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Abstract

TAK-931, a novel, selective, small-molecule inhibitor of cell division cycle 7 has been investigated in multiple clinical
trials in patients with advanced solid tumors. An integrated analysis using data from 2 clinical studies assessed effects
of TAK-931 on electrocardiogram QT intervals and heart rate (HR). Pharmacokinetic samples and matched triplicate
electrocardiogram data were collected in 48 patients with cancer receiving oral administration of TAK-931 50 or 80
mg once daily. The relationships between TAK-931 plasma concentrations and the HR-corrected QT interval via Frid-
ericia (QTcF) or population (QTcP) and HR were analyzed using linear mixed-effects models with fixed effects for
day and time. At the geometric mean maximum TAK-931 plasma concentrations after administration of 50 mg, an HR
change of 3.40 beats per minute (90%CI, 1.86-4.80) was predicted. Change in QTcF of −3.41 milliseconds (90%CI,
−5.77 to −1.17) and QTcP of −2.02 milliseconds (90%CI, −4.15 to 0.0679) were estimated, indicating there was
no effect of TAK-931 on the QT intervals at a recommended phase 2 dose of 50 mg once daily for 14 days in a
21-day cycle.

Keywords

cardiotoxicity, cell division cycle 7 inhibitor, concentration-QT,QTc interval, TAK-931

TAK-931, 2-[(2S)-1-azabicyclo[2.2.2]oct-2-yl]-6-(3-
methyl-1H-pyrazol-4-yl)thieno[3,2-d]pyrimidin-4(3H)-
one hemihydrate is a novel, selective inhibitor of cell
division cycle 7 protein kinase with a time-dependent
and adenosine 5′-triphosphosphate–competitive
mechanism.1–3 TAK-931 was selected as a next-
generation, replication stress–inducing anticancer
drug. It prolongs replication stress and stimulates
follow-on mitotic aberrations.2 TAK-931 also inhibits
both in vitro and in vivo preclinical cancer models of
proliferation, displaying a unique activity spectrum.
TAK-931 has more antiproliferative activity against
RAS-mutant cancer cell lines than those with wild-type
alleles. Clinical studies have been investigating the
safety, pharmacokinetics, and efficacy of TAK-931 in
patients with advanced solid tumors.4–6 Cytochrome
P450 (CYP) 2D6 and CYP3A4/5 were the main CYP
enzymes involved in the metabolism of TAK-931 based
on in vitro CYP-mediated metabolism studies. Sub-
sequent uridine diphosphate-glucuronosyltransferase
(UGT)-mediated metabolism indicated that UGT1A9
was the primary UGT responsible for the metabolism
of TAK-931. Although the potential for drug-drug in-

teractions with strong CYP inhibitors was considered
low, there was potential for drug-drug interaction with
strong metabolic enzyme inducers such as rifampin.
Therefore, strong metabolic enzyme inducers were pro-
hibited in patients receiving TAK-931 treatment.3 The
population pharmacokinetic (PK) analysis using data
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from ≈200 patients with cancer who were treated with
TAK-931 in the phase 1 and 2 clinical trials indicated
that age (36-88 years), body weight (30-127 kg), Eastern
Cooperative Oncology Group performance score, sex,
race, mild ormoderate renal impairment, andmild hep-
atic impairment had no clinically meaningful impact on
TAK-931 apparent oral clearance, supporting the same
starting dose of TAK-931 regardless of these patient-
specific factors.3 Hepatic metabolism was expected to
be a major clearance pathway for TAK-931. Renal
clearance accounted for only ≈8% of TAK-931 oral
clearance, indicating that renal clearance plays a minor
role in the elimination of TAK-931. This was consistent
with the finding that creatinine clearance (≥30mL/min)
did not have a clinically meaningful impact on TAK-
931 exposures based on the population PK analysis.3

Comprehensive assessment of QT prolongation
potential is an important consideration in drug devel-
opment. The International Council for Harmonization
E14 guidelines have evolved to streamline drug de-
velopment and improve regulatory decision making
and product labeling for cardiac risks of new drugs.7–9

There are various strategies to evaluate the QT prolon-
gation potential for anticancer agents ranging from an
integrated in vitro data assessment or conducting a ded-
icated evaluation study.10–12 The current analysis used
TAK-931 plasma concentrations and time-matched,
centrally read, triplicate ECG data from 2 clinical
studies (NCT032619475 and NCT037082116) in which
patients with advanced solid tumors received TAK-931
treatment to assess the effect of TAK-931 on corrected
QT (QTc) intervals at clinically relevant doses.

Methods
Overview of Data
For this population model-based, concentration-QTc
analysis, data were obtained for adult patients (aged
≥18 years) with advanced solid tumors who had partic-
ipated in 2 clinical trials of TAK-931 (NCT03708211
and NCT03261947), as summarized in Table S1. All
patients provided written informed consent. The study
protocols were approved by review boards at each cen-
ter, and the clinical trials were conducted in accordance
with applicable regulatory standards and the Inter-
national Conference on Harmonization Guideline for
Good Clinical Practice.13 TAK-931 was administered
to patients on an empty stomach except water from 2
hours before taking the study drug until completion of
collection of the 4-hour electrocardiogram (ECG)/PK
postdose samples on days 1 and 3 to minimize the in-
fluence of food on ECGs.14 Blood samples for mea-
suring plasma TAK-931 concentrations were collected
at times corresponding to ECG assessments, with rest-
ing ECG measurements collected immediately prior to

blood sampling. The triplicate ECGwere centrally read
and averaged before the model-based analysis.

Analytical Methods
Plasma samples with dipotassium-
ethylenediaminetetraacetic acid anticoagulant were
analyzed for TAK-931 concentrations by a Good
Laboratory Practice–validated turbo ion spray liquid
chromatography–tandem mass spectrometry method.
TAK-931-d7 (C17H12D7N5OS) was used as the internal
standard. Plasma samples were extracted by protein
precipitation followed by high-performance liquid
chromatography separation using a Phenomenex Luna
Omega 1.6 μm Polar C18 column (2.1 × 50 mm;
Phenomenex, Torrance, California) and mobile phases
consisting of 1000:1 water/formic acid and 500:500:1
acetonitrile/methanol/formic acid. Mass spectrometer
instrument settings were: API 5000/Analyst version
1.6.2 (SCIEX, Redwood City, California), ionization
source/ionization mode of turbo ion spray/positive,
and utilized selected reaction monitoring. The lower
limit of quantification was 0.5 ng/mL. Within-day and
between-day accuracy was between 0.0% and 94% and
0.5% and 6.0%, respectively. Within-day and between-
day precision was ≤10.9% and ≤7.5%, respectively.

Software and Estimation Method
Assembly of the population concentration-ECG anal-
ysis data set used SAS® version 9.4 (SAS Institute,
Cary, North Carolina). Nonlinear mixed-effects mod-
eling software (NONMEM® version 7.3.0; ICON,
Hanover, Maryland) was used for modeling. All model
development and final analyses were based on the first-
order conditional estimation method of NONMEM
without interaction (FOCE). NONMEM was run
through Pirana (Certara, Princeton, New Jersey) or
Perl Speaks NONMEM (PsN version 4.8; Department
of Pharmacy, Uppsala University, Uppsala, Sweden).
R version 3.6.1 (R Foundation for Statistical Comput-
ing, Vienna, Austria) was used for the analysis of the
analysis data set, statistical summaries, and modeling
results. R was also used for model-based simulations.

Covariate Variables
Covariates evaluated in the models of Fridericia-
corrected QT (QTcF) intervals, population-corrected
QT (QTcP) intervals, and heart rate (HR) included con-
tinuous variables (baseline age, weight, and body mass
index [BMI]) and categorical variables (sex [male or
female], Eastern Cooperative Oncology Group status
[ECOG], and study). Baseline covariates were obtained
from observations on the first day of dosing or at
participant screening. Missing continuous participant
covariates were imputed by the median value of the
study population during covariate model construction.
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Missing categorical covariates were grouped with the
most common covariate category during covariate
model building.

Concentration—ECG Model Development
As a first step in the analysis, the appropriateness of the
Fridericia and the population correction of observed
QT intervals was evaluated by deriving the slope of un-
corrected and corrected QT intervals vs corresponding
RR intervals.

The ECG data were analyzed with a linear mixed-
effects modeling approach. Plasma concentrations of
TAK-931 were evaluated as predictors of QTcF, QTcP,
and HR in separate models.

The concentration-QTcF analysis was considered
the primary analysis and was based on a model with a
random intercept, linear relationship with no delay in
the effect of TAK-931 upon QTcF. The analysis used
the following equation for QTcF:

QTcF = BQTcF+ ηBQTcF + COVTIMEi

+ SLP ·CTAK931 + εQTcF (1)

where BQTcF is the typical baseline QTcF interval
before dose administration; ηBQTcF is interindivid-
ual random effects associated with baseline QTcF;
COVTIMEi is an unstructured correction of time
effect (study day and time point); SLP, is the estimated
slope related to the effect of the time-matched TAK-
931 concentration CTAK-931; and εQTcF is the residual
unexplained variability of the model. Similar models
were applied in the QTcP and HR analyses.

An analysis approach with an estimated correction
factor was applied to derive QTcP as a sensitivity
analysis to the primary analysis based on QTcF:

QTcP = QT
RRCF×eηCF (2)

where CF is the estimated population typical correc-
tion factor based on pretreatment QT andRRmeasure-
ments. The QTcP model described the uncorrected QT
intervals under consideration of the estimated RR cor-
rection:

QT = (BQTcP+ ηBQTcP) × RRCF + COVTIMEi

+SLP ·CTAK931 + εQTcF (3)

Apart from the estimated correction factor (RRCF),
the model was identical to the model of QTcF.

Covariates of interest for the concentration-ECG
models were evaluated as predictors of the random
baseline. The covariate evaluation was based on a
stepwise “forward addition/backward elimination”
covariate modeling approach based on the likelihood

ratio test. Forward inclusion was performed at the α =
0.01 significance level, corresponding to a decrease in
objective function value >6.63 points for 1 degree of
freedom (df = 1), whereas backward elimination was
performed at the α = 0.001 significance level (�OFV
<10.83 points for 1 df). Backward deletion was carried
out until all the remaining covariates in the model were
significant at α = 0.001.

All continuous covariates were incorporated into the
population model using a scaled structure based on the
median value of the covariate in the analysis data set.
All categorical covariates were incorporated into the
population model as a series of index variables. Coeffi-
cients of categorical covariates were estimated relative
to themost prevalent category. Themathematical struc-
tures of the covariate models are shown in Table S2.

Model selection was assessed using the likelihood
ratio test for hierarchical models. Standard diagnostic
plots were used throughout model development to
assess the ability of each model to describe observed
data. The key plots included (1) observed vs population
predictions and individual predictions and (2) condi-
tional weighted residuals vs population predictions,
time, time after the most recent dose, and observed
TAK-931 concentration.

The resultant model from the covariate model build-
ing process evaluation was considered the final model.
Overall criteria for accepting a model as final included
(1) a successful minimization and covariance step, (2)
no estimates close to a boundary, (3) relative standard
error (RSE) <50% for covariate coefficients, and (4) no
unacceptable trends in goodness-of-fit plots.

A nonparametric bootstrap analysis15 was con-
ducted to evaluate the stability of the final models and
estimate CIs for the model parameters. The bootstrap
analysis was performed with 1000 replicates of the
dataset, generated by random resampling of partici-
pants from the original data set with replacement. The
final model was repeatedly fitted to bootstrap replicates
of the data set. CIs were calculated on the distribution
of the parameter estimates from the bootstrap runs.

Visual predictive check (VPC) evaluated the pre-
dictive ability of the final model. Plots of observed
data distributions were compared to corresponding
simulated distributions to demonstrate the model’s
ability to adequately predict the data on which the
model was based. VPCs were based on 500 simulations
and stratified by covariates of interest.

Concentration—ECG Simulations
The final concentration-QTcF and concentration-QTcP
models helped perform simulations to determine the
impact of TAK-931 exposure on the respective ECG
intervals in a typical patient evaluating the effect of
parameter uncertainty. The effect of time described by
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Table 1. Patient Demographics

Sex
Male, n (%) 29 (60)
Female, n (%) 19 (40)

ECOG, n (%)
0 23 (48)
1 25 (52)

Age, y, median (range) 59 (36-88)
Weight, kg, median (range) 82 (51-127)
BMI, kg/m2, median (range) 27 (19-40)

BMI, body mass index; ECOG, Eastern Cooperative Oncology Group.

the unstructured time model was normalized by setting
time to 0 hour and study day to 1.

Parameter uncertainty was implemented by replicat-
ing the simulations 500 times with parameter estimates
sampled from the variance-covariance matrix of the
estimate.

To assess the impact of TAK-931 exposure on ECG
intervals and HR, the developed models were simu-
lated with uncertainty to predict changes from base-
line with 90%CI at the geometric mean peak plasma
concentrations of TAK-931 (Cmax) at 50 mg, a recom-
mended phase 2 dose (RP2D) for clinical development.
The model-based predictions were based on the final
parameter estimates, while the 90%CIs were derived as
the 5th and 95th percentile range across predictions
based on 500 sets of parameter values sampled from the
variance-covariancematrix of the finalmodel estimates.

Table 2. Parameter Estimates for the Final Concentration-QTcF Model

Label Parameter Estimate RSE (%) Shrinkage (%) Bootstrap 95%CI

BASE THETA1 407 1 … 402 to 413
SLP THETA3 −0.0148 42 … −0.0273 to −0.000759
D1:H1 THETA4 2.66 67 … −1.15 to 6.04
D1:H2 THETA5 0.922 209 … −3.17 to 4.66
D1:H4 THETA6 3.37 48 … 0.123 to 6.57
D1:H6 THETA7 0.867 266 … −3.84 to 5.44
D1:H8 THETA8 −3.43 54 … −7.07 to 0.497
D3:H1 THETA9 3.45 98 … −3.30 to 11.0
D3:H2 THETA10 1.92 153 … −4.00 to 8.46
D3:H4 THETA11 6.02 54 … −0.351 to 13.6
D3:H8 THETA12 −2.73 121 … −9.09 to 4.88
D8:H1 THETA13 2.40 120 … −3.22 to 8.19
D8:H2 THETA14 0.399 710 … −5.26 to 6.26
D8:H4 THETA15 0.369 858 … −6.53 to 6.63
D8:H6 THETA16 −2.76 114 … −9.42 to 3.61
D8:H8 THETA17 −3.20 88 … −8.67 to 2.20
D8:H24 THETA18 −1.14 246 … −6.42 to 4.94
IIV BASE OMEGA (1,1) 14.0 10 1 10.9 to 16.5
RUV SIGMA (1,1) 8.95 7 5 7.45 to 9.97

BASE, estimated intercept; D, day; H, hour; IIV, interindividual variability; QTcF, Fridericia-corrected QT interval; RSE, relative standard error; RUV,
residual unexplained variability; SLP, slope.

Results
Analysis Data
The analysis data set was collected from 48 participants
and included 461 observations of the QTcF, QT, and
HR (Table 1). The demographic profile revealed most
participants were men (60%). The median participant
age was 59, with a median weight of 82 kg and a me-
dian BMI of 27 kg/m2 (Table 1). The ECOG status was
approximately one-half with a 0 value and one-half
with a 1 value.

Concentration—ECG Modeling Results
The initial evaluation of the Fridericia and population
corrections of the observed QT intervals identified the
expected strong relationship between uncorrected QT
and corresponding RR intervals in the pretreatment
data (Figure S1). A correction factor of 0.3962 (com-
pared with 0.33 applied in the Fridericia correction)
was estimated in the population correction, and the
slopes of the relationships between QTcF and QTcP
were not statistically significantly different from 0
(P = .103 and .993, respectively), confirming the simi-
larity and appropriateness of both correction methods.

Linear models relating TAK-931 concentration to
QTcF data acquired after oral TAK-931 administration
were developed. The final model selected described a
random intercept, study day, and study time as fixed
factor variables; the final model also described the fixed
linear effect of TAK-931 plasma concentration. QTcP
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Figure 1. Goodness-of-fit and residual-based diagnostics of TAK-931 concentration-QTcF. Upper 2 panels: open circles represent
individual observed versus predicted QTcF, diagonal solid black line is the line of unity.R2 for the population-predicted and individual-
predicted QTcF vs corresponding observations was 0.0119 and 0.731, respectively. Lower 2 panels: open circles are conditional
weighted residuals, horizontal line is 0, gray shaded areas represent locally estimated scatterplot smoothing (LOESS) fit (95%CIs).
CWRES, conditional weighted residuals; QTcF, Fridericia-corrected QT interval.

and HR were described by similar linear mixed effects
models. A correction factor for RR was estimated in
the QTcP model describing observed QT intervals.

Models including interoccasion variability across
study days were not identifiable. Age, body weight,
BMI, sex, and ECOG were evaluated as covariates on
random parameters. Age was significant as a univari-
ate covariate on the intercept in the models of QTcF
(P = .0025) and HR (P = .0094) but was removed
in the backward elimination (P > .001). As such, no
statistically significant covariates were included in the
final concentration-ECG models.

The parameter estimates of the final concentration-
QTcF with RSE, shrinkage, and the bootstrap 95%CIs
are shown in Table 2; similar data for HR are shown
in Table S3. Goodness-of-fit plots and residual-based
diagnostics suggested that the model was adequate
for predicting mean changes in QTcF (Figure 1) and

HR (Figure 2). VPC confirmed that the model for
QTcF (Figure 3A and B) and HR (Figure 3C and D)
adequately described the median and 5th and 95th
percentile of the observed data across time since last
dose (Figure 3A and C) and observed TAK-931 plasma
concentration (Figure 3B and D). The goodness-of-fit
plots are shown for QTcP (Figure S2). Parameter
estimate is also presented for HR (Table S3) and
QTcP (Table S4). VPC data are presented for QTcP
(Figure S3).

The model-based prediction of QTcF change from
baseline vs TAK-931 plasma concentration is shown
in Figure 4A; similar data for HR are presented in
Figure 4B. Additional graphical representations of the
predictions of the models are presented in the supple-
mental figures for QTcP (Figure S4). Predictions were
computed for the steady-state geometric mean Cmax of
231 and 341 ng/mL achieved after administration of
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Figure 2. Goodness-of-fit and residual-based diagnostics of TAK-931 concentration-HR. Upper 2 panels: open circles represent
individual observed versus predicted HR, diagonal solid black line is the line of unity. R2 for the population-predicted and individual-
predicted HR versus corresponding observations was 0.0282 and 0.859, respectively. Lower 2 panels: open circles are conditional
weighted residuals, horizontal line is 0, gray shaded areas represent locally estimated scatterplot smoothing (LOESS) fit (95%CI).
CWRES, conditional weighted residuals; HR, heart rate.

TAK-931 at 50 and 80 mg once daily, respectively, for
14 days in a 21-day cycle.

A change in QTcF of −3.41 milliseconds (90%CI,
−5.77 to −1.17 milliseconds) was predicted at the
geometric mean Cmax of 231 ng/mL. For a Cmax of
341 ng/mL, the change in QTcF was −5.03 (90%CI,
−8.52 to −1.73). The QTcP model predicted a change
of −2.02 milliseconds (90%CI, −4.15 to 0.0679 mil-
liseconds) at the same concentration. For a Cmax of 341
ng/mL, the change in QTcP was −2.99 (90%CI, −6.13
to 0.100).

An HR change of 3.40 min−1 (90%CI, 1.86-4.80
min−1) was predicted at TAK-931 plasma concentra-
tion of 231 ng/mL, the geometric mean Cmax after
TAK-931 oral dose at 50 mg. At 341 ng/mL, an HR
change of 5.01 min−1 (90%CI, 2.74-7.08 min−1) was
predicted. A noticeable delay between TAK-931 con-
centration and HR response was present. However, this

delay was corrected by the unstructured model of time.
Model-predicted ECG intervals and HR at the geomet-
ric mean of TAK-931 Cmax after oral administration at
50 and 80 mg are shown in Table 3.

Discussion
The effect of TAK-931, an investigational, orally
administered small-molecule cell division cycle 7 in-
hibitor, on QTc intervals was evaluated in 48 patients
with advanced solid tumors in 2 clinical trials. TAK-
931 is a cytotoxic agent and cannot be administered
at supratherapeutic doses or repeated exposures to
healthy volunteers. Accordingly, a placebo or positive
control (eg, moxifloxacin) was not included in the as-
sessment, which is consistent with approaches used in
evaluating effects of anti-cancer agents on QTc.16 The
data from the 2 studies in which patients were treated
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with TAK-931 at 2 doses (50 and 80 mg) consisted of
PK time-matched, centrally read, triplicate ECG that
allowed population-based models to examine the rela-
tionships between �QTcF, �QTcP, HR vs TAK-931
plasma concentrations. Approximately 13.4% (62/461)
of data records had higher concentration values than
the geometric mean Cmax of the 50-mg daily dose (231
ng/mL), which is an RP2D for clinical development. As
such, the data from the 2 clinical trials were considered
to not only provide QT assessment at TAK-931 plasma
concentrations in the therapeutic range but also in the
supratherapeutic range. There was no clinically relevant
effect of TAK-931 on the QT intervals after dosing at
50 mg once daily in a 21-day cycle, the RP2D in clinical
development, as supported by the model estimated
upper bound of the 90%CIs of �QTcF and �QTcP.
This value was well below 5 milliseconds at the geomet-
ric mean Cmax at 50-mg once-daily dosing. TAK-931

concentrations were correlated with an increase in HR.
Hysteresis plots indicated a delay between increasing
TAK-931 concentrations and the subsequent increases
in HR. These effects were accounted for by the unstruc-
tured time component in the direct linear effect model.

The cardiac effects of TAK-931 exposure were rep-
resented by a linear slope describing the relationship
between TAK-931 plasma concentration and the ob-
served ECG intervals andHR.A statistically significant
slope could only be identified in the models of QTcF
intervals and HR. QTcF was predicted to decrease
by 0.0148 milliseconds per ng/mL increase in plasma
TAK-931 concentration. The RSE on this estimate
was 42% and the corresponding 90%CI was −0.0273
to −0.000759, indicating only a marginally significant
effect. The HR model predicted the effect of TAK-931
to be a 0.0147 beats-per-minute increase per ng/mL in
plasma TAK-931 concentration. The associated RSE
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and 90%CI were 26% and 0.00629-0.0226 beats per
minute/(ng/mL). The population-corrected QT model
did not identify statistically significant relationships
between TAK-931 concentration and these intervals.

In conclusion, the current model-based analysis
indicated a lack of clinically meaningful effects of

TAK-931 on the electrocardiographic QTc interval.
The integrated analysis of triplicate, centrally read
ECG, and time-matched PK data collected from early
clinical studies provided an alternative approach in
lieu of a dedicated study to assess the effects of new
anticancer candidates on QT intervals.
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Table 3. Model-Based Simulations of Baseline-Corrected ECG Intervals and HR at the Geometric Mean Cmax After 50 mg Dose

ECG Interval/HR Cmax (ng/mL) Model Prediction (90%CI)

�QTcF (millisecond) 231 −3.41 (−5.77 to −1.17)
QTcP (millisecond) 231 −2.02 (−4.15 to 0.0679)
�HR (beats per minute) 231 3.40 (1.86 to 4.80)

Cmax, maximum concentration; ECG, electrocardiogram; HR, heart rate; �QT, representation of QTcP model prediction; QTcF, Fridericia-corrected
QT interval; QTcP, population-corrected QT interval.
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