Institute of Cancer Research,
London SM2 5NG, United Kingdom. Phone: 44-20-8722-4028; Fax: 44-20-86427979; E-mail: johann.de-bono@icr.ac.uk
Clin Cancer Res 2019;25:4624–33
doi: 10.1158/1078-0432.CCR-18-3212
2019 American Association for Cancer Research.

Results: Forty-eight patients were treated with onalespib
in combination with AA/P. The most common grade 3
toxicities related to onalespib included diarrhea (21%) and
fatigue (13%). Diarrhea was dose limiting at 260 and
160 mg/m2 for regimens 1 and 2, respectively. Transient
decreases in CTC counts and AR expression in CTC were
observed in both regimens. HSP72 was signiﬁcantly upregulated following onalespib treatment, but only a modest
decrease in AR and GR was shown in paired pre- and
posttreatment tumor biopsy samples. No patients showed
an objective or PSA response.
Conclusions: Onalespib in combination with AA/P showed
mild evidence of some biological effect; however, this effect
did not translate into clinical activity, hence further exploration of this combination was not justiﬁed.

progressing after multiple prior hormonal manipulations indicates that CRPC generally remains dependent on the androgen
receptor (AR) signaling axis (4). However, resistance to secondgeneration hormonal treatment is now common and a major
challenge in the management of prostate cancer.
Resistance to enzalutamide and AA in CRPC has been associated with AR copy number gain, somatic point mutations, and the
expression of alternatively spliced AR (5–8). Truncated AR-V7
expression in circulating tumor cells (CTC), and CRPC biopsies
has been linked to resistance to AA and enzalutamide highlighting
an urgent need for alternative treatment strategies in CRPC
effectively targeting both persistent full-length AR (AR-FL) and
AR splice variant signaling.
Onalespib is a synthetic, non-ansamycin, small molecule
inhibitor of HSP90 (Kd ¼ 0.71 nmol/L) identiﬁed by fragment
screening and subsequent structure-based drug design (9–12).
HSP90 is required for the functional stabilization of numerous
client proteins involved in cell growth and differentiation, including the AR-FL (13, 14). Inhibition of HSP90 by onalespib results
in proteasomal degradation of client proteins (12, 15) and
inhibition of multiple signal transduction pathways, including
the AR-FL signaling in both hormone-sensitive and CRPC
models (15, 16).
We have previously shown that onalespib can inhibit growth of
a range of tumor cell types, including the CRPC cell line 22Rv1,
expressing the AR-V7, and VCaP cell line overexpressing
the AR-FL (16). HSP90 inhibition effectively depletes both
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Translational Relevance
HSP90 is an ATP-dependent molecular chaperone, which is
critical to the folding and function of a wide range of client
proteins involved in prostate cancer progression, including the
androgen receptor (AR), HER-2, glucocorticoid receptor (GR),
and AKT. Onalespib is a potent, fragment-derived HSP90
inhibitor with good tissue distribution and long tumor halflife in preclinical models, leading to prolonged knockdown of
HSP90 client proteins. Onalespib demonstrated antitumor
activity in preclinical models of castration-resistant prostate
cancer (CRPC), causing depletion of full-length AR and the AR
splice variant AR-V7. This study represents the ﬁrst clinical trial
of an HSP90 inhibitor in combination with abiraterone acetate (AA) in patients with CRPC no longer responding to AA.
The tolerability, pharmacokinetics, pharmacodynamics, and
antitumor activity of 2 dosing schedules of onalespib and AA
were investigated. Pharmacodynamic effects and AR modulation by onalespib were evaluated in circulating tumor cells and
paired pre- and posttumor biopsies.

wild-type and promiscuous mutant AR-FL. In addition, HSP90
inhibition leads to the depletion of AR-V7 splice variant protein
by downregulating AR-V7 mRNA splicing.
Modulation of HSP90, a ubiquitously expressed and highly
abundant molecular chaperone, is an attractive therapeutic strategy in CRPC, as it offers the prospect of simultaneously inhibiting
the following: (i) multiple kinase-dependent signaling pathways
that control cell growth, resistance to apoptosis, and posttranslational modiﬁcation of AR, including AKT and RAF; (ii) the
expression of both AR-FL and AR-V7 splice variant; and (iii) the
expression of GR, which has also been implicated in CRPC (17).
Various preclinical studies support this hypothesis (16, 18–21).
Moreover, durable antitumor activity was shown in a patient
suffering from CRPC in a phase I study of the geldanamycinderivative alvespimycin (17-DMAG; ref. 22), although tanespimycin (17-AAG) was not active (23). Because HSP90 inhibition
offers the prospect to block both AR-FL signaling and AR splicing,
we hypothesized that AA/P in combination with onalespib would
have antitumor activity in patients progressing on AA/P by overcoming multiple potential mechanisms of resistance to AA/P.
We therefore conducted a phase I/II study to evaluate the tolerability and the antitumor and pharmacodynamic activity of
onalespib in combination with AA/Pin subjects with CRPC progressing on AA/P.

Patients and Methods
Study centers and patient population
A total of 33 study centers (21 in the United States, 10 in the
United Kingdom, 1 in Canada, and 1 in Spain) participated in the
study.
Inclusion criteria included histologically or cytologically conﬁrmed adenocarcinoma of the prostate without neuroendocrine
differentiation or small cell histology; prior castration by orchiectomy and/or luteinizing hormone-releasing hormone agonist
with or without antiandrogen and documented serum testosterone <50 ng/dL; Eastern Cooperative Oncology Group Performance Status (ECOG PS) 2; no AR antagonist treatment within
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6 weeks prior to ﬁrst dose of study drug; receiving AA/P therapy for
1 month; documented disease progression on AA/P deﬁned by
one or more of the following: (i) PSA progression according to
PCWG2 criteria with 3 consecutive rising PSA measurements, all
collected at least 1 week apart (24), (ii) radiographic progression
in soft tissue or bone by revised RECIST version 1.1 (RECIST 1.1;
ref. 25) for subjects with measurable disease, or (iii) bone disease
progression deﬁned by 2 or more new lesions on 2 consecutive
bone scans in the absence of falling PSA; CTC count 1 detected at
screening (Part A only); adequate bone marrow function; adequate hepatic function; adequate renal function; willing to provide preexisting diagnostic or resected tumor samples. Complete
list of Inclusion and Exclusion Criteria is provided in Supplementary Materials and Methods.
Exclusion criteria included prior anticancer treatment with
any HSP90 inhibitor; screening QTc >450 milliseconds; known
symptomatic brain or central nervous system involvement such
as a result of cord compression; contraindication to corticosteroids use or history of pituitary or adrenal dysfunction; prior dose
reduction of abiraterone acetate as a result of increased transaminases. Standard washout period from previous chemotherapy
or radiotherapy treatment was required. The study was conducted in accordance with Good Clinical Practice guidelines, in
compliance with local and/or national regulations, and in
accordance with the ethical principles that have their origin in
the Declaration of Helsinki. All patients gave written informed
consent, and approval was obtained from the Institutional
Review committees at each participating institution. The study
is registered on ClinicalTrials.gov (NCT01685268). Study schema and CONSORT diagram are provided in Supplementary
Materials and Materials.
Study design and dosing regimens
This study was designed as a 2-part, phase I/II, open-label,
parallel-group, randomized trial in subjects with CRPC progressing on AA/P.
Part A consisted of an assessment of the following using the
combination of onalespib with AA/P in 2 different regimens:
safety and tolerability, pharmacokinetics, antitumor activity,
pharmacodynamics in fresh tumor biopsies and CTCs including
and AR depletion. Subjects were randomized to receive 1 of 2
different treatment regimens of onalespib in combination with
AA 1000 mg orally every day and prednisone or prednisolone
5 mg orally twice every day, as follows:
*

Regimen 1 (once weekly): onalespib given as a 1-hour
intravenous infusion at a starting dose of 220 mg/m2 once
weekly for 3 weeks in a 4-week cycle.
*
Regimen 2 (twice weekly): onalespib administered as a
1-hour intravenous infusion at starting dose of 120 mg/m2
on Day 1 and Day 2 weekly for 3 weeks in a 4-week cycle.
Dose-limiting toxicity (DLT) was deﬁned as (i) grade 4 neutropenia or thrombocytopenia persisting for more than 1 week or
was associated with neutropenic fever or bleeding, or (ii) grade 3
or 4 nonhematologic toxicity. The DLT window encompassed the
ﬁrst 28 days of treatment.
The maximum-tolerated dose (MTD) was deﬁned as the highest dose with 1 DLT in 6 subjects and was conﬁrmed by
enrollment of an additional 14 subjects. These additional subjects were randomized to 1 of the 2 regimens at the identiﬁed
MTD. The absence of at least 1 response in 14 evaluable subjects in
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either of the treatment arms was to indicate antitumor activity in
that arm of <20% with 95% conﬁdence intervals (CI); that arm
was not to proceed to Part B. A data review committee was to select
the best treatment regimen and dose of onalespib in combination
with AA/P to continue evaluation in Part B, the selection was to be
based on combined assessment of safety, antitumor activity, and
biological activity.
In Part B of the trial, subjects were to be randomized to the
selected treatment regimen and dose of onalespib in combination
with AA/Pfrom Part A, or to onalespib alone. Treatment with
onalespib alone was to be administered at the monotherapy MTD
using the same treatment regimen that was selected for use in the
combination treatment arm. However, due to the absence of
meaningful antitumor activity and minimal evidence of client
protein knockdown at the MTD for both regimens in Part A, Part B
of the study was not performed.
Treatment assignments for individual subjects were determined
through a computer-generated randomization list prepared by
Medpace and accessed by using an interactive voice response
system.

Pharmacokinetics
Blood samples for assessment of abiraterone plasma concentrations were taken over an 8-hour period at screening at the
following timepoints: predose, 0.5 (5 minutes), 1 (5 minutes),
2 (5 minutes), 3 (5 minutes), 4 (5 minutes), 6 (10
minutes), and 8 hours (1 hour) following AA/P administration.
Blood samples for assessment of onalespib plasma concentrations were taken over an 8-hour period beginning on Cycle 1, Day
1 (C1D1; regimen 1) or on C1D2 (regimen 2) at the following
timepoints: predose, 0.5 (5 minutes), 1 (to coincide with
the end of AT13387 infusion 5 minutes), 2 (5 minutes),
3 (5 minutes), 4 (5 minutes), 6 (10 minutes), and 8 hours
(1 hour) from the start of infusion of onalespib. The pharmacokinetic proﬁles of abiraterone and onalespib were characterized
by analysis of lithium heparin-treated plasma by validated LC/
MS-MS methods, with a dynamic assay range of 0.5 to 500 ng/mL
for abiraterone and of 1.0 to 1,000 ng/mL for onalespib. Pharmacokinetic noncompartmental analysis and statistical analyses
were performed using Pharsight Knowledgebase ServerTM (PKS)
version 4.0.2 and WinNonlin 5.3.

Efﬁcacy assessment
Response rate was based on one or more of the following:

Safety assessments
Safety was assessed by subject-reported and investigatorobserved adverse events (AE), along with concomitant medications, physical examination, clinical laboratory tests, vital signs,
ECOG performance status, ECGs, and ECHO/MUGA scans. All
AEs were graded according to the NCI CTCAE, v4.1. Visual
symptoms were assessed by use of a Visual Assessment Questionnaire. In Part A ECGs were performed in triplicate at screening,
before, and at the end of infusion (þ1 hour) on all treatment days
for regimens 1 and 2 in cycle 1, then before treatment on all
treatment days in subsequent cycles. Fridericia formula was used
to calculate the QTc interval throughout the study. Central ECG
monitoring was used in part A.

*

Complete response (CR) or partial response (PR) with 30%
decrease in change of sum of longest diameters of target
lesions, according to RECIST 1.1 (25).
*
PSA response deﬁned as 50% decrease in PSA at 12 weeks
according to PCWG2 criteria (24) in the absence of disease
progression.
*
Conversion of CTC count, deﬁned as decline in CTC count
from 5 cells/7.5 mL of blood to <5 cells/7.5 mL of blood, or
a 30% decrease in CTC count from baseline at Week 12 in the
absence of disease progression.
Blood samples for CTC enumeration were collected at screening, pre-dose Day 1 and 48 to 72 hours after Day 15 in Cycle 1,
predose Day 1 of each cycle up to Cycle 4, and every 8 weeks postCycle 4. Blood samples for CTC characterization were collected at
screening, predose Day 1 and 48 to 72 hours after Day 15 in Cycle
1. CTCs were enumerated using the CellSearch System.
Pharmacodynamics
Minimally invasive tumor biopsies (bone biopsies, soft
tissue biopsy, or any other tissue that could be safely biopsied)
were performed at screening and 48 to 72 hours after Day 15 of
Cycle 1 to assess for client protein depletion due to onalespib.
Protein levels in formalin-ﬁxed and parafﬁn embedded (FFPE)
tissue were determined by IHC (Supplementary Materials and
Methods). Nuclear and cytoplasmic staining intensity were
semiquantitatively assessed using the H-score formula: 3 
percentage of strongly staining nuclei þ 2  percentage of
moderately staining nuclei þ percentage of weakly staining
nuclei, giving a range of 0 to 300 (26). Evaluation of all IHC
sections was done by a pathologist blinded to the subjects'
clinical characteristics and treatment data. Analysis was performed if at least 50 cancer cells were identiﬁed in the section.
Ki67 results were recorded as the percentage of immunoreactive
cells. Levels of AR, a relevant client in prostate cancer, were also
evaluated in CTCs using an immunoﬂuorescent assay on the
CellSearch System (27).
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Statistical methods
The estimated response rate and 95% CIs were computed for
each regimen using the Clopper–Pearson exact CI, if appropriate.
The Fisher exact test was also used to compare response rates for
the 2 regimens. A P value of 0.10 was taken as evidence of a
difference. The 95% CI for the difference between proportions was
also computed using the normal approximation, if appropriate.
PSA response rate, response rate per RECIST 1.1, and CTC count
conversion rate were analyzed in a similar manner. PFS was
deﬁned the number of days from the day the subject received
study medication to the date of disease progression or death.
Progression was deﬁned according to PCWG2 criteria (24). Progression-free survival for subjects who withdraw from the study
without documented progressive disease (PD) by PCWG2 criteria
were censored on the day of study withdrawal. PFS and overall
survival (OS) were evaluated using the Kaplan–Meier estimate
and summaries of the number and percentage of subjects with an
event. Median time to progression, median time to death, and
95% CIs were determined. Comparison of regimens 1 and 2 was
made by log-rank test. Subjects were included in the pharmacodynamic analyses if they had provided sufﬁcient samples (i.e., preand posttreatment biopsy samples) for the pharmacodynamic
tests. T tests were used to compare continuous variables. All tests
were 2-sided and a P value of 0.05 or less was considered
statistically signiﬁcant.
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Table 1. Demographics and baseline characteristics
Regimen 1
Demographic characteristics
(N ¼ 23)
Age (years)
n
23 (100%)
Mean 71.3
Min. 57
Max. 90
ECOG PS (n, %)
n
23 (100)
0
7 (30)
1
14 (61)
2
2 (9)
3
0
Prior chemotherapy/
n (%) 18 (78)
immunotherapy
Prior cancer surgery
n (%) 8 (35)
Prior hormone therapya
n (%) 23 (100)
Prior radiation therapy
n (%) 18 (78)
Baseline Gleason score
n
20
<7
2 (9)
¼7
6 (26)
>7
12 (52)

Regimen 2
(N ¼ 25)
25 (100%)
68.0
55
84
25 (100)
12 (48)
12 (48)
1 (4)
0
20 (80)

Total
(N ¼ 48)
48 (100%)
69.5
55
90
48 (100)
19 (40)
26 (54)
3 (6)
0
38 (79)

11 (44)
24 (96)
17 (68)
23
2 (8)
3 (12)
18 (72)

19 (40)
47 (98)
35 (73)
43
4 (8)
9 (19)
30 (63)

Adverse events
All 48 subjects (100%) experienced at least 1 AE, and all 48
subjects experienced at least 1 treatment-emergent adverse event
(TEAE). TEAEs that occurred in at least 10% of subjects and that
were considered related to onalespib are shown in descending
order in Table 2. Overall, related TEAEs with highest incidence
were diarrhea (94%, with 21% grade 3), fatigue (63%, with 13%
grade 3), decreased appetite (52%; none were grade 3), and
nausea (50%; with 2% grade 3). No shifts 2 CTCAE grades in
QTc from baseline were observed in the study. Three related TEAE
were reported as grade 4 (increased amylase in regimen 1; thrombocytopenia and increased amylase in regimen 2).
Fifteen subjects (31.3%) experienced SAEs during the study; 2
subjects (4.2%) died on study as a result of an SAE, but the SAEs
were considered not related to study treatment. Seven other
subjects (14.6%) had an SAE considered related to study treatment; these were grade 3 diarrhea (n ¼ 4), grade 3 dehydration
(n ¼ 1), and grade 2 left chest pain (n ¼ 1).

a

Does not include abiraterone.

Results
Patient demographics
A total of 49 subjects were randomized and 48 were treated in
the dose-ﬁnding stage of the study (n ¼ 23 in regimen 1, and n ¼
25 in regimen 2). Median age was 68 years (range, 55–90 years).
Demographics and baseline characteristics of subjects are provided in Table 1.
Dose escalation and MTD
All subjects in each regimen received at least 1 cycle of study
treatment at the starting dose. In regimen 1, 3 of 23 subjects were
dose-escalated from 220 to 260 mg/m2, and these 3 each received
1 cycle of study treatment at the higher level. In regimen 2, 3 of 25
subjects were dose-escalated from 120 to 160 mg/m2, and 1
subject received 4 cycles of study treatment at the higher dose.
Four subjects had DLTs in the study (2 in regimen 1 at 260 mg/m2
and 2 in regimen 2 at 160 mg/m2). All 4 DLTs were grade 3
diarrhea, persisting despite optimal symptomatic treatment, and
all were considered related to onalespib. As a result, the doses of
220 mg/m2 in regimen 1 and 120 mg/m2 in regimen 2 were
considered the protocol-deﬁned MTDs.

Pharmacodynamics
The pharmacodynamic signature for HSP90 inhibition has
been established and used in previous clinical trials (22, 28, 29).
This signature includes depletion of client proteins such as
CDK4, and CRAF, and elevation of certain HSPs (e.g., HSP72,
the inducible isoform of HSP70; refs. 22, 28, 30). In this study,
CTCs and tumor biopsies were collected to examine pharmacodynamic biomarkers to pursue the Pharmacological Audit
Trail (PhAT; refs. 31, 32). HSP90 target engagement was evaluated by measuring the degree of depletion of protein clients
relevant to prostate cancer (AR, GR) and the induction of
HSP72 protein in paired pre- and posttreatment tumor tissue
biopsies. Achievement of biological activity was evaluated by
measuring the proliferation biomarker Ki67 and the apoptotic
biomarker cleaved caspase 3. Levels of AR were also evaluated
in CTCs using an immunoﬂuorescence assay on the CellSearch
System (27).
Paired tumor tissue biopsies were collected from 7 subjects.
One of the matched biopsies contained <50 cancer cells, resulting
in a total of 6 paired pre- and postdose biopsies available for
comparison (as described in ref. 33). AR protein expression was
evaluated using an antibody against the N-terminus domain (ARNTD) binding the AR-FL and AR variants; and an antibody
directed against the C-terminus (AR-CTD), speciﬁc for the AR-FL.

Table 2. TEAEs considered related to onalespib (10% of total patients)
Regimen 1 (n, %)
Adverse event
Overall total, N ¼ 48
220 mg/m2, n ¼ 20
260 mg/m2, n ¼ 3
preferred term
All
Grade 3, 4
All
Grade 3, 4
All
Grade 3, 4
Diarrhea
45 (94)
10 (21)
19 (95)
3 (15)
2 (67)
2 (67)
Fatigue
30 (63)
6 (13)
15 (75)
1 (5)
0
0
Decreased appetite
25 (52)
0
10 (50)
0
1 (33)
0
Nausea
24 (50)
1 (2)
9 (45)
0
1 (33)
0
Vomiting
15 (31)
0
5 (25)
0
0
0
Dry mouth
10 (21)
0
5 (25)
0
0
0
Dizziness
8 (17)
0
3 (15)
0
0
0
Infusion site pain
7 (15)
0
4 (20)
0
0
0
Anemia
7 (15)
5 (10)
3 (15)
1 (5)
0
0
Headache
6 (13)
0
3 (15)
0
0
0
Weight decreased
6 (13)
0
2 (10)
0
0
0
Dysgeusia
6 (13)
0
3 (15)
0
0
0
Dry eye
5 (10)
0
2 (10)
0
0
0
Photopsia
5 (10)
1 (2)
2 (10)
0
0
0
Insomnia
5 (10)
0
2 (10)
0
0
0
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Regimen 2 (n, %)
120 mg/m2, n ¼ 22
160 mg/m2, n ¼ 3
All
Grade 3, 4
All
Grade 3, 4
21 (96)
3 (14)
3 (100)
2 (67)
14 (64)
5 (23)
1 (33)
0
11 (50)
0
3 (100)
0
13 (59)
1 (5)
1 (33)
1 (4)
10 (46)
0
0
0
4 (18)
0
1 (33)
0
5 (23)
0
0
0
2 (9)
0
1 (33)
0
4 (18)
4 (18)
0
0
3 (14)
0
0
0
3 (14)
0
1 (33)
0
3 (14)
0
0
0
3 (14)
0
0
0
3 (14)
1 (5)
0
0
3 (14)
0
0
0
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Figure 1.
Changes in (A) nuclear AR-NTD, (B)
nuclear AR-CTD, (C) GR, and (D)
HSP72 expression in paired fresh
tumor tissue biopsies obtained
before and after onalespib
treatment. Immunostaining was
assessed using an H-score,
calculated by multiplying each
intensity level (0, for absent, 1 for
weak, 2 for moderate, and 3 for
intense stain) by the corresponding
percentage of positive cancer cells.
(E) Representative images of AR,
GR, Ki67, and HSP72 IHC staining in
paired fresh tumor tissue biopsies
(lymph node biopsy) taken predose
cycle 1 day 1 and 48 hours postdose
on cycle 1 day 17. Micrographs show
AR-NTD, HSP72, Ki67, and GR
expression by DAB IHC method.

The AR-NTD was highly expressed in CRPC biopsies taken before
starting onalespib treatment both in the nucleus and in the
cytoplasm. Comparison of paired biopsies obtained pre- (Screening) and postdose (cycle 1 day 17) demonstrated a reduction in
nuclear AR-NTD in 5 of 6 patients (Fig. 1A; paired t test, P ¼ 0.01).
AR-CTD was also reduced in 3 of 6 patients (Fig. 1B). Cytoplasmic
GR was also depleted following onalespib treatment (paired t test,
P ¼ 0.003; Fig. 1C). HSP72 was signiﬁcantly upregulated follow-
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ing onalespib treatment in keeping with HSP90 inhibition
(paired t test, P ¼ 0.005; Fig. 1D). Changes in tumor cell proliferation following onalespib treatment were evaluated by measuring the proliferation marker Ki67 in paired tumor tissue
biopsies. Overall, no signiﬁcant changes were observed (data not
shown). Increases in apoptosis following onalespib treatment
were evaluated by measuring the apoptotic biomarker cleaved
caspase 3. Overall, no signiﬁcant changes were observed (data not
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Figure 2.
A, Waterfall plot showing maximal changes in the percentage of AR-positive CTCs in individual patient with 5 CTCs/7.5 mL at baseline. Cycle 1 day 17 sample
was compared with cycle 1 day 1. When cycle 1 day 1 sample was not available, postdose sample was compared with the screening sample. B, Representative
images of AR expression in individual CTCs from 2 patients at screening, cycle 1 day 1 and cycle 1 day 7. CTCs were isolated and detected on the CellSearch
platform. The enriched cells were stained by immunoﬂuorescence using antibodies speciﬁc for cytokeratin (keratin 8, 18, and 19) conjugated to phycoerythrin
(CK-PE), anti-CD45 conjugated to allophycocyanin (CD45-APC), the nucleic acid dye 40 ,6-diamidino-2-phenylindole (DAPI), and an Alexa Fluor 488–conjugated
rabbit monoclonal antibody directed against the amino-terminus domain of the AR as previously described (27).
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shown). Representative images of IHC staining are shown for 1
subject in Fig. 1E.
Thirty-two patients had samples collected before starting treatment (at screening and/or C1D1 predose) and on C1D17. Sixteen
subjects had at least 5 CTCs/7.5 mL in the baseline sample, and AR
results available at baseline and on-treatment and were included
in the analysis. Three of 7 subjects (42%) that received weekly
onalespib (regimen 1) had a decline in proportion of AR-positive
CTCs >30% on-treatment. Four of 9 subjects (44%) who received
twice weekly onalespib had a >30% decline on-treatment
(C1D17; Fig. 2).
Pharmacokinetics
Pharmacokinetic evaluations were performed on plasma
samples obtained from 44 subjects [n ¼ 20 for onalespib
120 mg/m2/dose (regimen 2), n ¼ 2 for 160 mg/m2/dose (regimen 2), n ¼ 18 for 220 mg/m2/dose (regimen 1), and n ¼ 3 for
260 mg/m2/dose (regimen 1)]. Onalespib showed a biphasic
decline with a 2-compartmental disposition. Onalespib exposures increased in a dose-proportional manner and were similar to
those observed in the single-agent phase I dose escalation
study (29), suggesting no pharmacokinetic interaction. The pharmacokinetic proﬁle of onalespib appeared reproducible and
similar between regimens 1 and 2, with moderate interindividual
variability across all dose levels in each regimen. Onalespib mean
AUC0t and Cmax estimates ranged from 1,480 to 3,550 ng_shour/
mL, and from 636 to 1,850 ng/mL, respectively.
The exposures of abiraterone generally decreased when abiraterone was administered in combination with onalespib,
although due to pharmacokinetic variability of AA the signiﬁcance
of these ﬁndings are uncertain because no direct metabolic drug–
drug interactions was expected, although this could be due to
reduced gastrointestinal transit time as a result of onalespib AEs
(diarrhea) observed on onalespib dosing days.
Efﬁcacy
Overall, no subjects in either regimen showed an objective
tumor response according to RECIST 1.1, and likewise no subjects
in either regimen showed a response in PSA (i.e., no response in
PSA 50% decrease at Week 12 per PCWG2). Eight subjects
(35%) in regimen 1 and 7 subjects (28%) in regimen 2 had a
conversion of CTCs from 5 cells/7.5 mL of blood to <5 cells/
7.5 mL or a decrease of more than 30% from the baseline CTC
value on-treatment (Fig. 3). However, these declines were transient, and CTC values increased rapidly after treatment. Maximum
percentage changes in PSA and CTCs by regimens are shown
in Fig. 3A and B, respectively.
The median PFS in regimen 1 (n ¼ 23) was 77 days (95% CI,
71.0–83.0) and in regimen 2 (n ¼ 24) was 84 days (95% CI, 77.0–
158.0). PFS was not different between the regimens (P > 0.23). The
median OS in regimen 1 (n ¼ 23) was 10.6 months (95% CI, 3.8–
NA) and in regimen 2 (n ¼ 24) was 8.9 months (95% CI, 4.8–NA).
Median OS was not different between the regimens (P ¼ 0.52).

Discussion
Despite the promise of HSP90 inhibitors as a class of therapeutic agents, these agents have, to date, shown variable results in
clinical trials. Encouraging single-agent activity has been seen in
speciﬁc molecular backgrounds, for example, HER2 ampliﬁcation
in breast cancer and EGFR mutations and ALK rearrangements in
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NSCLC, suggesting that client protein sensitivity to HSP90 inhibition is likely to be a key contributor to HSP90 inhibitor
success (13). In other cancer types HSP90 inhibition has been
disappointing, despite the fact that the oncogenic constituents of
such cancers are among HSP90's clientele. In general, to date,
single-agent activity of HSP90 inhibitors has not been adequate to
justify market approval. Few combination trials of HSP90 inhibitors have been conducted.
This study represents the ﬁrst clinical trial of an HSP90 inhibitor
in combination with AA/P in patients with metastatic CRPC.
HSP90 treatment results in depletion of AR-FL and AR-V7, as
well as GR, in preclinical models, hence treatment with an HSP90
inhibitor such as onalespib was hypothesized to address resistance to agents such as AA or enzalutamide that act via the
AR-FL (27). Resistance to these agents may be mediated by AR
alterations, including the expression of AR-V7 splice variant (5, 6).
This study documented progression on AA/P treatment as a
condition for study entry and explored the ability of HSP90
inhibition to overcome resistance to AA/P.
The combination of the HSP90 inhibitor with AA appeared to
be tolerated at onalespib doses below the single-agent MTD
[220 mg/m2 weekly vs. 260 mg/m2 for the single-agent weekly
regimen (10, 29); 120 mg/m2 versus 160 mg/m2 for the twice
weekly on 2 consecutive day regimen (11)] with gastrointestinal
toxicity in this population, most notably diarrhea being dose
limiting. AA/P has a 5% reported incidence of diarrhea, but
despite the reported single-agent MTDs, many subjects were
unable to complete 3 full dosing cycles due to either AEs, study
withdrawal, or disease progression. This may reﬂect additive
toxicity, and perhaps the study of a more elderly population than
studied in onalespib phase I trials, or both.
Pharmacodynamic studies in tumor biopsies collected 24 to
48 hours postdose, although limited in numbers, demonstrated
a signiﬁcant induction of HSP72; this was, however, accompanied by only a modest depletion of AR and GR and no
changes in tumor proliferation or apoptosis. CTC studies also
demonstrated a transient decline in AR-positive CTCs in some
patients. This lack of clinical activity accompanied by lack of
sustained HSP90 client protein depletion did not justify the
further evaluation of onalespib in combination with AA/P at
the doses and schedule we evaluated. One possible explanation
for the lack of activity in our trial is that the tolerable regimens
did not achieve a sustained and durable effect on AR. However,
the need for intravenous infusions and the toxicity reported
prevented us from exploring more aggressive onalespib dosing
schedules. Preclinical studies, both in vitro and in vivo, have
shown that onalespib causes prolonged depletion of client
proteins in tumor xenografts (34), but this may not be the
case in patients with metastatic CRPC. In this study, we were
unable to demonstrate more than modest depletion of client
protein 48 hours after treatment administration.
Induction of HSP72 has been widely used as a biomarker to
monitor the pharmacodynamic impact of HSP90 inhibitors.
However, increasing evidence suggests that HSP72 induction,
although necessary, is not itself sufﬁcient to predict response to
these agents. For example, in clinical trials of 17-DMAG, HSP72
levels measured in PBMCs showed no correlation with clinical
response (35, 36). Direct evaluation of the client and modulation
of the pathway(s) of interest coupled with the evaluation of
downstream biological effects (e.g., increase in apoptosis, reduction in proliferation), as performed in this study, are critical for
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A, Waterfall plot showing changes in
total number of CTCs by patient.
Increases were capped at 100%. B,
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evaluation of antitumor effects and to optimally develop HSP90
inhibitor therapy.
Preclinical studies have revealed a number of mechanisms
whereby cancer cells can be rendered less susceptible to the effects
of HSP90 inhibition. First, HSP90 inhibition elicits both the
depletion of client proteins and the activation of a heat shock
response mediated by HSF1. As a result of HSF1 activation,
expression of inducible HSPs (e.g., HSP72, HSP27) is dramatically upregulated, and is often used as a readout of HSP90 target
engagement. However, these prosurvival chaperones may limit
the antitumor activity of HSP90 inhibitors and may play a role in
resistance to HSP90 inhibition, rescuing client proteins including
AR and its splice variants from degradation. Inhibition of HSF1,
HSP70, or HSP27 has been reported to increase cell sensitivity to
HSP90 inhibition and induction of apoptosis and may be key to
more robust AR blockade (37–40).

www.aacrjournals.org

In this study, we observed induction of HSP72, conﬁrming
target engagement, and some depletion of AR and GR postonalespib treatment, but evidence of residual nuclear AR coupled
with no changes in Ki67 or cleaved caspase 3 suggested that the
degree of HSP90 inhibition was not sufﬁcient to translate into an
effective blockade of AR signaling pathway and a reduction in
cancer cell proliferation and increased apoptosis. In summary, for
both the weekly or twice weekly regimens of onalespib in combination with AA/P, there was mild evidence of some biological
effect, however this effect did not translate into clinical activity,
hence further exploration of this combination is not justiﬁed.

Disclosure of Potential Conﬂicts of Interest
S. Hussain reports receiving speakers bureau honoraria from Janssen, Roche,
Pierre Fabre, AstraZeneca, MSD, and Pﬁzer, and is a consultant/advisory board
member for SOTIO, Roche, MSD, Janssen, AstraZeneca, Pierre Fabre, and Pﬁzer.

Clin Cancer Res; 25(15) August 1, 2019

Downloaded from clincancerres.aacrjournals.org on October 17, 2019. © 2019 American Association for Cancer Research.

4631

Published OnlineFirst May 21, 2019; DOI: 10.1158/1078-0432.CCR-18-3212

Slovin et al.

F. Saad is a consultant/advisory board member for Janssen, Astellas, and Sanoﬁ.
J. Garcia reports receiving commercial research grants and speakers bureau
honoraria from, and is a consultant/advisory board member for Janssen. J. Picus
is a consultant/advisory board member for Sanoﬁ. P. Workman is a nonexecutive director of Storm Therapeutics; reports receiving commercial research
grants from Vernalis, Astex, and Merck; holds ownership interest (including
patents) in Storm Therapeutics, Chroma Therapeutics, and Nextechinvest; is a
consultant/advisory board member for Astex Therapeutics, CV6 Therapeutics,
Nextechinvest, Nuevolution, and Novartis; and as an employee of The Institute
of Cancer Research (ICR), which has licensed HSP90 inhibitors to Vernalis and
Novartis, may beneﬁt from ICR's Rewards to Inventors scheme. J. de Bono
reports receiving commercial research grants from Astex; reports receiving
speakers bureau honoraria from Astellas, AstraZeneca, Boehringer Ingelheim,
Genentech, Merck Serono, Daiichi Sankyo, MSD, Sanoﬁ Aventis, Menarini,
Pﬁzer Oncology, GSK, Bayer, and Celgene; and is a consultant/advisory board
member for Astex, AstraZeneca, Boehringer Ingelheim, Celgene, Daiichi Sankyo,
Genentech, Bayer, GSK, MSD, Menarini, Pﬁzer Oncology, and Sanoﬁ Aventis.
No potential conﬂicts of interest were disclosed by the other authors.

Development of methodology: R. Ferraldeschi, A. Oganesian, J. de Bono
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): S. Slovin, S. Hussain, F. Saad, J. Garcia, J. Picus,
R. Ferraldeschi, M. Crespo, P. Flohr, R. Riisnaes, A. Oganesian, J. de Bono
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): S. Slovin, S. Hussain, J. Garcia, R. Ferraldeschi, C. Lin,
H. Keer, A. Oganesian, J. de Bono
Writing, review, and/or revision of the manuscript: S. Slovin, S. Hussain,
F. Saad, J. Garcia, J. Picus, R. Ferraldeschi, R. Riisnaes, H. Keer, A. Oganesian,
P. Workman, J. de Bono
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): S. Hussain, R. Riisnaes, H. Keer, J. de Bono
Study supervision: S. Slovin, S. Hussain, R. Ferraldeschi, R. Riisnaes, C. Lin,
H. Keer, J. de Bono
Other (Co-PI of the study): J. Garcia
The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Authors' Contributions
Conception and design: R. Ferraldeschi, H. Keer, A. Oganesian, P. Workman,
J. de Bono

Received November 7, 2018; revised February 1, 2019; accepted May 17,
2019; published ﬁrst May 21, 2019.

References
1. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2017. CA Cancer J Clin
2017;67:7–30.
2. de Bono JS, Logothetis CJ, Molina A, Fizazi K, North S, Chu L, et al.
Abiraterone and increased survival in metastatic prostate cancer. N Engl J
Med 2011;364:1995–2005.
3. Scher HI, Fizazi K, Saad F, Taplin ME, Sternberg CN, Miller K, et al. Increased
survival with enzalutamide in prostate cancer after chemotherapy. N Engl J
Med 2012;367:1187–97.
4. Attard G, Richards J, de Bono JS. New strategies in metastatic prostate
cancer: targeting the androgen receptor signaling pathway. Clin Cancer Res
2011;17:1649–57.
5. Efstathiou E, Titus M, Wen S, Hoang A, Karlou M, Ashe R, et al. Molecular
characterization of enzalutamide-treated bone metastatic castrationresistant prostate cancer. Eur Urol 2015;67:53–60.
6. Antonarakis ES, Lu C, Wang H, Luber B, Nakazawa M, Roeser JC, et al.
AR-V7 and resistance to enzalutamide and abiraterone in prostate cancer.
N Engl J Med 2014;371:1028–38.
7. Antonarakis ES, Lu C, Luber B, Wang H, Chen Y, Zhu Y, et al. Clinical
Signiﬁcance of Androgen Receptor Splice Variant-7 mRNA detection in
circulating tumor cells of men with metastatic castration-resistant prostate
cancer treated with ﬁrst- and second-line abiraterone and enzalutamide.
J Clin Oncol 2017;35:2149–56.
8. Romanel A, Gasi Tandefelt D, Conteduca V, Jayaram A, Casiraghi N,
Wetterskog D, et al. Plasma AR and abiraterone-resistant prostate cancer.
Sci Transl Med 2015;7:312re10.
9. Shapiro GI, Kwak E, Dezube BJ, Yule M, Ayrton J, Lyons J, et al. First-inhuman phase I dose escalation study of a second-generation nonansamycin HSP90 inhibitor, AT13387, in patients with advanced solid
tumors. Clin Cancer Res 2015;21:87–97.
10. Mahadevan D, Rensvold DM, Kurtin SE, Cleary JM, Gandhi L, Lyons JF,
et al. First-in-human phase I study: results of a second-generation nonansamycin heat shock protein 90 (HSP90) inhibitor AT13387 in refractory
solid tumors. ASCO Meeting Abstracts 2012;30(15_suppl):3028.
11. Do KT, Speranza G, Chen AP, Trepel JB, Lee M-J, Lee S, et al. Phase l
study assessing a two-consecutive-day (QD x 2) dosing schedule of the
HSP90 inhibitor, AT13387, in patients with advanced solid tumors.
ASCO Meeting Abstracts 2012;30(15_suppl):3087.
12. Woodhead AJ, Angove H, Carr MG, Chessari G, Congreve M, Coyle JE, et al.
Discovery of (2,4-dihydroxy-5-isopropylphenyl)-[5-(4-methylpiperazin1-ylmethyl)-1,3-dihydroisoindol-2-yl]methanone (AT13387), a novel
inhibitor of the molecular chaperone HSP90 by fragment based drug
design. J Med Chem 2010;53:5956–69.
13. Butler LM, Ferraldeschi R, Armstrong HK, Centenera MM, Workman P.
Maximizing the therapeutic potential of HSP90 inhibitors. Mol Cancer Res
2015;13:1445–51.

4632 Clin Cancer Res; 25(15) August 1, 2019

14. Neckers L, Workman P. Hsp90 molecular chaperone inhibitors: are we
there yet? Clin Cancer Res 2012;18:64–76.
15. Ferraldeschi R, Hedayat S, Smyth T, Wallis N, Lyons J, Riisnas R, et al.
In vitro and in vivo anti-tumor activity of the next generation HSP90
inhibitor, AT13387, in both hormone-sensitive and castration-resistant
prostate cancer models. Poster presented at American Association for
Cancer Research, April 2013. Washington, DC,#2433.
16. Ferraldeschi R, Welti J, Powers MV, Yuan W, Smyth T, Seed G, et al. SecondGeneration HSP90 Inhibitor Onalespib Blocks mRNA splicing of androgen
receptor variant 7 in prostate cancer cells. Cancer Res 2016;76:2731–42.
17. Arora VK, Schenkein E, Murali R, Subudhi SK, Wongvipat J, Balbas MD,
et al. Glucocorticoid receptor confers resistance to antiandrogens by
bypassing androgen receptor blockade. Cell 2013;155:1309–22.
18. Georget V, Terouanne B, Nicolas JC, Sultan C. Mechanism of antiandrogen
action: key role of hsp90 in conformational change and transcriptional
activity of the androgen receptor. Biochemistry 2002;41:11824–31.
19. Saporita AJ, Ai J, Wang Z. The Hsp90 inhibitor, 17-AAG, prevents the
ligand-independent nuclear localization of androgen receptor in refractory
prostate cancer cells. Prostate 2007;67:509–20.
20. Solit DB, Zheng FF, Drobnjak M, Munster PN, Higgins B, Verbel D, et al. 17Allylamino-17-demethoxygeldanamycin induces the degradation of
androgen receptor and HER-2/neu and inhibits the growth of prostate
cancer xenografts. Clin Cancer Res 2002;8:986–93.
21. Vanaja DK, Mitchell SH, Toft DO, Young CY. Effect of geldanamycin on
androgen receptor function and stability. Cell Stress Chaperones 2002;7:
55–64.
22. Pacey S, Wilson RH, Walton M, Eatock MM, Hardcastle A, Zetterlund A,
et al. A phase I study of the heat shock protein 90 inhibitor alvespimycin
(17-DMAG) given intravenously to patients with advanced solid tumors.
Clin Cancer Res 2011;17:1561–70.
23. Heath EI, Hillman DW, Vaishampayan U, Sheng S, Sarkar F, Harper F, et al.
A phase II trial of 17-allylamino-17-demethoxygeldanamycin in patients
with hormone-refractory metastatic prostate cancer. Clin Cancer Res 2008;
14:7940–6.
24. Scher HI, Halabi S, Tannock I, Morris M, Sternberg CN, Carducci MA, et al.
Design and end points of clinical trials for patients with progressive
prostate cancer and castrate levels of testosterone: recommendations of
the Prostate Cancer Clinical Trials Working Group. J Clin Oncol 2008;26:
1148–59.
25. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford R, et al.
New response evaluation criteria in solid tumours: revised RECIST guideline (version 1.1). Eur J Cancer 2009;45:228–47.
26. Ishibashi H, Suzuki T, Suzuki S, Moriya T, Kaneko C, Takizawa T, et al. Sex
steroid hormone receptors in human thymoma. J Clin Endocrinol Metab
2003;88:2309–17.

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on October 17, 2019. © 2019 American Association for Cancer Research.

Published OnlineFirst May 21, 2019; DOI: 10.1158/1078-0432.CCR-18-3212

Onalespib and Abiraterone in CRPC

27. Crespo M, van Dalum G, Ferraldeschi R, Zafeiriou Z, Sideris S, Lorente D,
et al. Androgen receptor expression in circulating tumour cells from
castration-resistant prostate cancer patients treated with novel endocrine
agents. Br J Cancer 2015;112:1166–74.
28. Banerji U, O'Donnell A, Scurr M, Pacey S, Stapleton S, Asad Y, et al. Phase I
pharmacokinetic and pharmacodynamic study of 17-allylamino, 17demethoxygeldanamycin in patients with advanced malignancies. J Clin
Oncol 2005;23:4152–61.
29. Shapiro G, Kwak EL, Dezube BJ, Yule M, Ayrton J, Lyons J, et al. First-inhuman phase I dose escalation study of a second-generation nonansamycin HSP90 inhibitor, AT13387, in patients with advanced solid
tumors. Clin Cancer Res 2015;21:87–97.
30. Sessa C, Shapiro GI, Bhalla KN, Britten C, Jacks KS, Mita M, et al. Firstin-human phase I dose-escalation study of the HSP90 inhibitor AUY922
in patients with advanced solid tumors. Clin Cancer Res 2013;19:
3671–80.
31. Yap TA, Sandhu SK, Workman P, de Bono JS. Envisioning the future of early
anticancer drug development. Nat Rev Cancer 2010;10:514–23.
32. Banerji U, Workman P. Critical parameters in targeted drug development:
the pharmacological audit trail. Semin Oncol 2016;43:436–45.
33. Plymate SR, Washington University Seattle. Targeting the aberrant androgen receptor in advanced treatment resistant prostate cancer; 2014. [cited
2018 May 15]. Available from: https://apps.dtic.mil/dtic/tr/fulltext/u2/
a613358.pdf.

www.aacrjournals.org

34. Graham B, Curry J, Smyth T, Fazal L, Feltell R, Harada I, et al. The heat shock
protein 90 inhibitor, AT13387, displays a long duration of action in vitro
and in vivo in non-small cell lung cancer. Cancer Sci 2012;103:522–7.
35. Kummar S, Gutierrez ME, Gardner ER, Chen X, Figg WD, Zajac-Kaye M, et al.
Phase I trial of 17-dimethylaminoethylamino-17-demethoxygeldanamycin
(17-DMAG), a heat shock protein inhibitor, administered twice weekly in
patients with advanced malignancies. Eur J Cancer 2010;46:340–7.
36. Ramanathan RK, Egorin MJ, Erlichman C, Remick SC, Ramalingam SS,
Naret C, et al. Phase I pharmacokinetic and pharmacodynamic study of 17dimethylaminoethylamino-17-demethoxygeldanamycin, an inhibitor of
heat-shock protein 90, in patients with advanced solid tumors. J Clin Oncol
2010;28:1520–6.
37. Chen Y, Chen J, Loo A, Jaeger S, Bagdasarian L, Yu J, et al. Targeting HSF1
sensitizes cancer cells to HSP90 inhibition. Oncotarget 2013;4:816–29.
38. Lamoureux F, Thomas C, Yin MJ, Fazli L, Zoubeidi A, Gleave ME. Suppression of heat shock protein 27 using OGX-427 induces endoplasmic
reticulum stress and potentiates heat shock protein 90 inhibitors to delay
castrate-resistant prostate cancer. Eur Urol 2014;66:145–55.
39. McCollum AK, Teneyck CJ, Sauer BM, Toft DO, Erlichman C. Upregulation of heat shock protein 27 induces resistance to 17-allylamino-demethoxygeldanamycin through a glutathione-mediated mechanism. Cancer Res 2006;66:10967–75.
40. Powers MV, Clarke PA, Workman P. Death by chaperone: HSP90, HSP70 or
both? Cell Cycle 2009;8:518–26.

Clin Cancer Res; 25(15) August 1, 2019

Downloaded from clincancerres.aacrjournals.org on October 17, 2019. © 2019 American Association for Cancer Research.

4633

Published OnlineFirst May 21, 2019; DOI: 10.1158/1078-0432.CCR-18-3212

Pharmacodynamic and Clinical Results from a Phase I/II Study of
the HSP90 Inhibitor Onalespib in Combination with Abiraterone
Acetate in Prostate Cancer
Susan Slovin, Syed Hussain, Fred Saad, et al.
Clin Cancer Res 2019;25:4624-4633. Published OnlineFirst May 21, 2019.

Updated version
Supplementary
Material

Cited articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
doi:10.1158/1078-0432.CCR-18-3212
Access the most recent supplemental material at:
http://clincancerres.aacrjournals.org/content/suppl/2019/05/21/1078-0432.CCR-18-3212.DC1

This article cites 38 articles, 15 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/25/15/4624.full#ref-list-1

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/25/15/4624.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on October 17, 2019. © 2019 American Association for Cancer Research.

