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First-in-human study of the PARP/tankyrase inhibitor E7449
in patients with advanced solid tumours and evaluation
of a novel drug-response predictor
Ruth Plummer1, Divyanshu Dua2, Nicola Cresti3, Yvette Drew1, Peter Stephens4, Marie Foegh5, Steen Knudsen6, Pallavi Sachdev7,
Bipin M. Mistry7, Vaishali Dixit8, Sharon McGonigle8, Nancy Hall7, Mark Matijevic8, Shannon McGrath8 and Debashis Sarker9

BACKGROUND: This phase 1 study examined the safety, maximum-tolerated dose (MTD) and antitumour activity of E7449, a novel
PARP 1/2 and tankyrase 1/2 inhibitor.
METHODS: E7449 was orally administered once daily in 28-day cycles to patients with advanced solid tumours (50–800-mg doses).
Archival tumour samples from consenting patients were evaluated for the expression of 414 genes in a biomarker panel (2X-121
drug-response predictor [DRP]) found to be predictive of the response to E7449 in cell lines.
RESULTS: Forty-one patients were enrolled (13 pancreatic, 5 ovarian, 4 each with breast, lung or colorectal cancer and 11 with
other tumour types). The most common grade ≥3 treatment-related adverse event was fatigue (n= 7, 17.1%). Five patients
experienced a dose-limiting toxicity (fatigue, n= 4, 800 mg; anaphylaxis, n= 1, 600 mg) for an MTD of 600mg. E7449 exhibited
antitumour activity in solid tumours, including 2 partial responses (PRs), and stable disease (SD) in 13 patients, which was durable
(>23 weeks) for 8 patients. In 13 patients, the 2X-121 DRP identified those achieving PR and durable SD. E7449 showed good
tolerability, promising antitumour activity and significant concentration-dependent PARP inhibition following 50–800-mg oral
dosing.
CONCLUSION: The results support further clinical investigation of E7449 and its associated biomarker 2X-121 DRP.
CLINICAL TRIAL REGISTRATION: www.ClinicalTrials.gov code: NCT01618136.

British Journal of Cancer (2020) 123:525–533; https://doi.org/10.1038/s41416-020-0916-5

BACKGROUND
Polyadenosine diphosphate (ADP)-ribose polymerases (PARPs) are
a family of highly conserved enzymes involved in a variety of
important cellular processes, including DNA damage repair.1–3 Two
PARP family members (PARP1 and PARP2) are nuclear enzymes that,
upon activation in response to DNA strand breaks, synthesise
and transfer long branches of poly (ADP ribose) (PAR) onto
DNA-associated proteins via poly(ADP ribosyl)ation.2–4 This results
in a negatively charged environment, which facilitates recruitment
of repair machinery and accelerates DNA damage repair.4,5 Because
many anticancer therapies act by inducing DNA damage in tumour
cells, investigating the therapeutic potential of PARP inhibitors has
generated considerable interest.6,7

PARP inhibitors exert cytotoxic effects through the inhibition of
the catalytic activity of PARP1/PARP2 by trapping PARP–DNA
complexes, thereby preventing DNA replication and transcription.8

Potent and specific inhibitors of PARP have been shown to
sensitise cancer cells to the DNA-damaging effects of cytotoxic
chemotherapy and radiotherapy.9 One of the key features of the

DNA repair pathway is redundancy or the capacity for alternative
proteins or molecular pathways to compensate for specific repair
deficiencies. In this pathway, there is increasing interest in the
genetic principle of “synthetic lethality,” whereby deficiency of a
sole DNA repair component renders tumour cells highly sensitive
to specific inhibition of a redundant pathway that would
otherwise be nonessential.9 PARP inhibitors have demonstrated
activity as single agents in tumours deficient in DNA repair (i.e.,
BRCA-deficient cancers), and have increased the cytotoxic effects
of certain chemotherapies when administered in combination
regimens.9 Three PARP inhibitors (olaparib, niraparib and
rucaparib) are approved for the treatment of women with
recurrent advanced ovarian cancer and deleterious germline or
somatic BRCA mutations.10–15 The US Food and Drug Administra-
tion approved olaparib in the first-line maintenance setting for
patients with BRCA-mutated advanced ovarian cancer following
the significant benefit in progression-free survival seen in
the randomised, placebo-controlled, phase 3 SOLO1 trial.10,16

The PARP inhibitors olaparib and niraparib are also indicated for
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the maintenance treatment of women with platinum-sensitive,
recurrent ovarian, fallopian tube or primary peritoneal cancer;
niraparib can be used regardless of BRCA-mutation status, whereas
olaparib is indicated for patients with BRCA mutations.10,14–16

E7449 (also known as 2X-121, herein referred to as E7449) is an
orally bioavailable, small-molecule inhibitor of the enzymatic
activity of PARP1 and PARP2 (inhibitory concentration at half-
maximal effect [IC50] of 1.0 and 1.2 nmol/L, respectively), which
traps PARP1 on DNA via dose-dependent binding to chromatin.17

E7449 also inhibits tankyrase 1 and 2, which are important
regulators of the canonical Wnt/β-catenin signalling pathway
involved in promoting tumorigenesis. In a Wnt1 preclinical model,
synergistic antitumour effects were observed when E7449 was used
in combination with the mitogen-activated protein kinase
kinase inhibitor E6210.17 In addition, E7449-mediated tankyrase
inhibition results in a significant increase in axin2 levels, and a
concomitant reduction in active and total β-catenin in human colon
cancer SW480 cells.17 E7449 demonstrated single-agent antitumour
activity in several BRCA-deficient xenograft models, as well as
potentiation of the efficacy of radiotherapy and chemotherapy in
both in vitro and in vivo models, respectively.17,18 In this first-in-
human study, we report the results of an open-label, multicentre,
phase 1 trial of single-agent E7449 in patients with advanced
malignancies. In addition, we report a novel tumour-agnostic
molecular biomarker, 2X-121 drug-response predictor [DRP], devel-
oped and tested post study, to identify patients as responders or
non-responders to therapy.

METHODS
Study design, treatment schedule and assessments
This was an open-label, multicentre, phase 1 study of single-agent
E7449 (ClinicalTrials.gov: NCT01618136). The primary endpoint
was to determine the maximum-tolerated dose (MTD) of E7449.
Secondary endpoints included assessments of safety and tolerability,
pharmacokinetic (PK) profile (including the effect of a high-fat meal
on E7449 bioavailability), pharmacodynamic (PD) effects (including
inhibition of PARP in peripheral blood mononuclear cells [PBMCs]
and effect on DNA damage), PK/PD relationships, serum biomarker
analysis and preliminary antitumour activity. The study was
conducted in full accordance with the principles of the World
Medical Association Declaration of Helsinki, the International
Conference on Harmonisation and all applicable local guidelines
and regulations on good clinical practice. All patients provided
written informed consent.
The study included a 3+ 3 dose-escalation phase in which

sequential cohorts of 3–6 patients were administered increasing oral
doses of E7449 (starting at 50mg), administered once daily in
28-day cycles. To further assess the safety and tolerability of E7499 at
the MTD, and to determine the recommended phase 2 dose, an
expansion cohort of 9–12 additional response-evaluable patients
was planned. Patients received study drug until disease progression,
development of unacceptable toxicity or withdrawal of consent.
The MTD was defined as the highest dose of E7449 at which

≤1 of 6 patients demonstrated a dose-limiting toxicity (DLT).
DLTs were assessed according to Common Terminology Criteria
for Adverse Events, version 4.03, and were defined as any grade 3
or worse haematologic or nonhaematologic toxicity occurring
during cycle 1 of the dose-escalation phase, and considered
related to E7449 by the investigator. DLTs included any grade 4
neutropenia occurring for ≥7 days or grade 3 neutropenia with
fever (>38.5 °C in axilla), grade 4 or grade 3 thrombocytopenia
with bleeding or lasting >7 days, grade 3 fatigue or a 2-point
decline in Eastern Cooperative Oncology Group (ECOG) perfor-
mance status persisting for over 7 days, persistent grade 3 or 4
nausea, vomiting or diarrhoea, despite maximal medical therapy,
grade 3 or worse nonhaematologic laboratory abnormalities
requiring hospitalisation and E7449-related adverse events (AEs)

occurring during cycle 1, resulting in the administration of <75%
of the planned E7449 dosage.
The effect of food on E7449 exposure was evaluated in cycle 1

for patients included in the expansion cohort. These patients
fasted overnight on day 7, after which, they were randomised to
receive E7449 with or without a high-fat breakfast. Fed patients
were administered E7449 immediately after consuming a meal.
Patients were then crossed over to the alternate food regimen on
day 15.

Patient eligibility
Eligible patients were ≥18 years of age with histologic and/or
cytologic confirmation of advanced or metastatic solid tumours or
B-cell lymphomas progressing after treatment with approved
therapies, or for which no standard therapies exist. Patients could
have measurable or non-measurable disease by Response Evalua-
tion Criteria in Solid Tumors, version 1.1, but only patients with
measurable disease were permitted to enter the extension phase of
the study. All eligible patients had adequate cardiac, bone marrow,
renal and liver functions, a life expectancy of ≥3 months, an ECOG
performance status of 0–2 and a left ventricular ejection fraction of
>50%. Patients with brain metastases were eligible if they had
undergone complete surgical excision or stereotactic radiosurgery or
radiotherapy, and had no radiographic evidence of brain disease
recurrence/progression, were asymptomatic and had discontinued
corticosteroid treatment ≥30 days prior to dosing.
Key exclusion criteria included prior exposure to E7449,

leptomeningeal or brain metastases (except for that as mentioned
in the inclusion criteria), use of strong-cytochrome P450 inhibitors
or inducers, any major surgery or anticancer treatment ≤4 weeks
prior to dosing, active infection requiring systemic therapy,
prolongation of heart rate-corrected QT interval to >480 ms when
electrolyte balance was normal or had any uncontrolled endocrine
disease necessitating relevant changes in medication within the
last month or hospital admission within the previous 3 months.

Safety
Safety was measured by monitoring and recording all AEs,
including all Common Terminology Criteria for Adverse Events
grades, and serious AEs (SAEs), clinical laboratory test results, vital
sign measurements and electrocardiogram and physical examina-
tion findings.

Pharmacokinetic and pharmacodynamic assessments
For the dose-escalation cohorts, blood samples for pharmacoki-
netic analyses were collected at 0, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 24 and
48 h after a single dose of E7449 administered on day −2, and
again at the same time points at steady state on day 15 of cycle 1
(excluding the 48-h sample). Blood samples were also collected
immediately before the dose on day 7 of cycle 1, days 1 and 15 of
cycle 2 and on day 1 of cycle 3, and beyond. All urine produced
during the time intervals pre-dose, 0–2 h, 2–4 h, 4–10 h and 10–24
h following the single dose on day –2, and after multiple doses on
cycle 1, day 15, was collected.
Validated liquid chromatography coupled with tandem mass

spectrometry methods was used to determine human plasma
and urine concentrations of E7449 (XenoBiotic Laboratories Inc.,
[WuXi AppTec], Plainsboro, NJ, USA). PK parameters were
calculated from the E7449 plasma concentration–time profiles
and urine excretion data using noncompartmental methods with
the Phoenix WinNonlin version 6.2.
For the dose-escalation phase of the study, blood samples for

pharmacodynamic analyses were collected at 0, 2, 4, 8 and 24 h
after single-dose administration of E7449 on day –2 and cycle 1,
day 15, and at 0 h and 4 h post dose on cycle 1, day 1 and cycle 1,
day 7. Inhibition of PARP activity was measured by quantifying
PAR in PBMCs using an enzyme-linked immunosorbent assay
(HT PARP in vivo Pharmacodynamic Assay II kit). PAR levels in
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PBMCs and the percentage change from baseline were sum-
marised by dose and nominal sampling time point.
For the food-effect expansion cohort, blood samples for the

pharmacokinetic analyses were collected prior to the E7449 dose
and then 1, 2, 3, 4, 8, 12 and 24 h after E7449 dosing on days 7 and
15 of cycle 1, when E7449 was at steady state.

Pharmacokinetic/pharmacodynamic modelling
The E7449 plasma concentration-versus-time and PAR inhibition
data in PBMCs were subjected to PK/PD modelling using a 2-stage
approach. In the first stage, the mean plasma concentration-
versus-time curves of E7449 from all doses were simultaneously
fitted to a 2-compartment pharmacokinetic model with first-order
absorption and -elimination from the central compartment. In the
second stage, the final parameters from the pharmacokinetic
model were fixed for sequential PK/PD modelling.
The PD measurement utilised in the PK/PD model was the

percentage inhibition of the formation of PAR, a marker for PARP
activity,19 which was calculated as % inhibition= (Response/
Baseline) × 100, where baseline was defined as the PAR response
at time 0 on day –2. The percent change in PAR from baseline (%
PAR) over time, as a function of E7449 plasma concentrations, was
fitted to a sigmoidal inhibitory indirect-response PK/PD model,
where E7449 inhibited the rate of formation (kin) of PAR.

20

The PK/PD model equation is shown below:

d %PARð Þ
dt

¼ kin � Imax � Cgam

ICgam
50 þ Cgam

� �
� kout � PAR

where C is the concentration of E7449 in the central compartment,
Imax is the maximal inhibitory effect (percent inhibition from
baseline), which was assumed to be 100%, IC50 is the E7449
concentration [ng/mL] at half-maximal effect and gam is the
sigmoidicity factor (Hill coefficient).

The model parameters from the PK/PD analysis were then used
to simulate the expected PAR responses of additional dosing
regimens of E7449. All PK/PD modelling and subsequent response
simulations were performed using Phoenix WinNonlin®, version 7.

Efficacy
Tumour assessments (computed tomography, magnetic resonance
imaging, photographs and bone scans, as suitable for tumour type),
based on Response Evaluation Criteria in Solid Tumors version 1.1,
were performed at screening and subsequently every 8 weeks until
disease progression. Investigator assessments of complete or partial
response were confirmed ≥4 weeks after initial assessment.

Serum biomarker analysis
To investigate the correlation of biomarkers and the biological
activity of single-agent E7449, blood samples were obtained from
27 patients in the dose-escalation cohort at specified time points,
processed for serum, aliquoted and stored frozen. Two pre-dose,
multiple post-dose and off-treatment time points were included.
Serum samples were tested for concentrations of soluble vascular
endothelial growth factor receptor (VEGFR)2, VEGFR3 and soluble
interleukin-2 receptor α (sIL-2Rα/CD25), using the bead-based
Human Soluble Cytokine Receptor Panel assay kit. The two
baseline samples (days −3 and −2 prior to dosing) were averaged,
and the mean was used to calculate percent change at each of the
post-dosing time points.

Tumour biomarker analysis
Seventy-four cell lines were treated with E7449, and the IC50 was
calculated after 8 days of treatment (Supplementary Table 1).
Matching baseline transcriptome and growth inhibition data were
available for 61 of the 74 cell lines, and were used to develop a DRP
as previously described.21,22 Briefly, IC50 values in the 61 cell lines
were correlated to gene-expression levels in the same cell lines;

172 genes with a Pearson correlation above 0.25 were retained as
potential markers of sensitivity, while 242 genes with a Pearson
correlation below −0.25 were retained as potential markers of
resistance. The 414 genes were searched in PubMed for known
associations to DNA damage response or Wnt/β-catenin pathways.
The 111 pathway-associated genes are shown in Supplementary
Table 2. Archival biopsies, in the form of formalin-fixed paraffin-
embedded blocks and slides, were obtained from patients in the
trial. Only those samples that yielded RNA of sufficient quantity and
quality were evaluated for gene expression. The expression of the
414 genes in the 2X-121 DRP was analysed via a custom Affymetrix
U133_Plus2 microarray according to the manufacturer’s instructions.
The 2X-121 DRP was applied in a blinded manner following a
prespecified analysis plan. The difference between the means of the
genes that were positively correlated and those negatively
correlated to response was used as a single prediction score for
each patient, after normalisation to a range of 0–100.

Statistical analysis
As a first-in-human phase 1 clinical trial, no formal sample-size
calculation or hypothesis testing was undertaken. Analysis of
biomarker predictions was performed using a 1-sided Pearson
correlation test and a 1-sided log-rank test for time-to-event data
according to a prespecified analysis plan.

RESULTS
Study population
The study was conducted between January 31, 2012 and July 14,
2015, and enrolled 41 patients from 2 sites in the United Kingdom.
All enrolled patients received 1 of 6 dose levels (50mg, 100mg, 200
mg, 400mg, 600mg and 800mg) of single-agent E7449 in the dose-
escalation phase of the study. Of the 33 patients who completed the
first cycle of treatment, 32 patients continued to receive the study
drug, and were included in the extension phase of the study. Most
patients completed the dose-escalation and extension phases of the
study (80% [33/41] and 84% [27/32], respectively); 21 patients
received the MTD (600mg), 13 of whom then enrolled as part of the
food-effect cohort in the expansion phase.
Demographic and baseline characteristics of the patients are

summarised in Table 1. Most patients had an ECOG performance
status of 0 (22.0%) or 1 (58.5%); 78% had received ≥2 prior
anticancer therapies. The most common primary tumour sites were
pancreas (n= 13), ovary (n= 5), breast (n= 4), lung (n= 4), color-
ectal (n= 4) and pleura (n= 3). Although BRCA testing was not
mandated by the protocol, a total of 6 patients had germline BRCA
mutations confirmed by the investigator (ovarian cancer, n= 3,
breast cancer, n= 2 and pancreatic cancer, n= 1).

Safety
DLTs were observed in 5 of the 25 evaluable patients (Table 2).
One DLT occurred in the 600-mg dose cohort (grade 3
anaphylactic reaction) and 4 in the 800-mg dose cohort (fatigue
[grade 3, n= 1; grade 2, n= 3], leading to administration of <75%
of the planned E7449 dose). An E7449 dose of 600 mg,
administered orally and once daily, was defined as the MTD,
and is the recommended phase 2 dose.
Across dose cohorts, the mean number of E7449 treatment

cycles was 3.8 (median, 2; range, <1–14), and the median duration
of E7449 treatment was 57 days (range, 1–392). Grade 3 AEs were
reported in 27 patients (65.9%), with fatigue being the most
common (17.1% [7/41]). One grade 4 AE (hypokalaemia, not
treatment-related) was observed in 1 patient in the 200-mg dose
cohort. No grade 5 AEs were reported. Nonfatal SAEs were
reported in 58.5% (24/41) of patients.
Thirty-nine patients (95.1%) in the dose-escalation cohort had

treatment-related AEs, with the most common being fatigue (63%),
chromaturia (49%), nausea (34%), diarrhoea (29%), maculopapular
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rash (27%), photosensitivity reaction (24%) and decreased appetite
(24%) (Table 3). Treatment-related grade 3 fatigue occurred in
4 patients (600mg, n= 2; 800mg, n= 2). E7449 treatment
was discontinued in 17% (7/41) of patients due to AEs (50mg,
n= 1; 600mg, n= 4; 800mg, n= 2). Fatigue (n= 3) was the most
common AE leading to treatment discontinuation.

Treatment-emergent AEs associated with skin rash events
were reported by 41.5% (17/41) of patients who received ≥100-
mg doses of E7449 (47.6% in the 600-mg dose cohort and 66.7%
in the 800-mg dose cohort). Preferred AE terms associated with
rash included maculopapular rash (n= 11), erythematous rash
(n= 4), acneiform dermatitis (n= 2), blister (n= 1) and rash
(n= 1). None of the reported skin rash events were considered
serious, and all were of grade 1 or 2 severity, with the exception
of one grade 3 erythematous rash event in the 600-mg dose
cohort. Because E7449 treatment increased photosensitivity,
patients were advised to avoid sun exposure, use sunscreen,
wear protective clothing and to consult a dermatologist in the
event of any rash occurring. In addition, treatment-emergent
chromaturia was experienced by 51.2% (21/41) of patients
(50.0% in the 400-mg, 66.7% in the 600-mg and 83.3% in the
800-mg dose cohorts), and all events of chromaturia were
grade 1.

Pharmacokinetics
E7449 PK parameters following a single dose and at steady state
are summarised in Table 4. E7449 was rapidly absorbed with the
tmax at steady state ranging from 0.5 to 4 h across dose cohorts.
The elimination half-life, t1/2, was approximately 8 h, and the
accumulation ratio, Rac, was less than 1.2-fold across the range of
doses, indicative of no accumulation of E7449 at steady state. Less
than 1.5% of the drug dose was excreted unchanged in urine.
E7449 exposure (Cmax and AUC) following oral administration was
increased roughly proportionally from 50mg to 800 mg following
single or multiple doses. At the 600-mg dose, consumption of a
high-fat meal delayed E7449 absorption, as indicated by a shift in
tmax by 2 h, and a reduction in Cmax by 60%. However, overall
exposure, as measured by AUC (0–24 h or 0-t) increased to ~10%
(Supplementary Table 3).

Table 1. Patient baseline characteristics (safety analysis set).

Characteristic Patients, n (%) (N= 41)

Median age, years (range) 65.0 (24, 76)

Sex

Male 22 (53.7)

Female 19 (46.3)

Race

White 40 (97.6)

Asian 1 (2.4)

Eastern Cooperative Oncology Group performance status

0 9 (22.0)

1 24 (58.5)

2 1 (2.4)

Missing 7 (17.1)

Number of prior anticancer therapies

0 1 (2.4)

1 7 (17.1)

2 14 (34.1)

3 7 (17.1)

4 5 (12.2)

5 5 (12.2)

6 1 (2.4)

Location of primary tumour

Adrenal glands 1 (2.4)

Breasta 4 (9.8)

Gallbladder and extrahepatic bile ducts 1 (2.4)

Kidney 1 (2.4)

Large intestine (excluding the appendix) 4 (9.8)

Lung and bronchus 4 (9.8)

Oesophagus 1 (2.4)

Ovaryb 5 (12.2)

Pancreasc 13 (31.7)

Pleura 3 (7.3)

Retroperitoneum and peritoneum 1 (2.4)

Skin 1 (2.4)

Small intestine 2 (4.9)

aTwo patients had BRCA mutation.
bThree patients had BRCA mutation.
cOne patient had BRCA mutation.

Table 2. Summary of exposure and dose-limiting toxicities (safety
analysis set).

E7449 dose cohort
(n)

Median
number of
cycles
received
(range)

Evaluable
patients, n

Patients with
dose-limiting
toxicity, n (%)

Dose-limiting-toxicity
description

50mg (n= 3) 6 (1, 8) 3 0 —

100mg (n= 3) 2 (2, 14) 3 0 —

200mg (n= 4) 3 (1, 4) 4 0 —

400mg (n= 4) 5 (0, 10) 3 0 —

600 mga (n= 8) 2 (0, 13) 6 1 (16.7) Grade 3 anaphylactic
reaction

800mg (n= 6) 2 (0, 11) 6 4 (66.7) Grade 3 fatigue
(n= 1)
Grade 2 fatigue
(n= 3)

aSelected as the maximum-tolerated dose.

Table 3. Most common treatment-related adverse events occurring in
>5% of patients overall (any Common Terminology Criteria for Adverse
Events grade; safety analysis set).

Preferred term, %a E7449 dose cohort, mg

50
(n= 3)

100
(n= 3)

200
(n= 4)

400
(n= 4)

600b

(n= 21)
800
(n= 6)

Total
(N= 41)

Fatigue 33.3 66.7 0 75.0 66.7 100.0 63.4

Chromaturia 0 0 0 50.0 66.7 66.7 48.8

Nausea 33.3 33.3 50.0 25.0 33.3 33.3 34.1

Diarrhoea 33.3 33.3 0 50.0 23.8 50.0 29.3

Maculopapular rash 0 33.3 25.0 25.0 33.3 16.7 26.8

Decreased appetite 33.3 0 0 25.0 23.8 50.0 24.4

Photosensitivity reaction 33.3 33.3 0 25.0 23.8 33.3 24.4

Vomiting 33.3 0 25.0 0 14.3 33.3 17.1

Depression 0 33.3 25.0 50.0 4.8 16.7 14.6

Periorbital oedema 0 0 0 25.0 19.0 0 12.2

Pruritus 0 33.3 0 0 19.0 0 12.2

Skin hyperpigmentation 0 33.3 0 0 9.5 33.3 12.2

Increased blood alkaline
phosphatase

0 0 0 25.0 14.3 0 9.8

Constipation 33.3 33.3 0 0 9.5 0 9.8

Dry skin 0 33.3 0 0 4.8 33.3 9.8

Abdominal pain 0 33.3 0 25.0 0 16.7 7.3

Anaemia 33.3 0 0 0 9.5 0 7.3

Dizziness 0 0 0 0 4.8 33.3 7.3

Dysgeusia 0 0 0 0 14.3 0 7.3

Onycholysis 0 0 0 25.0 9.5 0 7.3

Erythematous rash 0 0 0 0 9.5 16.7 7.3

aAdverse events were coded using Medical Dictionary for Regulatory Activities version 17.1
and graded using Common Terminology Criteria for Adverse Events version 4.03.
bMaximum-tolerated-dose cohort, n= 8; food-effect cohort, n= 13.
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Pharmacodynamics
Dose-dependent inhibition of PARP activity, as measured by the
percentage change of PAR levels in PBMCs, was observed with
E7449 treatment. Maximal inhibition was achieved at the MTD
(600 mg once daily) (Fig. 1). At the MTD, the population mean
frequency of PARP inhibition was approximately 90% at steady
state (Fig. 1). PARP inhibition was sustained with a ≥ 70%
decrease in PAR levels at 24-h post-dose time points (cycle 1,
days 1, 7, 8 and 16 [at 0 h for each]). An increased effect of E7449
on PAR levels was observed with increased exposure to E7449
up to and including the 600-mg dose (Supplementary Fig. 1A).
PAR levels remained suppressed over the 24-h dosing interval
even though E7449 concentrations decreased rapidly (Supple-
mentary Fig. 1B). In the food-effect cohorts with (fed and unfed)
patients treated at the MTD, PARP inhibition was sustained
during treatment with E7449 up to 24 h post dose. The maximal
decrease in PAR levels occurred at 2–4 h after administration of
E7449 in the fasted cohort, and 4–8 h post treatment in the fed
cohort, with up to 90% inhibition in PAR levels from baseline
(Supplementary Fig. 2).

Pharmacokinetic/pharmacodynamic modelling
The fitted PK model curves and observed PK data for the six E7449
dose levels are shown in Supplementary Fig. 3A. The absorption
rate constant (ka) was estimated to be 0.82 h−1 with a first-order
elimination rate constant (ke) of 0.51 h

−1. The apparent volume of
distribution for the central compartment (V/F) was estimated to be
149.7 L, and the distribution rate constants between the central
and the peripheral compartment were estimated to be 0.21 h−1

(k12) and 0.27 h−1 (k21). The compartmental PK parameters were
estimated with reasonable confidence (% coefficient of variation
range, 10–47%) (Supplementary Table 4).
The sigmoidal indirect-response PK/PD model fits the time

course of target modulation reasonably well, with an estimated
IC50 of 0.2 µg/mL PK (Supplementary Fig. 3B). The model tended
to overpredict the percent inhibition of PAR at the lowest dose
on both day 1 and day 15; however, the PK/PD model fits
the higher-dose data reasonably well. The PD parameter
estimates and their coefficients of variance are shown in
Supplementary Table 4. The final PK/PD model was used to
simulate different E7449 dosing regimens that may show

Table 4. E7449 pharmacokinetic parameters (pharmacokinetic analysis set).

Day –2 (single dose)

Dose 50mg 100mg 200mg 400mg 600mg 800mg

n 3 3 4 4 8 6

Cmax (ng/mL) 265 (99.8) 284 (112) 996 (676) 999 (619) 2250 (1330) 4430 (2470)

tmax (h) 2.00 (0.58, 2.03) 2.05 (1.08, 3.00) 3.10 (1.03, 4.18) 2.04 (1.03, 4.05) 2.12 (0.50, 24.3) 0.79 (0.50, 2.00)

AUC(0–24) (ng·h/mL) 768 (n= 1) 879 (104) 3670 (1170) 4690 (2400) 7930 (4990) 11,300 (3230)

AUC(0-t) (ng·h/mL) 603 (213) 879 (104) 3780 (1180) 4800 (2450) 8120 (4990) 11,500 (3370)

AUC(0-inf) (ng·h/mL) 770 (n= 1) 895 (99.8) 3320 (1790) (n= 2) 4800 (3000) (n= 3) 10,700 (5040) (n= 4) 12,900 (3350) (n= 4)

t1/2 (h) 3.42 (n= 1) 6.35 (3.36) 7.08 (1.16) (n= 2) 8.62 (0.54) (n= 3) 7.17 (2.98) (n= 4) 9.45 (2.42) (n= 4)

CL/F (L/h) 64.9 (n= 1) 113 (12.9) 70.7 (38.3) (n= 2) 104 (50.1) (n= 3) 64.1 (23.8) (n= 4) 64.7 (13.4) (n= 4)

Vz/F (L) 321 (n= 1) 1070 (687) 690 (273) (n= 2) 1320 (689) (n= 3) 741 (496) (n= 4) 864 (230) (n= 4)

Ae (mg) 0.11 (0.06) (n= 2) 0.47 (n= 1) 0.70 (0.60) (n= 3) 2.77 (1.82) 2.90 (0.51) 4.00 (1.73)

fe (%) 0.22 (0.13) (n= 2) 0.47 (n= 1) 0.34 (0.29) (n= 3) 0.69 (0.45) 0.48 (0.09) 0.50 (0.22)

CLR (L/h) – (n= 0) 0.5 (n= 1) 0.2 (0.15) (n= 3) 0.6 (0.34) 5.0 (13.0) 0.4 (0.12)

Cycle 1, day 15 (multiple once-daily doses), steady state

n 3 3 3 3 6 5

Cmax (ng/mL) 264 (227) 404 (175) 1430 (1080) 1130 (1030) 2230 (1570) 4120 (2160)

tmax (h) 1.00 (0.5, 2.00) 3.00 (1.00, 4.00) 1.00 (1.00, 2.00) 4.00 (0.5, 4.00) 1.14 (0.50, 4.05) 0.50 (0.0, 1.97)

AUC(0–24) (ng·h/mL) 714 (193) 1100 (244) 3690 (2230) 4730 (2730) 7900 (4730) 12,400 (5230)

AUC(0-inf) (ng·h/mL) 634 (n= 1) 1150 (266) 2670 (1510) (n= 2) 3240 (820) (n= 2) 9660 (4550) (n= 4) 12,000 (5910) (n= 4)

t1/2 (h) 9.04 (n= 1) 8.92 (2.50) 9.19 (4.83) (n= 2) 4.16 (1.72) (n= 2) 5.05 (1.76) (n= 4) 6.44 (1.56) (n= 4)

Cav,ss (ng/mL) 29.7 (8.03) 45.8 (10.2) 154 (93.1) 197 (114) 329 (198) 516 (218)

CLss /F (L/h) 73.1 (17.1) 94.2 (22.9) 73.3 (50.4) 103 (50.5) 133 (139) 67.1 (28.2)

Rac 1.19 (n= 1) 1.19 (0.11) 1.22 (0.22) (n= 2) 1.03 (0.04) (n= 2) 1.05 (0.05) (n= 4) 1.09 (0.06) (n= 4)

Ae (mg) 0.19 (0.00) (n= 2) 0.70 (n= 1) 1.11 (0.33) 2.05 (1.09) 2.25 (1.28) 4.70 (2.91)

fe (%) 0.39 (0.01) (n= 2) 0.70 (n= 1) 0.55 (0.17) 0.51 (0.27) 0.38 (0.21) 0.68 (0.47)

CLR (L/h) 0.3 (0.01) (n= 2) 0.5 (n= 1) 0.5 (0.4) 0.4 (0.14) 0.3 (0.12) 0.5 (0.34)

Data are the mean (standard deviation) except for tmax.
For tmax, median (minimum –maximum) is shown.
Ae, amount of drug dose excreted in urine; AUC(0–24), area under the concentration–time curve from time zero (pre-dose) to 24 h post dose; AUC(0-t), area under
the concentration–time curve from time zero (pre-dose) to the time of the last quantifiable concentration; AUC(0-inf ), area under the concentration–time curve
from time zero (pre-dose) extrapolated to infinite time; Cav,ss, average steady-state concentration during multiple-dose administration; Cmax, maximum
observed concentration; CL/F, apparent total clearance following oral administration; CLss/F, apparent total clearance at steady state following oral
administration; CLR, renal clearance; fe, cumulative fraction of drug dose excreted/recovered in urine; Rac, accumulation ratio; tmax, time at which the highest
drug concentration occurs; t1/2, terminal elimination phase half-life; Vz/F, apparent volume of distribution at the terminal phase.
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sustained inhibition of PAR formation. The simulations indicate
that a twice-daily E7449 dosing regimen is needed for sustained
inhibition of the PARP enzyme. For example, simulations
showed that a E7449 200-mg twice-daily or a 300-mg twice-
daily dose showed a sustained inhibition of the target. However,
the PAR response following the same dose given once a day
(i.e., 400-mg or 600-mg once daily), returned to baseline faster
than the twice-daily regimen.

Efficacy
The objective response rate (ORR) was 4.9% (2/41) with 2 patients
with ovarian cancer (1 each in the 600-mg and 800-mg dose
cohorts) achieving a partial response. Thirteen (31.7%) of the 41
patients had the best overall response of stable disease with a
median duration of 162 days (52–262 days). Of the 35 patients who
were evaluated for the best overall response, 13 patients, including
3 patients with previously treated ovarian cancer (2 patients with
partial response and 1 patient with stable disease), had a decrease
in target lesion size (Supplementary Fig. 4). The ORR in patients
with germline-mutated BRCA was 16.7% (1/6). Of the 6 patients
with known BRCA mutations, stable disease was observed in
2 patients (pancreatic and high-grade serous ovarian tumour),
partial response in 1 patient (high-grade serous ovarian tumours)
and progressive disease in 3 patients (2 breast tumours and
1 ovarian tumour). None of the BRCA-mutated patients (n= 6) in
this study had prior treatment with a PARP inhibitor, whereas two-
thirds (4/6: ovarian, n= 3; breast, n= 1) had prior platinum
exposure—most of whom were platinum-sensitive, and one was
resistant, at the time of study enrolment (Supplementary Table 5).

Serum biomarker analysis
Assessment of serum biomarker concentrations over time demon-
strated that E7449 conferred an effect on sIL-2Rα concentrations,
although a dose-dependent relationship between sIL-2Rα was not
observed. Increased sIL-2Rα was observed from 48 h onwards and in
all dose groups, with up to 150% change above baseline recorded
(Supplementary Fig. 5A). A range of endogenous variability of
sIL-2Rα concentrations was determined using serum samples
collected within a 2-week time period from 10 healthy controls.

The endogenous fluctuation of sIL-2Rα levels was determined to
be +/−20% from baseline (Supplementary Fig. 5B). Thus, the
observed increases in sIL-2Rα of up to 150% change from baseline
appear to be E7449-dependent. No significant changes in serum
concentrations from baseline were observed for sVEGFR2 and
sVEGFR3 (data not shown).

Tumour biomarker analysis
A novel, tumour-agnostic, molecular biomarker, 2X-121 DRP, was
developed to identify responders and non-responders using 61
cell lines as previously described.21,22 In these tumour cell lines,
414 genes were found to predict response to E7449: 172 genes
were found to be positively correlated with sensitivity to E7449,
and 242 genes were negatively correlated. Among these 414
genes predictive of the response to E7449, 111 were found to be
associated in the literature with DNA damage response or Wnt/β-
catenin pathways (Supplementary Table 2). Tumour biopsies from
16 patients in the trial were analysed, and the RNA samples from
13 of these patients, which were of sufficient quantity and quality,
were evaluated for the expression of the 414 predictive genes
used in the 2X-121 DRP (via a custom Affymetrix microarray).
The 2X-121 DRP was applied to the gene-expression profiles
obtained from tumour biopsies of these 13 patients and, using a
prespecified DRP cut-off sensitivity score of 50, was used to
predict sensitivity to E7449. The resultant DRP score correctly
identified the 2 partial responders as highly sensitive (Fig. 2a).
A non-responder whose 2X-121 DRP results (a score of 93)
predicted the patient to be highly sensitive to E7449 showed
extended progression-free survival (no progression by the last
assessment at 321 days and alive at the last follow-up assessment
at 406 days). The Pearson correlation between dose-adjusted
prediction scores and changes in baseline tumour diameter was
−0.43 (P= 0.07). Based on the DRP score and the prespecified cut-
off of 50, 6 patients were predicted to be sensitive to E7449
treatment, and 7 patients were predicted to be not sensitive. The
group of patients predicted to be sensitive, compared with those
predicted to be not sensitive to E7449 treatment, did have a
longer median time to progression (296 vs. 155 days, respectively;
HR= 0.29; P= 0.06) and median overall survival (>800 days vs.
208 days, respectively; HR= 0.26; P= 0.04, Fig. 2b).
To determine whether the DRP is prognostic or predictive, we

tested it in a published dataset of triple-negative breast cancer,
which has previously been used for developing prognostic
signatures.23 The hazard ratio in event-free survival between 32
patients predicted to be E7449-sensitive and 32 patients predicted
to be E7449-resistant is 1.0, leading to the conclusion that the
signature is likely not prognostic.

DISCUSSION
This phase 1 study evaluated the MTD, safety and tolerability,
PK/PD profile and preliminary activity of single-agent E7449 in
patients with advanced solid tumours. The study met its primary
endpoint, and the MTD and recommended phase 2 dose of E7449
monotherapy was determined to be 600 mg, administered orally
once daily.
PARP inhibitors are generally well tolerated as single agents.

The most commonly reported AEs associated with the 3 approved
PARP inhibitors are fatigue, nausea and vomiting, and haemato-
logic AEs such as anaemia and thrombocytopenia.24–26 Consistent
with these class effects, the most common E7449-related AE
observed in this study was fatigue. Unexpectedly, E7449-related
AEs included maculopapular rash (33.3% at the MTD), photo-
sensitivity (23.8% at the MTD) and chromaturia (66.7% at the
MTD), which have not been reported previously in clinical trials of
other PARP inhibitors. Although rash appeared to be the result of
E7449-related phototoxicity, its incidence was minimised through
incorporation of sunlight-prevention measures. When skin rash
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appeared, it was improved with drug interruption. Chromaturia
also appeared to be an E7449-specific event, resulting from
generation of an E7449-derived metabolite that appeared green
to the eye.
E7449-related haematological toxicity was observed infre-

quently in this study. At the MTD, grade 1 thrombocytopenia
was observed in 1 patient (1/21, 5%), and anaemia (≤grade 2) was
observed in 4 patients (4/21, 19%). The mean number of cycles
was 3.8 (minimum, maximum: 0, 14), which may account for the
limited number of treatment-related anaemia events observed in
this study. As haematologic toxicity may serve as a barrier to
combination strategies with chemotherapy,24 the lack of higher-
grade haematologic toxicities with E7449 may facilitate the
evaluation of combination regimens, which may be needed to
treat advanced malignancies.
Following single or multiple doses, moderately rapid absorption

of E7449 was observed. Although food reduced the absorption

rate (as Cmax declined by 60% and tmax increased by 2 h), overall
absorption was minimally impacted with a modest 10% increase
in AUC. PARP inhibition with E7449 was dose-dependent, with
maximal inhibition of PARP activity at the E7449 MTD. In addition,
sustained inhibition of PARP activity was achieved, and maximal
inhibition of PARP activity correlated with peak plasma concen-
trations of E7449.
Veliparib and talazoparib are 2 additional oral PARP1/PARP2

inhibitors in clinical development that have demonstrated single-
agent antitumour activity in both BRCA-positive and BRCA–wild-type
tumours.27–29 In this study, E7449 monotherapy demonstrated
preliminary antitumour activity in patients with advanced solid
tumours, irrespective of BRCA status.
Compared to other licensed or investigational PARP inhibitors,

the preclinical profile of E7449 most closely resembles that
of olaparib and niraparib.17,26 Olaparib, niraparib and E7449
have all demonstrated trapping of PARP1 on DNA, resulting in
augmented cytotoxicity.17,30

Using an indirect-response model, the relationship between
E7449 plasma concentration and PARP inhibition was established.
The PK/PD relationship provided a useful tool to evaluate
additional dosing regimens, including the opportunity to define
the optimal dosing strategy for E7449. PK/PD simulations suggest
that twice-daily dosing may provide an improved profile of
sustained PARP inhibition over 24 h, especially at lower doses.
Twice-daily dosing regimens have been adopted for other PARP
inhibitors, including olaparib10 and veliparib.27 Dosing schedules
for these particular PARP inhibitors are based primarily on PK
parameters, whereas in this study, we provide both PK and PD
data in support of E7449 twice-daily dosing.
In preclinical studies, E7449 at a dose of 100 mg/kg, resulted

in sustained PARP inhibition in tumours, similar to published
reports for olaparib and niraparib.17,31,32 In addition to inhibition
of PARP1/PARP2, E7449 is a robust inhibitor of the telomere-
associated PARP enzymes tankyrase 1/2.17 While no PD
assessments of the tankyrase-inhibitory activity of E7449 were
clinically available at the time of this trial, preclinical studies
indicate that E7449 inhibits tankyrase 1/2 with IC50 values from
50 to 120 nmol/L.17 In contrast, the IC50 values for tankyrase
inhibition by olaparib, niraparib and veliparib are 5–20-fold
higher.17 Therefore, the greater inhibition of tankyrase 1/2 by
E7449 differentiates it from other PARP inhibitors, and might
lead to distinct clinical opportunities for this agent. In particular,
patients with tumours showing aberrant activation of the Wnt/β-
catenin pathways (e.g., colorectal and lung cancer) may benefit
from tankyrase-targeted therapy.33,34

Inhibition of DNA repair with PARP inhibitors is an effective
cytotoxic strategy when used in patients with tumours that are
deficient in BRCA1 and BRCA2.27 In this study, 50% (3/6) of patients
with BRCA mutations showed a response of either partial response
(n= 1, high-grade serous ovarian tumour) or stable disease (n= 2,
pancreatic tumour and high-grade serous ovarian tumour),
highlighting the preliminary activity of E7449 in patients with
BRCA mutations. As PARP inhibition has proven to be a highly
effective therapeutic approach in the treatment of ovarian cancers
that have an underlying defect in DNA repair mechanisms,
conducting randomised, phase 2 trials to evaluate the efficacy of
E7449 in tumours with mutations in DNA repair genes may be
useful.
Since PARP1 is known to influence both tumour vasculature and

gene transcription in immune cells,35,36 exploratory assessment of
serum immune-related and angiogenesis biomarker concentrations
over time was assessed. A significant increase from baseline in sIL-
2Rα in patients receiving E7449 was observed. It has been suggested
that sIL-2Rα levels may serve as a marker of regulatory T-cell (Treg)
number and/or function.37,38 Interestingly, it has been shown that
PARP1 regulates Treg function via FOXp3 signalling.39,40 Experiments
in preclinical models demonstrate that direct inhibition of both
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PARP1 and PARP1-knockout mice shows increases in the numbers of
Tregs in the periphery.41,42 Although our biomarker observations of
increased serum sIL-2Rα with E7449 dosing only represent a
surrogate of potential Treg activity, the results are consistent with
preclinical observations. While additional studies examining the
effects of PARP inhibitors on Treg populations are still needed, these
preliminary data suggest that investigation into a combination
approach using a PARP inhibitor and a Treg-targeting agent should
be considered.
The 2X-121 DRP is a step towards realising the promise of

personalised medicine—by using patients’ tumour gene-
expression profiles, it successfully predicted response to treatment
with the PARP inhibitor, E7449. The 2X-121 DRP successfully
combined microarray and drug-sensitivity data from cell lines to
predict the response. While the number of samples used for
testing the novel 2X-121 DRP biomarker is very limited, this drug-
specific biomarker approach has previously been applied to other
chemotherapies, and has demonstrated its predictive value.21,22

Moreover, additional studies, including two ongoing phase 2
clinical trials (NCT03878849 and NCT03562832), wherein the 2X-
121 DRP biomarker will be employed prospectively, will be used to
further validate these results.
In conclusion, the safety, tolerability and preliminary efficacy of

once-daily E7449 600 mg in patients with advanced solid tumours
seems promising, encouraging further clinical evaluation of this
drug. To this end, two phase 2 clinical trials investigating the
efficacy of E7449 (aka, 2X-121) in patients selected by the 2X-121
DRP are currently recruiting patients (NCT03878849, advanced
ovarian cancer; NCT03562832, metastatic breast cancer).

ACKNOWLEDGEMENTS
The authors would like to thank Anker Hansen, Peter Buhl Jensen, Edgar Schuck,
Jagadeesh Aluri, Claudio Savulsky, Robert Shumaker, Barbara Ink, Vasanthi Prathapan
and Lucy Lee for their contributions to this paper. We thank all the patients (and their
families) who kindly participated in this study.

AUTHOR CONTRIBUTIONS
R.P., D.D., N.C., Y.D., P. Stephens and D.S.: helped conceive the design of the study,
collected and interpreted data, critically reviewed the paper drafts and provided final
approval of the paper to be published. M.F. and S.K.: helped conceive the design of
the drug-response predictor study, collected and interpreted data, contributed to the
initial writing of the paper, critically reviewed the paper drafts and provided final
approval of the paper to be published. P. Sachdev, B.M.M., V.D., S.M., N.H., M.M. and
S.M.: generated, analysed and interpreted data, critically reviewed the paper drafts
and provided final approval of the paper to be published.

ADDITIONAL INFORMATION
Ethics approval and consent to participate The study was approved by the NRES
Committee South Central-Berkshire B, Bristol REC Centre, Whitefriars, Level 3 Block B,
Lewins Mead, Bristol BS1 2NT, United Kingdom; REC reference: 11/SC/0377. The study
was conducted in full accordance with the principles of the World Medical
Association Declaration of Helsinki, the International Conference on Harmonisation
and all applicable local guidelines and regulations on good clinical practice. All
patients provided written informed consent.

Consent to publish All patients provided written informed consent about
participation in this study and the use of collated data. No individual patient data
are included in this article that could be used to identify any individual.

Data availability The data will not be available for sharing at this time as the data are
commercially confidential. However, Eisai will consider written requests to share the
data on a case-by-case basis.

Competing interests Ruth Plummer has received honoraria for attending advisory
boards from Pierre Faber, Genmab, Bayer, Octimet, Clovis Oncology, Novartis, Karus
Therapeutics, Biosceptre, BMS, Cybrexa, Ellipses and Sanofi Aventis, and for delivery
of educational talks or chairing educational meetings by AstraZeneca, Novartis, Bayer,

Tesaro and BMS. R.P. is named on the patent of use for rucaparib. Yvette Drew has
participated on advisory boards for Clovis Oncology, AstraZeneca, Merck, Tesaro, Inc.
and Genmab. Y.D. has received research grant funding from Clovis Oncology, and
was involved in the preclinical and clinical development of rucaparib. Newcastle
University (Y.D.’s employer) and Y.D. have received royalties for their involvement in
the development of rucaparib. Y.D. has received research grant funding from
AstraZeneca and Tesaro, Inc. Y.D. is an investigator on clinical trials of olaparib and
rucaparib. Marie Foegh and Steen Knudsen are employees of, and have ownership
interest in Oncology Venture, which owns rights related to the contents of this article.
Pallavi Sachdev, Bipin M. Mistry, Vaishali Dixit, Sharon McGonigle, Nancy Hall, Mark
Matijevic and Shannon McGrath are/were full-time employees of Eisai Inc., at the time
of the study. Nicola Cresti and Divyanshu Dua have no relevant conflicts of interest to
declare. Dr Peter Stephens has received honoraria for serving on advisory boards for
Novartis, and educational support from Eisai and Daiichi Sankyo. Dr Debashis Sarker
has received honoraria from Pfizer, Bayer and Ipsen, and has had consultancy/
advisory roles with Novartis, Ipsen and Eisai.

Funding information This work was supported by Eisai Inc., Woodcliff Lake, NJ, USA.
Editorial assistance was provided by Tarah M. Connolly, PhD, of Oxford PharmaGen-
esis Inc., Newtown, PA, USA, which was funded by Eisai Inc., Woodcliff Lake, NJ, USA.
The University of Newcastle and King’s College London receive support from Cancer
Research UK and Department of Health (England) as Experimental Cancer Medicine
Centres. Financial support for the study was also provided by the National Institute
for Health Research (NIHR) Biomedical Research Centre (BRC) award to Guy’s & St
Thomas’ NHS Foundation Trust in partnership with King’s College London and King’s
College Hospital NHS Foundation Trust (and NIHR Clinical Research Facility).

Supplementary information is available for this paper at https://doi.org/10.1038/
s41416-020-0916-5.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES
1. Curtin, N. J. DNA repair dysregulation from cancer driver to therapeutic target.

Nat. Rev. Cancer 12, 801–817 (2012).
2. Rouleau, M., Patel, A., Hendzel, M. J., Kaufmann, S. H. & Poirier, G. G. PARP inhi-

bition: PARP1 and beyond. Nat. Rev. Cancer 10, 293–301 (2010).
3. Riccio, A. A., Cingolani, G. & Pascal, J. M. PARP-2 domain requirements for DNA

damage-dependent activation and localization to sites of DNA damage. Nucleic
Acids Res. 44, 1691–1702 (2016).

4. Yelamos, J., Farres, J., Llacuna, L., Ampurdanes, C. & Martin-Caballero, J. PARP-1 and
PARP-2: New players in tumour development. Am. J. Cancer Res. 1, 328–346 (2011).

5. Davar, D., Beumer, J. H., Hamieh, L. & Tawbi, H. Role of PARP inhibitors in cancer
biology and therapy. Curr. Med Chem. 19, 3907–3921 (2012).

6. Konecny, G. E. & Kristeleit, R. S. PARP inhibitors for BRCA1/2-mutated and
sporadic ovarian cancer: current practice and future directions. Br. J. Cancer 115,
1157–1173 (2016).

7. Césaire, M., Thariat, J., Candéias, S. M., Stefan, D., Saintigny, Y. & Chevalier, F.
Combining PARP inhibition, radiation, and immunotherapy: a possible strategy to
improve the treatment of cancer? Int J. Mol. Sci. 19, E3793 (2018).

8. Shen, Y., Aoyagi-Scharber, M. & Wang, B. Trapping poly(ADP-ribose) polymerase.
J. Pharm. Exp. Ther. 353, 446–457 (2015).

9. Chalmers, A. J. The potential role and application of PARP inhibitors in cancer
treatment. Br. Med Bull. 89, 23–40 (2009).

10. Lynparza (olaparib) [prescribing information]. Wilmington, DE: AstraZeneca
Pharmaceuticals LP, 2017.

11. Rubraca (rucaparib) [prescribing information]. Boulder, CO: Clovis Oncology, Inc.,
2016.

12. Kaufman, B., Shapira-Frommer, R., Schmutzler, R. K., Audeh, M. W., Friedlander, M.,
Balmaña, J. et al. Olaparib monotherapy in patients with advanced cancer and a
germline BRCA1/2 mutation. J. Clin. Oncol. 33, 244–250 (2015).

13. Shapira-Frommer, R., Oza, A. M., Domchek, S. M., Balmaña, J., Patel, M. R., Drew, L.
C. et al. A phase II open-label, multicenter study of single-agent rucaparib in the
treatment of patients with relapsed ovarian cancer and a deleterious BRCA
mutation [abstract]. J. Clin. Oncol. 33(15 Suppl), 5513 (2015).

14. Zejula (niraparib) [prescribing information]. (Tesaro, Inc., Waltham, MA, 2019).
15. Mirza, M. R., Monk, B. J., Herrstedt, J., Oza, A. M., Mahner, S., Redondo, A. et al.

Niraparib maintenance therapy in platinum-sensitive, recurrent ovarian cancer. N.
Engl. J. Med. 375, 2154–2164 (2016).

16. Moore, K., Colombo, N., Scambia, G., Kim, B. G., Oaknin, A., Friedlander, M. et al.
Maintenance olaparib in patients with newly diagnosed advanced ovarian can-
cer. N. Engl. J. Med. 379, 2495–2505 (2018).

First-in-human study of the PARP/tankyrase inhibitor E7449 in patients. . .
R Plummer et al.

532

https://doi.org/10.1038/s41416-020-0916-5
https://doi.org/10.1038/s41416-020-0916-5


17. McGonigle, S., Chen, Z., Wu, J., Chang, P., Kolber-Simonds, D., Ackermann, K. et al.
E7449: A dual inhibitor of PARP1/2 and tankyrase1/2 inhibits growth of DNA
repair deficient tumors and antagonizes Wnt signaling. Oncotarget 6,
41307–41323 (2015).

18. McGonigle, S., Chen, Z., Wu, J., Ackermann, K., Tendyke, K., Moniz, G. et al. E7449:
A novel PARP inhibitor enhances the efficacy of radiotherapy and chemotherapy
and has potent single agent anticancer activity in BRCA-deficient tumors
[abstract]. Cancer Res. 72(8 Suppl), Abstract 4688 (2012).

19. Wang, D. D., Li, C., Sun, W., Zhang, S., Shalinsky, D. R., Kern, K. A. et al. PARP activity
in peripheral blood lymphocytes as a predictive biomarker for PARP inhibition in
tumor tissues - A population pharmacokinetic/pharmacodynamic analysis of
rucaparib. Clin. Pharm. Drug Dev. 4, 89–98 (2015).

20. Jusko, W. J. & Ko, H. C. Physiologic indirect response models characterize diverse
types of pharmacodynamic effects. Clin. Pharm. Ther. 56, 406–419 (1994).

21. Buhl, A. S. K., Christensen, T. D., Christensen, I. J., Nelausen, K. M., Balslev, E., Knoop, A.
S. et al. Predicting efficacy of epirubicin by a multigene assay in advanced breast
cancer within a Danish Breast Cancer Cooperative Group (DBCG) cohort: a
retrospective-prospective blinded study. Breast Cancer Res. Treat. 172, 391–400 (2018).

22. Buhl, I. K., Santoni-Rugiu, E., Ravn, J., Hansen, A., Christensen, I. J., Jensen, T. et al.
Molecular prediction of adjuvant cisplatin efficacy in Non-Small Cell Lung Cancer
(NSCLC)-validation in two independent cohorts. PLoS ONE 13, e0194609 (2018).

23. Karn, T., Pusztai, L., Holtrich, U., Iwamoto, T., Shiang, C. Y., Schmidt, M. et al.
Homogeneous datasets of triple negative breast cancers enable the identification
of novel prognostic and predictive signatures. PLoS ONE 6, e28403 (2011).

24. Evans, T. & Matulonis, U. PARP inhibitors in ovarian cancer: evidence, experience
and clinical potential. Ther. Adv. Med. Oncol. 9, 253–267 (2017).

25. Kristeleit, R., Shapiro, G. I., Burris, H. A., Oza, A. M., LoRusso, P., Patel, M. R. et al. A
phase I-II study of the oral PARP inhibitor rucaparib in patients with germline
BRCA1/2-mutated ovarian carcinoma or other solid tumors. Clin. Cancer Res. 23,
4095–4106 (2017).

26. Dulaney, C., Marcrom, S., Stanley, J. & Yang, E. S. Poly(ADP-ribose) polymerase
activity and inhibition in cancer. Semin Cell Dev. Biol. 63, 144–153 (2017).

27. O’Sullivan Coyne, G., Chen, A. P., Meehan, R. & Doroshow, J. H. PARP inhibitors in
reproductive system cancers: current use and developments. Drugs 77, 113–130
(2017).

28. Coleman, R. L., Sill, M. W., Bell-McGuinn, K., Aghajanian, C., Gray, H. J., Tewari, K. S.
et al. A phase II evaluation of the potent, highly selective PARP inhibitor veliparib
in the treatment of persistent or recurrent epithelial ovarian, fallopian tube, or
primary peritoneal cancer in patients who carry a germline BRCA1 or BRCA2
mutation - An NRG Oncology/Gynecologic Oncology Group study. Gynecol.
Oncol. 137, 386–391 (2015).

29. Puhalla, S., Beumer, J. H., Pahuja, S., Appleman, L. J., Tawbi, H. A., Stoller, R. G. et al.
Final results of a phase 1 study of single-agent veliparib (V) in patients (pts) with
either BRCA1/2-mutated cancer (BRCA+), platinum-refractory ovarian, or basal-
like breast cancer (BRCA-wt) [abstract]. J. Clin. Oncol. 32(15 Suppl), 2570 (2014).

30. Murai, J., Huang, S. Y., Renaud, A., Zhang, Y., Ji, J., Takeda, S. et al. Stereospecific
PARP trapping by BMN 673 and comparison with olaparib and rucaparib. Mol.
Cancer Ther. 13, 433–443 (2014).

31. Jones, P., Altamura, S., Boueres, J., Ferrigno, F., Fonsi, M., Giomini, C. et al. Dis-
covery of 2-{4-[(3S)-piperidin-3-yl]phenyl}-2H-indazole-7-carboxamide (MK-4827):
a novel oral poly(ADP-ribose)polymerase (PARP) inhibitor efficacious in BRCA-1
and -2 mutant tumors. J. Med. Chem. 52, 7170–7185 (2009)..

32. Menear, K. A., Adcock, C., Boulter, R., Cockcroft, X. L., Copsey, L., Cranston, A. et al.
4-[3-(4-cyclopropanecarbonylpiperazine-1-carbonyl)-4-fluorobenzyl]-2H-phthalazin-
1-one: a novel bioavailable inhibitor of poly(ADP-ribose) polymerase-1. J. Med.
Chem. 51, 6581–6591 (2008)..

33. Mizutani, A., Yashiroda, Y., Muramatsu, Y., Yoshida, H., Chikada, T.,
Tsumura, T. et al. RK-287107, a potent and specific tankyrase inhibitor, blocks
colorectal cancer cell growth in a preclinical model. Cancer Sci. 109, 4003–4014
(2018).

34. Li, C., Zheng, X., Han, Y., Lv, Y., Lan, F. & Zhao, J. XAV939 inhibits the proliferation
and migration of lung adenocarcinoma A549 cells through the WNT pathway.
Oncol. Lett. 15, 8973–8982 (2018).

35. Tentori, L., Lacal, P. M., Muzi, A., Dorio, A. S., Leonetti, C., Scarsella, M. et al. Poly
(ADP-ribose) polymerase (PARP) inhibition or PARP-1 gene deletion reduces
angiogenesis. Eur. J. Cancer 43, 2124–2133 (2007).

36. Galbis-Martínez, M., Saenz, L., Ramírez, P., Parrilla, P. & Yélamos, J. Poly(ADP-ribose)
polymerase-1 modulates interferon-gamma-inducible protein (IP)-10 expression in
murine embryonic fibroblasts by stabilizing IP-10 mRNA. Mol. Immunol. 47,
1492–1499 (2010).

37. Cabrera, R., Ararat, M., Eksioglu, E. A., Cao, M., Xu, Y., Wasserfall, C. et al. Influence
of serum and soluble CD25 (sCD25) on regulatory and effector T-cell function in
hepatocellular carcinoma. Scand. J. Immunol. 72, 293–301 (2010).

38. Liao, W., Lin, J. X. & Leonard, W. J. Interleukin-2 at the crossroads of effector
responses, tolerance, and immunotherapy. Immunity 38, 13–25 (2013).

39. Zhang, P., Maruyama, T., Konkel, J. E., Abbatiello, B., Zamarron, B., Wang, Z. Q.
et al. PARP-1 controls immunosuppressive function of regulatory T cells by
destabilizing Foxp3. PLoS ONE 8, e71590 (2013).

40. Luo, X., Nie, J., Wang, S., Chen, Z., Chen, W., Li, D. et al. Poly(ADP-ribosyl)ation of
FOXP3 protein mediated by PARP-1 protein regulates the function of regulatory
T cells. J. Biol. Chem. 290, 28675–28682 (2015).

41. Nasta, F., Laudisi, F., Sambucci, M., Rosado, M. M. & Pioli, C. Increased Foxp3+
regulatory T cells in poly(ADP-Ribose) polymerase-1 deficiency. J. Immunol. 184,
3470–3477 (2010).

42. Ahmad, S. F., Zoheir, K. M., Bakheet, S. A., Ashour, A. E. & Attia, S. M. Poly(ADP-
ribose) polymerase-1 inhibitor modulates T regulatory and IL-17 cells in the
prevention of adjuvant induced arthritis in mice model. Cytokine 68, 76–85
(2014).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020

First-in-human study of the PARP/tankyrase inhibitor E7449 in patients. . .
R Plummer et al.

533

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	First-in-human study of the PARP/tankyrase inhibitor E7449 in patients with advanced solid tumours and evaluation of�a�novel drug-response predictor
	Background
	Methods
	Study design, treatment schedule and assessments
	Patient eligibility
	Safety
	Pharmacokinetic and pharmacodynamic assessments
	Pharmacokinetic/pharmacodynamic modelling
	Efficacy
	Serum biomarker analysis
	Tumour biomarker analysis
	Statistical analysis

	Results
	Study population
	Safety
	Pharmacokinetics
	Pharmacodynamics
	Pharmacokinetic/pharmacodynamic modelling
	Efficacy
	Serum biomarker analysis
	Tumour biomarker analysis

	Discussion
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




