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Abstract
Background and Objectives Encorafenib is a kinase inhibitor indicated for the treatment of patients with unresectable or 
metastatic melanoma or metastatic colorectal cancer, respectively, with selected BRAF V600 mutations. A clinical drug–drug 
interaction (DDI) study was designed to evaluate the effect of encorafenib on rosuvastatin, a sensitive substrate of OATP1B1/3 
and breast cancer resistance protein (BCRP), and bupropion, a sensitive CYP2B6 substrate. Coproporphyrin I (CP-I), an 
endogenous substrate for OATP1B1, was measured in a separate study to deconvolute the mechanism of transporter DDI.
Methods DDI study participants received a single oral dose of rosuvastatin (10 mg) and bupropion (75 mg) on days − 7, 
1, and 14 and continuous doses of encorafenib (450 mg QD) and binimetinib (45 mg BID) starting on day 1. The CP-I data 
were collected from participants in a phase 3 study who received encorafenib (300 mg QD) and cetuximab (400 mg/m2 initial 
dose, then 250 mg/m2 QW). Pharmacokinetic and pharmacodynamic analysis was performed using noncompartmental and 
compartmental methods.
Results Bupropion exposure was not increased, whereas rosuvastatin Cmax and area under the receiver operating charac-
teristic curve (AUC) increased approximately 2.7 and 1.6-fold, respectively, following repeated doses of encorafenib and 
binimetinib. Increase in CP-I was minimal, suggesting that the primary effect of encorafenib on rosuvastatin is through 
BCRP. Categorization of statins on the basis of their metabolic and transporter profile suggests pravastatin would have the 
least potential for interaction when coadministered with encorafenib.
Conclusion The results from these clinical studies suggest that encorafenib does not cause clinically relevant CYP2B6 induc-
tion or inhibition but is an inhibitor of BCRP and may also inhibit OATP1B1/3 to a lesser extent. Based on these results, it 
may be necessary to consider switching statins or reducing statin dosage accordingly for coadministration with encorafenib.
Clinical Trial Registration ClinicalTrials.gov NCT03864042, registered 6 March 2019.
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Key Points 

Encorafenib is likely an inhibitor of BCRP but may also 
inhibit OATP1B1/3 to a lesser extent. Coproporphyrin I 
(CP-I), a validated endogenous substrate for OATP1B1, 
was utilized to deconvolute the mechanism of transporter 
drug–drug interaction (DDI).

There is a lack of a clinically significant DDI with 
encorafenib and substrates of CYP2B6.

Encorafenib in combination with binimetinib was well 
tolerated when administered with a single oral dose of 
rosuvastatin and bupropion.
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1 Introduction

Encorafenib is a potent and selective, oral, adenosine 
triphosphate (ATP)-competitive small-molecule inhibitor 
of BRAF V600-mutant kinase. Encorafenib in combination 
with binimetinib or cetuximab is indicated for patients with 
unresectable or metastatic melanoma or metastatic colorec-
tal cancer, respectively, with selected BRAF V600 muta-
tions. In vitro studies indicate that encorafenib is a reversible 
inhibitor of CYP2B6 (unbound R1 value of 3.1) [1]. Results 
from an in vitro hepatocyte assay also show that encorafenib 
has the potential to be an inducer of CYP2B6 at clinically 
relevant plasma concentrations per current US Food and 
Drug Administration and International Conference on Har-
monization guidance (R3 values < 0.9) [1–3]. In vitro stud-
ies indicate that encorafenib is a potent inhibitor of organic 
anion transporting polypeptide (OATP) 1B1/3 and a weak 
inhibitor of breast cancer resistance protein (BCRP) based 
on R values ≥ 1.1 [2]. Substrates for OATP1B1/3 and BCRP 
transporters, such as HMG-CoA-reductase inhibitors (i.e., 
statins), may result in increased toxicities (e.g., statin-related 
rhabdomyolysis) when co-administered with inhibitors for 
these transporters. Thus, in vivo characterization in a clinical 
study of drug–drug interaction (DDI) as described here was 
necessary to provide recommendations when encorafenib 
is co-administered with substrates for these transporters, as 
well as for CYP2B6.

The recommended dose of encorafenib is 450 mg once 
daily in combination with binimetinib (45 mg twice daily) 
for the treatment of metastatic melanoma and 300 mg once 
daily in combination with cetuximab (400 mg/m2 initial 
dose, followed by 250 mg/m2 weekly) for the treatment of 
metastatic colorectal cancer. Encorafenib pharmacokinetics 
(PK) has been studied in healthy individuals and patients 
with solid tumors. Encorafenib is rapidly and nearly com-
pletely absorbed (estimated bioavailability at least 86%), 
with peak concentrations achieved within 2 h. Metabolism 
is primarily through CYP3A4 (83%) and to a lesser extent by 
CYP2C19 (16%) and CYP2D6 (1%) [4]. Encorafenib exhib-
its autoinduction of CYP3A4, resulting in the steady-state 
exposure being approximately 50% lower compared with 
exposure following a single dose [5]. For this reason, the 
effect of encorafenib might be different after a single dose 
than at steady state, which was accounted for in the DDI 
study design.

One arm of the phase 1 clinical study C4221003 
(NCT03864042) was designed to evaluate the effect of 
repeat doses of encorafenib on single-dose PK of sensi-
tive substrates for OATP1B1/3, BCRP, and CYP2B6. The 
study was conducted in patients rather than in healthy vol-
unteers owing to its repeat-dose administration design and 
the risk of secondary skin neoplasms with selective BRAF 

inhibitors [6]. No significant DDIs between encorafenib and 
binimetinib have been observed in clinical studies, and clini-
cally important DDIs involving binimetinib as a perpetrator 
are unlikely based on in vitro studies and evidence of lack 
of effect of binimetinib on the PK of midazolam in vivo [7]. 
Therefore, the recommended dose of encorafenib in combi-
nation with binimetinib for melanoma was used in this study.

Rosuvastatin is a known sensitive OATP/BCRP substrate 
that is not metabolized by CYP3A4 and is therefore com-
monly used for evaluating the effects on these transporter 
systems. In addition, rosuvastatin is not known to inhibit 
or induce any cytochromes (CYPs) or UDP-glucuronosyl-
transferase (UGT) relevant to encorafenib or bupropion 
metabolism, respectively [8, 9]. Bupropion was used in this 
study as it is considered a sensitive substrate of CYP2B6 
and no interaction with rosuvastatin would be expected [10, 
11]. Hydroxybupropion, the major metabolite of bupropion 
formed though conversion by CYP2B6 [12], was measured 
to further characterize the effect of encorafenib on CYP2B6. 
Both rosuvastatin and bupropion are recommended by the 
US Food and Drug Administration to be used as probe 
substrates in clinical drug–drug interaction studies [13]. 
Although rosuvastatin and bupropion have other minor 
routes of elimination, changes in their PK, if observed in 
the DDI study, would likely be attributed to encorafenib’s 
effect on the major pathways of these probe substrates.

To aid in characterization of the effect of encorafenib on 
OATP1B1, coproporphyrin I (CP-I), an endogenous sub-
strate used to help predict DDIs related to OATP1B1 inhibi-
tion, was measured in PK samples collected from patients 
treated with encorafenib in a separate phase 3 clinical study 
(NCT02928224) [14]. Maximum fold change of rich CP-I 
profiles and a population-based compartmental modeling 
approach were utilized to help deconvolute the effects on 
OATP1B1 versus BCRP. On the basis of the results from the 
DDI study and exploratory CP-I analysis of phase 3 data, the 
various statins that are currently available were categorized 
according to potential interaction with encorafenib accord-
ing to their known metabolic and transporter profile.

2  Methods

2.1  Phase 1 Study Participants

This study was conducted in compliance with the ethical 
principles originating in or derived from the Declaration of 
Helsinki and in compliance with all International Confer-
ence on Harmonization Good Clinical Practice Guidelines. 
In addition, all local regulatory requirements were followed, 
particularly those affording greater protection to the safety 
of trial participants.
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Male or female participants were eligible for enrollment 
if they were ≥ 18 years of age; had histologically confirmed 
diagnosis of locally advanced, unresectable or metastatic 
cutaneous melanoma American Joint Committee on Can-
cer (AJCC) stage IIIB, IIIC, or IV, or other BRAF V600-
mutant advanced solid tumors, with evidence of measur-
able or non-measurable lesions as detected by radiological 
or photographic methods according to guidelines based on 
Response Evaluation Criteria in Solid Tumors 1.1; had East-
ern Cooperative Oncology Group (ECOG) performance sta-
tus (PS) of 0 or 1; and had adequate bone marrow, hepatic, 
and renal function. Use of contraception was necessary for 
both males and females of childbearing potential. The type 
of contraception allowed in this study was determined to 
be effective and acceptable per Clinical Trial Facilitation 
Group guidance.

Key exclusion criteria included symptomatic brain metas-
tasis, history of reaction to any of the study medications, 
symptomatic or untreated leptomeningeal disease, history 
or current evidence of or current risk factors for retinal vein 
occlusion (e.g., uncontrolled glaucoma or ocular hyperten-
sion, history of hyperviscosity or hypercoagulability syn-
dromes), clinically significant cardiac disease, impaired 
hepatic function as defined by Child-Pugh class B or C, 
impaired gastrointestinal function or disease which might 
have significantly altered the absorption of study drugs (e.g., 
ulcerative diseases, uncontrolled nausea, vomiting, diarrhea, 
malabsorption syndrome, and small bowel resection), known 
hypercoagulability risks other than malignancy (e.g., factor 
V Leiden syndrome), thromboembolic event except catheter-
related venous thrombosis ≤ 12 weeks prior to starting study 
treatment, discontinuation of prior BRAF and/or MEK inhib-
itor treatment owing to left ventricular dysfunction, pneu-
monitis/interstitial lung disease, or retinal vein occlusion.

Participants were also excluded if they had used any 
herbal medications/supplements or any medications or 
foods that are moderate or strong inhibitors or inducers of 
CYP3A4/5, or consumed grapefruit, pomegranates, star 
fruits, Seville oranges, or products containing the juice, or 

any substrates, inhibitors, or inducers of CYP2B6, or any 
substrates or inhibitors of BCRP, OATP1B1, or OATP1B3 
within 2 weeks prior to the start of encorafenib/binimetinib 
treatment on day 1 and through DDI phase (day 28).

2.2  Phase 1 Study Design

The phase 1 study design is illustrated in Fig. 1. Based on 
estimates of the within-subject variability for rosuvastatin 
exposure [18], a total of approximately ten participants 
were needed to meet the primary study objectives. Partici-
pants received a single oral dose of rosuvastatin 10 mg and 
immediate-release bupropion 75 mg on days − 7, 1, and 14. 
Encorafenib 450 mg once daily and binimetinib 45 mg twice 
daily were administered starting on day 1. Blood samples 
for measurement of plasma concentrations of encorafenib 
(and its metabolite, LHY746), binimetinib (and its metab-
olite, AR00426032), rosuvastatin, and bupropion (and its 
metabolite, hydroxybupropion) were collected at 0, 1, 2, 3, 
4, 6, and 8 h post dose on days − 7, 1, and 14. The study 
drugs were administered in the fasted state, and participants 
were instructed to refrain from eating for 1 h following 
encorafenib and binimetinib intake.

2.3  Plasma Sample Analysis and PK Parameter 
Calculation

Human PK plasma samples were analyzed for quantitation 
of all PK analytes at PPD (Middleton, WI, USA) using vali-
dated, sensitive, and specific high-performance liquid chro-
matography-mass spectrometry/mass spectrometry (HPLC-
MS/MS) methods in compliance with laboratory standard 
operating procedures.

CP-I concentrations were measured retrospectively from 
remaining PK samples (0–6 h and sparse PK) collected from 
patients with colorectal cancer who received encorafenib 
and were analyzed using a validated HPLC-MS/MS. Further 
details on the study design are reported separately.

Fig. 1  Phase 1 study design. PK pharmacokinetics
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PK parameters including, but not limited to, Cmax and 
AUC last, were calculated for each participant using noncom-
partmental analysis methods using the WinNonlin software 
package (Phoenix WinNonlin Professional, version 8.0; 
Pharsight Corporation, Mountain View, CA, USA) for PK 
analytes, including rosuvastatin, bupropion, hydroxybu-
propion, encorafenib and its metabolite LHY746, and bini-
metinib and its metabolite AR00426032.

2.4  Genotyping

Evaluation of the effect of polymorphisms on the exposure 
of rosuvastatin or bupropion was an exploratory objective 
in the study. Polymorphisms for OATP1B1 (SLCO1B1 
rs2306283, rs4149056), BCRP (ABCG2 rs2231142, 
rs72552713), and CYP2B6 (*4,*5,*8,*9,*18,*22,*28) were 
analyzed on a QuantStudio 12K Flex Real-Time PCR Sys-
tem (Thermo Fisher Scientific, Waltham, MA, USA).

2.5  Safety

Safety was assessed during the DDI phase (day − 7, 1, 14, 
and 28) and in the post DDI phase every 3–4 weeks until dis-
continuation of the study drug. Safety monitoring included 
serious adverse events (SAEs), laboratory profiles (hema-
tology, biochemistry, coagulation, cardiac/muscle enzymes, 
urinalysis), physical examination (including vital signs, 
ophthalmic and dermatological examinations), ECOG PS 
assessment, cardiac profiles (electrocardiogram and multi-
gated acquisition scan or echocardiogram), and concomitant 
medications or therapies. AEs were classified according to 
the Medical Dictionary for Regulatory Activities (http:// 
www. meddra. org) classification system, version 22.1, and 
graded according to the Common Terminology Criteria for 
Adverse Events, version 4.03.

2.6  Statistical Analysis

For the determination of sample size, the coefficient of vari-
ation of the ratio between two rosuvastatin AUC last values for 
the same participant for rosuvastatin is approximately 47% 
[18]. Assuming a two-sided significance level of 0.05 and a 
power of 0.8, approximately ten participants would need to 
be evaluated to detect a difference of 50% in mean AUC last. 
Assuming an intrasubject variation of 23% for bupropion 
AUC 0-8, [20] there is an 80% probability with ten partici-
pants that a treatment difference will be detected if the true 
effect size is 33%.

All participants who received at least one dose of any 
study drug were included in the safety set population. The 
evaluable PK set included all participants with sufficient 
concentration data to calculate at least one PK parameter 
for a probe drug on days − 7, 1, and 14 (days 1 and 14 for 

binimetinib and encorafenib). Participants who discontin-
ued, missed three or more consecutive doses of encorafenib 
prior to completion of the last PK sampling on day 14, or 
required a dose reduction of encorafenib prior to completion 
of the last PK sampling on day 14 were excluded from the 
evaluable PK set. In addition, participants who missed any 
dose of study drugs on any of the PK days or who vomited 
within 4 h after dosing on any of the PK days were excluded 
from the evaluable PK set.

An analysis of variance was performed on the natural log 
transformed Cmax and AUC last of rosuvastatin, bupropion, 
and hydroxybupropion. The least squares means geometric 
mean ratio (GMR) and associated 90% confidence interval 
(CI) for each PK parameter were calculated using the expo-
nentiation of the difference between treatment least squares 
means from the analyses on the natural log transformed 
parameters and expressed as a percentage of day 1 relative 
to day − 7 and day 14 relative to day − 7.

2.7  Analysis of CP‑I in Phase 3 Study Participants

CP-I concentrations were measured retrospectively from 
remaining PK samples (0–6-h profiles and sparse PK) 
collected from participants with colorectal cancer who 
received encorafenib in a separate phase 3 study and were 
analyzed using a validated HPLC-MS/MS. Further details 
on the study design are reported separately [14, 19]. Two 
approaches were used to evaluate the potential changes in 
CP-I concentrations: (1) to determine maximum fold change 
in the 0–6-h profiles in the safety lead in (SLI) phase par-
ticipants in the phase 3 clinical study, and (2) to incorporate 
all of the CP-I patient data from this phase 3 study and use 
population compartmental modeling for a pooled analysis.

Nonlinear mixed effects models were developed in NON-
MEM (version 7.5.0) to fit individual participant encorafenib 
PK and pharmacodynamic (CP-I) profiles. Data formatting, 
postprocessing, and simulation-based sensitivity analysis 
were conducted in R Software (v3.6.1). Various PK/PD 
models were evaluated for their suitability to describe the 
CP-I concentration–time profiles, including those previously 
described [15, 17].

Model parameters were then estimated by utilizing 
encorafenib concentrations predicted on the basis of a previ-
ously described population PK model (Pfizer internal data). 
Encorafenib concentrations were converted to the unbound 
concentration (nM) on the basis of the molecular weight of 
encorafenib (540 Da) and the free fraction of drug (0.14) 
prior to estimation of CP-I model parameters. Final model 
pharmacodynamic parameters were used for a sensitivity 
analysis to evaluate the effect of varying the encorafenib 
in vivo inhibition constant (Ki) against OATP1B1 (range 
1–10000 nM).

http://www.meddra.org
http://www.meddra.org
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3  Results

3.1  Phase 1 Study Participants

A total of 12 participants were enrolled in arm 2 and 
included in the safety set population. All participants 
received study treatment; however, only ten participants 
were included in the evaluable PK set for the analysis of the 
DDI. Two participants had significant dose interruption or 
reduction, which resulted in their exclusion from the final 
analysis.

The participants had a mean age of 61.3 years (range 
36–82 years) and mean body mass index of 27.92 (range 
20.5–34.5); there was an equal number of men and women 
(Table 1). Within their respective subgroups, most were 
white, non-smokers, and had an ECOG PS of 0. Of the 12 
participants, 10 were stage IV (the others were stage IIIC) 
and the most frequently reported primary cancer was mela-
noma, followed by colon, ovarian, pancreatic, and thyroid 
cancers.

3.2  Pharmacokinetics and Drug–Drug Interactions

Mean (+SD) plasma concentrations of rosuvastatin, bupro-
pion, and hydroxybupropion are presented in Fig. 2. A sum-
mary of the plasma PK parameters for rosuvastatin, bupro-
pion, and hydroxybupropion are presented in Table 2, and 
the statistical comparisons for these analytes are presented 
in Figs. 3, 4 and 5. The half-life for each analyte could not 
be calculated for all participants, as some individuals did not 
have a well-characterized terminal phase (r2 > 0.8).

Encorafenib exposures were consistent with historical 
studies [5, 21] following administration of encorafenib and 
binimetinib with geometric mean Cmax values of 6060 and 
2940 ng/mL and AUC last values of 25,900 and 13,100 h∙ng/
mL on days 1 and 14, respectively. A summary of the plasma 
PK parameters for encorafenib are presented in Table S1. 
Mean (+SD) plasma concentrations for encorafenib are pre-
sented on linear and semilogarithmic scales in Fig. S1.

3.2.1  Rosuvastatin

Following single oral administrations of 10 mg of rosuv-
astatin, Cmax of rosuvastatin was characterized by a rapid 
absorption phase with Tmax of 2 h. Thereafter, plasma con-
centrations of rosuvastatin declined with half-life of 2–3 h. 
Rosuvastatin exposures on day − 7 were consistent with 
historical values, with a mean (CV) of Cmax of 6.98 ng/mL 
(96.4%) and AUC last of 33.6 h·ng/mL (88.1%) (Fig. 2A, B; 
Table 2) [22].

Peak exposure to rosuvastatin (Cmax) was approximately 
4.3-fold higher on day 1 compared with day −  7 and 

approximately 2.7-fold higher on day 14 compared with 
day − 7. Similarly, total exposure to rosuvastatin (AUC 
last) was approximately 2.8-fold higher on day 1 compared 
with day − 7 and 1.6-fold higher on day 14 compared 
with day − 7, with a GMR fold change from 2.79 (90% CI 
2.08, 3.74) on day 1 to 1.57 (90% CI 1.17, 2.11) on day 14 
(Fig. 3). CIs excluded one in all cases, demonstrating that 
systemic exposure to rosuvastatin, a sensitive OATP1B1, 
OATP1B3, and BCRP probe substrate, is significantly 
higher when rosuvastatin is coadministered with single 
and repeated doses of encorafenib and binimetinib.

Table 1  Demographics and baseline characteristics in the safety set 
population (N = 12)

BMI body mass index; ECOG Eastern Cooperative Oncology Group; 
SD standard deviation

Trait Category/statistic Value

Age at screening, years Mean 61.3
SD 13.7
Median 65.5
Minimum 36
Maximum 82

Sex, n (%) Female 6 (50.0)
Male 6 (50.0)

Race, n (%) White 11 (91.7)
Asian 1 (8.3)

Ethnicity, n (%) Hispanic or Latino 1 (8.3)
Not Hispanic or Latino 8 (66.7)
Not reported 2 (16.7)
Unknown 1 (8.3)

Height at screening, cm Mean 169.5
SD 12.0
Median 172.7
Minimum 150.9
Maximum 185.4

Weight at screening, kg Mean 81.0
SD 17.2
Median 85.0
Minimum 46.7
Maximum 112.2

BMI at screening,a kg/m2 Mean 27.9
SD 4.0
Median 27.6
Minimum 20.5
Maximum 34.5

ECOG performance status,b n (%) 0 8 (66.7)
1 4 (33.3)

Smoking status, n (%) Non-smoker 11 (91.7)
Occasional smoker 1 (8.3)
Smoker 0
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3.2.2  Bupropion

Following single oral administrations of bupropion on days 
− 7, 1, and 14, mean plasma concentrations of bupropion 
were characterized by a rapid absorption phase, reaching 
Tmax within 2 h (Fig. 2C, D). Thereafter, plasma concentra-
tions of bupropion declined with a half-life of 2–3 h. Bupro-
pion exposures on day − 7 were consistent with historical 
values [23], with mean (CV) Cmax of 94.0 ng/mL (63.9%) 
and AUC last of 339 h·ng/mL (48.1%; Table 2). Peak and total 

exposure to bupropion (Cmax and AUC last) was lower on day 
1 compared with day − 7, with GMRs ranging from 0.754 
to 0.769. A similar decrease in bupropion concentrations 
was observed on day 14, with GMRs for Cmax and AUC 
last ranging from 0.736 to 0.755. The decrease in bupropion 
exposures compared with day − 7 appear to be during the 
absorption phase whereas bupropion concentration–time 
profiles for all visits appear to overlap during the elimina-
tion phase.

Fig. 2  Mean (+SD) concentration–time profiles for plasma rosuvas-
tatin and bupropion by study day. Solid dots represent the mean ana-
lyte concentration at the time point specified. Black lines represent 
the upper standard deviation of the analyte concentration at each time 

point. A, C, and E are presented on a linear scale. B, D, and F are 
presented on a semi-log scale. The lower limit of quantification for 
the rosuvastatin, bupropion, and hydroxybupropion assays were, 0.1, 
0.5, and 1.0 ng/mL, respectively. SD standard deviation
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Mean plasma concentrations of hydroxybupropion were 
characterized by a steady formation phase, with Tmax within 
4 h (Fig. 2E, F). Hydroxybupropion Tmax ranged from 3.9 to 
7.7 h and terminal phase PK parameters were not estimable. 
Peak and total exposure to the metabolite hydroxybupro-
pion (Cmax and AUC last) was similar or marginally higher 

on day 1 compared with day − 7, with GMRs ranging from 
0.993 to 1.05 (Table 2). On day 14 the effect of steady-state 
encorafenib was more pronounced, with GMRs for Cmax and 
AUC last ranging from 1.42 to 1.48 for hydroxybupropion.

Table 2  Summary of PK parameters of rosuvastatin, bupropion, and hydroxybupropion with and without encorafenib (evaluable PK population)

Participants who discontinued, experienced an encorafenib dose reduction, missed three consecutive encorafenib doses prior to the day 14 PK 
sample collection, missed a dose of investigational drug, or vomited within 4 h of dosing have been excluded from the evaluable PK set
GM geometric mean; n number of participants with non-missing values; NE not estimable; CV coefficient of variation; PK pharmacokinetic

Parameter, 
units

Rosuvastatin Bupropion  Hydroxybupropion

Without 
encorafenib 
(n = 10)

Encorafenib 
single dose 
(n = 10)

Encorafenib 
at steady 
state (n = 
10)

Without 
encorafenib 
(n = 10)

Encorafenib 
single dose 
(n = 10)

Encorafenib 
at steady 
state (n = 
10)

Without 
encorafenib 
(n = 10)

Encorafenib 
single dose 
(n = 10)

Encorafenib 
at steady 
state (n = 10)

Cmax, ng/mL
 n 10 10 10 10 10 10 10 10 10
 GM 

(CV%)
6.98 (96.4) 30.3 (130.8) 18.7 (113.7) 94.0 (63.9) 70.9 (50.6) 71.0 (52.7) 181 (46.9) 189 (49.7) 256 (62.5)

 Median 
(range)

5.50 (1.81–
23.6)

29.5 (4.47–
133)

22.6 (2.53–
77.5)

88.6 (47.4–
230)

75.8 (31.7–
141)

65.9 (32.9–
147)

213 (94.4–
366)

210 (100–
491)

285 (122–
685)

AUC last, 
ng*h/mL

 n 10 10 10 10 10 10 10 10 10
 GM 

(CV%)
33.6 (88.1) 93.8 (97.9) 52.8 (66.3) 339 (48.1) 261 (49.0) 250 (50.1) 1090 (59.8) 1080 (63.8) 1610 (65.7)

 Median 
(range)

31.4 (8.79–
110)

109 (20.9–
305)

59.1 (15.9–
134)

330 (189–
767)

254 (126–
601)

231 (118–
511)

1310 (455–
2580)

1150 (380–
3130)

1840 (764–
4460)

Tmax, h
 n 10 10 10 10 10 10 10 10 10
 Median 

(range)
2.40 (1.00–

4.02)
1.85 (0.78–

7.00)
1.40 (0.92–

3.00)
1.87 (0.82–

4.00)
1.93 (0.77–

4.00)
1.92 (0.93–

2.87)
4.00 (3.00–

8.00)
7.68 (3.83–

8.00)
3.94 (1.00–

6.17)
T1/2, h
 n 5 7 8 7 7 9 0 0 0
 GM 

(CV%)
3.25 (51.8) 2.13 (17.0) 1.86 (23.0) 2.81 (15.1) 3.24 (10.2) 2.75 (15.2) NE NE NE

 Median 
(range)

3.76 (1.91–
5.20)

2.14 (1.72–
2.79)

1.84 (1.36–
2.56)

2.84 (2.35–
3.31)

3.36 (2.66–
3.57)

2.54 (2.40–
3.69)

NE NE NE

MRCmax

 n – – – – – – 10 10 10
 GM 

(CV%)
– – – – – – 1.80 (61.1) 2.51 (50.0) 3.38 (48.8)

 Median 
(range)

– – – – – – 2.19 (0.536–
4.20)

2.63 
(0.929–
4.68)

3.31 (1.85–
7.18)

MRAUC last

 n – – – – – – 10 10 10
 GM 

(CV%)
– – – – – – 3.01 (60.2) 3.88 (47.5) 6.04 (57.5)

 Median 
(range)

– – – – – – 3.34 (0.859–
6.62)

3.95 (1.43–
8.49)

6.39 (3.01–
11.9)



490 J. Piscitelli et al.

3.3  Genotyping

For the SLCO1B1 gene, which encodes OATP1B1 trans-
porter, there were nine participants in the evaluable PK set 
with genotypes that resulted in a transporter with normal 
function. One participant of Asian race had an SLCO1B1 
genotype (T521 > C allele), which is characterized as a 
decreased function phenotype for the OATP1B1 transporter 
[24]. Evaluation of PK profiles indicated that this participant 
had a higher rosuvastatin exposure than most participants 
for both Cmax and AUC on days − 7, 1, and 14 (Fig. S2). 
A sensitivity analysis excluding the Asian participant with 
decreased function phenotype was performed, and remov-
ing this participant had no impact on the conclusions of the 
study.

For the ABCG2 gene, which encodes BCRP transporter, 
one participant was heterozygous for the SNP rs2231142 
(Q141K), but all ten participants were predicted to have nor-
mal transporter function and therefore no further analysis 
was conducted.

For CYP2B6, there were two participants who had a gen-
otype that resulted in a phenotype of normal metabolizer 

(NM), five participants had a genotype that resulted in a phe-
notype of intermediate metabolizer, and three participants 
had a phenotype of poor metabolizer (PM) in the evaluable 
PK set population. Comparison of bupropion and hydroxy-
bupropion median PK profiles for participants in the three 
groups (normal, intermediate, and poor metabolizers) did 
not suggest any consistent trend with the known functional 
relationships for the CYP2B6 genotypes (Fig. S3) [25, 26].

3.4  Safety

During the DDI phase after the first dose of encorafenib 
plus binimetinib, nine (75.0%) participants experienced all-
causality treatment emergent adverse events (TEAEs) of any 
grade and five (41.7%) experienced all-causality TEAEs 
of grade ≥ 3. The most frequently reported all-causality 
TEAEs by primary standard of care were gastrointestinal 
disorders (66.7%), general disorders and administration 
site conditions (50.0%), and blood and lymphatic system 
disorders (41.7%). The all-causality AEs reported in > two 
participants were nausea (41.7%), anemia (33.3%), diarrhea 
(25.0%), and fatigue (25.0%). All-causality AEs of grade ≥ 3 

Fig. 3  Effect of encorafenib in combination with binimetinib on rosuvastatin. GMRs presented are relative to day − 7. AUC last area under the 
curve from 0 to the last measurable point; CI confidence interval; Cmax maximum concentration; GMR geometric mean ratio
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were reported in five (41.7%) participants, including anemia, 
pyrexia, asthenia, increased blood CPK, and decreased ejec-
tion fraction, each in one participant.

One participant experienced an SAE of pyrexia, which 
was considered drug related. Two (16.7%) participants expe-
rienced TEAEs leading to study drug discontinuation, reti-
nal detachment, and myalgia, respectively. Both were grade 
2 and considered drug related. In addition, two (16.7%) 
participants had all-causality TEAEs associated with dose 
reduction, including one participant with a TEAE of grade 
≥ 3 (increased blood CPK). Four (33.3%) participants had 
all-causality TEAEs associated with dose interruption; grade 
≥ 3 TEAEs were reported in all four participants.

Overall, encorafenib in combination with binimetinib was 
generally safe and well tolerated, when administered with 
a single oral dose of rosuvastatin and bupropion. No new 
safety findings were observed.

3.5  Exploratory Analysis of CP‑I Collected in Phase 3 
Study Participants

The clinical CP-I data consisted of 267 concentrations 
from 68 participants; however, only 11 participants had 

full profiles collected during an SLI phase of the phase 3 
study. The observed CP-I individual profiles are presented 
in Fig. 5. The observed maximum fold change in CP-I con-
centrations at C1D1 and C2D1 for participants in the SLI 
phase were 1.4 and 1.2, respectively.

A population compartmental approach was performed to 
better characterize the potential impact of encorafenib on CP-I 
despite the lack of predose CP-I concentration in many partici-
pants enrolled in the phase 3 study. A single compartmental 
model describing CP-I synthesis and degradation rates was 
able to describe the relatively modest increase in CP-I con-
centrations over the dosing interval with estimated Ki > 1000 
nM, consistent with in vitro results estimating a half maximal 
inhibitory concentration of approximately 5000 nM. A com-
parison of the models assessed in this analysis is included in 
Table S2. The sensitivity analysis was conducted using the 
final parameters from the single-compartment base model and 
is presented in Fig. S4. Further details of this compartmental 
analysis are described separately [27].

Fig. 4  Effect of encorafenib in combination with binimetinib on bupropion and hydroxybupropion. GMRs presented are relative to day –7. AUC 
last area under the curve from 0 to the last measurable point; CI confidence interval; Cmax maximum concentration; GMR geometric mean ratio
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4  Discussion

Previously, in  vitro studies indicated that encorafenib 
may act as a reversible inhibitor and potential inducer 
of CYP2B6 and as a potent inhibitor of OATP1B1/3 and 
weak inhibitor of BCRP in vivo [2]. In this study, evalu-
ation of the clinical effect of encorafenib in combination 
with binimetinib on CYP2B6 was conducted using bupro-
pion. Compared with when bupropion was administered 

on its own, bupropion AUC last was slightly lower (23% and 
26%, respectively) following single and repeated doses of 
encorafenib and binimetinib. Yet, this decrease appeared 
to be during the absorption phase, whereas bupropion 
concentration–time profiles for all visits appear to over-
lap during the elimination phase. Hydroxybupropion AUC 
last increased by 48% with repeated doses of encorafenib 
and binimetinib but was not changed following a sin-
gle dose. This phenomenon of the decreased bupropion 

Fig. 5  Observed CP-I concentration data versus time from phase 
3 study. Observed CP-I data from both the phase 3 portion and SLI 
phase. Red dots and lines represent the observed data from the SLI 

phase and gray dots and lines represent the observed data of the phase 
3 portion of the study. CP-I coproporphyrin I, SLI safety lead-in
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absorption when administered with encorafenib could be 
due to a change in pH of the microenvironment, which 
could reduce solubility of bupropion.

The results demonstrated both a lack of increase in 
bupropion exposure and a lack of decrease in hydroxy-
bupropion-to-bupropion ratio after a single dose of 
encorafenib, indicating that encorafenib does not act 
as an inhibitor of CYP2B6. Determining the induction 
effects of CYP2B6 are more difficult as most substrates 
for CYP2B6 are also substrates for CYP3A4 and there is 
crosstalk between pregnane X receptor and constitutive 
androstane receptor in the regulation of these two CYP 
enzymes. Thus, while bupropion and efavirenz are both 
recommended clinical CYP2B6 probe substrates for use 
in DDI studies, caution must be taken when interpreting 
clinical induction results because of the lack of selectivity 
of these probes [28]. Here, increases in hydroxybupropion 
were observed with steady-state encorafenib therapy, but 
no further decrease in bupropion was noted. By compari-
son, treatment with carbamazepine, a strong inducer of 
CYP2B6 and CYP3A4, results in a substantial decrease in 
bupropion and increase in hydroxybupropion [29]. Taken 
together, these results suggest that encorafenib is likely not 
a clinically relevant inducer of CYP2B6.

Evaluation of the clinical effect of encorafenib in com-
bination with binimetinib was also conducted in this study 
using rosuvastatin, a sensitive probe substrate for OATP1B1, 
OATP1B3, and BCRP that is not a CYP3A substrate. Rosuv-
astatin peak and total exposure  (Cmax and AUC last) increased 
approximately 4.3 and 2.8-fold, respectively, in the presence 
of encorafenib and binimetinib on day 1 and approximately 
2.7 and 1.6-fold, respectively, in the presence of encorafenib 
and binimetinib on day 14. Based on in vitro studies, the 
increase is attributed to encorafenib but not binimetinib. In 
addition, the magnitude of the effect was lower at steady 
state compared with following a single dose, which is a 
result of lower encorafenib exposure at steady state owing to 
autoinduction of CYP3A. Based on these results, substrates 
of OATP1B1, OATB1B3, or BCRP transporters should be 
coadministered with caution; if coadministered, it is recom-
mended to monitor patients closely for signs and symptoms 
of increased exposure and consider adjusting the dose of 
these substrates [4, 30].

Of the potential substrates for these transporters, statins 
are commonly prescribed and may result in myotoxicity, 
including myalgia or muscle weakness, with elevations in 
creatine kinase at high dose levels. Rhabdomyolysis is the 
most severe AE of statins, which may result in acute renal 
failure, disseminated intravascular coagulation, or death. 
The onset of these toxicities after the initiation or intensifi-
cation of statin treatment has been reported to be around 1 

month [31, 32], which suggests that the effects of an interact-
ing drug at steady state are most relevant.

Meta-analyses suggest that the total daily exposure 
(AUC) rather than Cmax may be most relevant for lowering 
low-density lipoprotein cholesterol [33]. Likewise, AUC last 
was proposed for classifying risk of coadministrations with 
statins [34], which is consistent with the most severe toxici-
ties occurring after repeat dosing. Therefore, the magnitude 
of change in rosuvastatin exposures, particularly AUC last, 
observed at steady state is most clinically relevant.

In this study, the observation that the increase in rosuv-
astatin Cmax was greater than AUC last suggests that the main 
mechanism is likely intestinal BCRP inhibition rather than 
OATP1B1 inhibition, considering that concentrations of 
encorafenib in the gut are likely higher than in the liver, 
where OATP1B1/3 is highly expressed on hepatocytes [35]. 
The theoretical maximum fold-change in rosuvastatin expo-
sure based on BCRP alone is 2-fold [36]. The observation of 
2.8-fold increase following a single dose, when encorafenib 
exposures are highest, suggests that inhibition of OATP1B1 
may be contributing to the increase in rosuvastatin, and 
therefore cannot be completely excluded.

CP-I concentrations have been used to help deconvolute 
the effects on OATP1B1 versus BCRP since clinical studies 
often have the challenge of using a nonspecific probe sub-
strate (e.g., rosuvastatin) [16]. The plasma CP-I maximum 
fold-change is approximately 6-fold for a strong inhibitor of 
OATP1B1 (e.g., rifampin) [37] and approximately 1.8-fold 
for a mild inhibitor (e.g., JNJ-A) [38]. The observed maxi-
mum fold-change in CP-I concentrations from the separate 
phase 3 study after a single dose in CRC patients receiving 
encorafenib treatment were consistent with that observed for 
mild OATP1B1 inhibitors (1.4-fold) [38].

On the basis of the predicted unbound concentrations of 
encorafenib, the exploratory sensitivity analysis suggests 
that a Ki between 100 and 1000 nM would be required to 
achieve peak CP-I concentrations that have been observed 
following strong OATP1B1 inhibition from compounds, 
such as rifampin. The Ki from the single compartment model 
was estimated to be > 1000 nM; taken together, this explora-
tory analysis suggests that the increase of rosuvastatin expo-
sure following repeat dose administration of encorafenib 
observed in a dedicated DDI study may be attributed more 
to inhibition of BCRP than OATP1B1. This result has rel-
evance for prediction of the effects of encorafenib on con-
comitant medications that are substrates for one or both 
transporters.

It is well known that all statins are substrates for 
OATP1B1, while only atorvastatin, lovastatin, and simvas-
tatin are metabolized by CYP3A4 [34]. Experience from 
PBPK modeling highlights that quantitative prediction of 
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statin DDI is complicated, as is highlighted by limited pre-
dictive performance, such as of rosuvastatin [39], simvas-
tatin, or pitavastatin [40]. In general, there is a tendency to 
underpredict the magnitude for transporter-mediated DDIs, 
and model parameters may need to be further optimized 
from their in vitro values to recover the clinical DDI [41]. A 
qualitative and conservative assessment was performed here 
in an attempt to categorize risk on the basis of potential of an 
interaction owing to either transporter or primary metabolic 
pathway of a particular statin (Table 3).

In larger phase 3 clinical studies, statin use was permit-
ted. There was no evidence of increased muscle related 
toxicities, and in general, all myalgia was low grade [42]. 
The highest risk of increased exposure following coadmin-
istration with encorafenib is rosuvastatin, fluvastatin, and 
pitavastatin, given they are not metabolized by CYP3A4 
and are substrates for BCRP and OATP1B1. In contrast, 
lovastatin, atorvastatin, and simvastatin may all be at risk 
of loss of efficacy owing to CYP3A4 induction observed 
with encorafenib at steady state. While these three statins are 
approved over a wide dose range and may be titrated to bet-
ter manage efficacy, there is still a risk for coadministration 
if there is an interruption of encorafenib dosing, which could 
result in a subsequent increase in statin exposure. Pravastatin 
is least likely to be affected since it does not have CYP3A4 
or BCRP contribution, and based on the data presented here, 
encorafenib has a minimal effect on OATP1B.

5  Conclusions

The results from this phase 1 clinical study and exploratory 
analysis of CP-I (endogenous substrate of OAT1B1) suggest 
that encorafenib is likely an inhibitor of BCRP but may also 
inhibit OATP1B1/3 to a lesser extent. On the basis of these 
results, coadministration of encorafenib with OATP1B1, 
OATP1B3, or BCRP substrates can result in increased con-
centrations of the substrates and may increase the toxicity of 
these agents. Patients should be monitored closely for signs 
and symptoms of increased substrate exposure and consider 
switching statins or lowering the statin dose accordingly 
when coadministering with encorafenib. The DDI study 
results also demonstrate a lack of a clinically significant DDI 
with encorafenib and substrates of CYP2B6.

Overall, encorafenib in combination with binimetinib was 
well tolerated when administered with a single oral dose of 
rosuvastatin and bupropion. No new safety findings were 
observed. In the DDI phase and post-DDI phase, safety 
data were consistent with the known safety profile of the 
encorafenib and binimetinib combination.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40262- 024- 01352-9.
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Table 3  Predicted directional effects of encorafenib on statin PK based on transporters and metabolic pathways involved in statin metabolism 
and disposition

BCRP breast cancer resistance protein; DDI drug–drug interaction
a Based on in clinical DDI study indicating encorafenib is an inhibitor of BCRP and to a lesser extent OATP1B1/3
b Based on clinical data suggesting encorafenib is an inducer of CYP3A

Statin Liver metabolism Predicted effect of encorafenib

Main metabolic pathway Other metabolic pathways Transporter(s) involved Due to  BCRPa Due to 
 CYP3A4b

Due to 
OATP1B1/3 
(minor)a

Fluvastatin CYP2C9 CYP3A4, CYP2C8, 
CYP2D6

OATP1B1, OAT1B3, BCRP ↑ ↔ ↑

Pitavastatin CYP2C8, UGT1A3, 
UGT2B7

OATP1B1, OATP1B3, 
OAT2B1, BCRP, MRP2

↑ ↔ ↑

Rosuvastatin CYP2C19 OATP1B1, OAT1B3, 
BCRP, NTCP

↑ ↔ ↑

Pravastatin Hydroxylation; oxidation OATP1B1 ↔ ↔ ↑
Lovastatin CYP3A4 CYP2C8 OATP1B1 ↔ ↓ ↑
Atorvastatin CYP3A5, UGT1A1, 

UGT1A3
OATP1B1 ↔ ↓ ↑

Simvastatin CYP2C8, CYP3A5 OATP1B1, BCRP ↑ ↓ ↑
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