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ABSTRACT

Vemurafenib [N-(3-{[5-(4-chlorophenyl)-1H-pyrrolo[2,3-b]py-
ridin-3-yl]carbonyl}-2,4-difluorophenyl)propane-1-sulfonamide
(PLX4032)] is a novel small-molecule BRAF inhibitor, recently ap-
proved by the Food and Drug Administration for the treatment of
patients with metastatic melanoma with a BRAFY6°°E mutation.
The objective of this study was to investigate the role of P-glyco-
protein (P-gp) and breast cancer resistance protein (BCRP) in the
distribution of vemurafenib to the central nervous system. In vitro
studies conducted in transfected Madin-Darby canine kidney I
cells show that the intracellular accumulation of vemurafenib is
significantly restricted because of active efflux by P-gp and BCRP.
Bidirectional flux studies indicated greater transport in the baso-
lateral-to-apical direction than the apical-to-basolateral direction
because of active efflux by P-gp and BCRP. The selective
P-gp and BCRP inhibitors zosuquidar and (3S,6S,12aS)-
1,2,3,4,6,7,12,12a-octahydro-9-methoxy-6-(2-methylpropyl)-1,4-

dioxopyrazino(1',2":1,6)pyrido(3,4-b)indole-3-propanoic acid-1,1-
dimethylethyl ester (Ko143) were able to restore the intracellular
accumulation and bidirectional net flux of vemurafenib. The in vivo
studies revealed that the brain distribution coefficient (area under
the concentration time profile of brain/area under the concentra-
tion time profile of plasma) of vemurafenib was 0.004 in wild-type
mice. The steady-state brain-to-plasma ratio of vemurafenib was
0.035 = 0.009 in Mdria/b(—/—) mice, 0.009 = 0.006 in
Berp1(—/—) mice, and 1.00 = 0.19 in Mdr1a/b(—/—)Bcrp1(—/-)
mice compared with 0.012 = 0.004 in wild-type mice. These data
indicate that the brain distribution of vemurafenib is severely re-
stricted at the blood-brain barrier because of active efflux by both
P-gp and BCRP. This finding has important clinical significance
given the ongoing trials examining the efficacy of vemurafenib in
brain metastases of melanoma.

Introduction

Melanoma is a neoplasm that originates in the pigment-
producing cells of the skin. The incidence of melanoma is
escalating. For example, in 2011, approximately 70,000 indi-
viduals were expected to be diagnosed with melanoma in the
United States, and ~8800 were predicted to die from mela-
noma (Siegel et al., 2011). After lung and breast cancers,
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malignant melanoma is the third most common neoplasm
that metastasizes to the brain (Johnson and Young, 1996).
Approximately 50 to 75% of patients with melanoma are
found to have brain metastases at autopsy (Fife et al., 2004).
Once the lesions have become established in the central
nervous system (CNS) the median survival is less than 6
months (Fife et al., 2004; Raizer et al., 2008).

The current therapeutic options for patients with mela-
noma include surgery, radiotherapy, chemotherapy, and im-
munotherapy. The standard therapy using high-dose inter-
leukin-2 and dacarbazine has proven to be unsuccessful in
metastatic melanoma, with response rates of only 10 to 20%
(Comis, 1976; Atkins et al., 1999; Garbe et al., 2011). The
gene encoding the serine-threonine protein kinase BRAF was

ABBREVIATIONS: CNS, central nervous system; BBB, blood-brain barrier; P-gp, P-glycoprotein; BCRP, breast cancer resistance protein;
ABC, ATP-binding cassette; MDCKII, Madin-Darby canine kidney Il; A to B, apical to basolateral; B to A, basolateral to apical; LY335979,
(R)-4-((1aR,6R,10bS)-1,2-difluoro-1,1a,6,10b-tetrahydrodibenzo-(a,e)cyclopropa(c)cycloheptan-6-yl)-a-((5-quinoloyloxy) methyl)-1-pipera-
zine ethanol, trihydrochloride; PLX4032, N-(3-{[5-(4-chlorophenyl)-1H-pyrrolo[2,3-b]pyridin-3-yl]Jcarbonyl}-2,4-difluorophenyl)propane-1-
sulfonamide; Ko143, (3S,6S,12aS)-1,2,3,4,6,7,12,12a-octahydro-9-methoxy-6-(2-methylpropyl)-1,4-dioxopyrazino(1’,2":1,6)pyrido(3,4-b)
indole-3-propanoic acid 1,1-dimethylethyl ester; PLX4720, propane-1-sulfonic acid [3-(5-chloro-1H-pyrrolo[2,3-b]pyridine-3-carbonyl)-2,4-
difluorophenyllamide; P,g,, apparent permeability; FVB, Friend leukemia virus strain B; LC-MS/MS, liquid chromatography-tandem mass
spectrometry; B/P, brain to plasma; AUC, area under the curve; WT, wild type.
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found to be mutated in ~40 to 60% of melanomas (Wan et al.,
2004). BRAF is an important component of the RAF/mitogen-
activated protein kinase kinase/extracellular signal-regu-
lated kinase signaling pathway, which regulates cell prolif-
eration and growth (McCubrey et al., 2008). The mutated
BRAF gene results in signaling pathways that promote tu-
mor cell proliferation, invasion, and resistance. Among the
BRAF mutations approximately 80% exhibit a valine-to-glu-
tamic acid substitution (V600E; BRAFV6°°F) resulting in
constitutive expression of kinase activity (Davies et al.,
2002). A recent study indicated that BRAFV6°°E is associated
with poor patient survival (Long et al., 2011), and further
studies show that the incidence of BRAFV°°F mutation in
brain metastases of melanoma is similar to that found in
peripheral sites (Capper et al., 2012). Given the prevalence of
BRAFV6%E mutations in a large number of melanomas,
BRAF has been an attractive treatment target for patients with
melanoma who have the V600E mutation, and as such many
small-molecule inhibitors of BRAF have been developed.
Vemurafenib (previously known as PLX4032) is a small-
molecule BRAFV6°°F inhibitor that was developed by using a
structure-guided drug discovery approach (Tsai et al., 2008).
It was approved by the Food and Drug Administration in
August 2011 for patients with late-stage melanoma who have
the BRAFV®%°F mutation. Clinical trials with vemurafenib
have shown remarkable responses in a high percentage of
BRAF mutant melanoma cases (Ribas et al., 2011), with
improved overall and progression-free survival (Chapman et
al., 2011). A clinical trial evaluating the efficacy of vemu-
rafenib in brain metastases of melanoma is currently recruit-
ing patients (ClinicalTrials.gov identifier NCT01378975).
Whether or not vemurafenib will show clinical activity in
brain metastases of melanoma is an important question that
remains to be answered. In this context, it is crucial to
determine the mechanisms influencing the brain distribution
of vemurafenib to further support the clinical investigations.
A major factor contributing to the rapid and near 100%
mortality in patients with melanoma who have brain metas-
tases has been the presumed limited permeability of chemo-
therapeutics across the blood-brain barrier (BBB). The BBB
is a highly evolved vasculature structure that limits most
molecules from distributing into the brain from the blood
compartment. Anatomically, the vasculature of the BBB is
unique in that it is comprised of endothelial cells that are
circumferentially sealed together by tight-junction protein
complexes that form the lumen of the vessel. Furthermore,
active efflux transporters that are present on the luminal
side of capillary endothelium efficiently pump out the drugs
from the brain to the blood circulation. ATP-binding cassette
(ABC) proteins such as P-glycoprotein (P-gp) and breast can-
cer resistance protein (BCRP) are major members of the
efflux transporters present on the luminal membrane of
brain capillary endothelial cells (Schinkel and Jonker, 2003).
Studies have shown that many therapeutic agents are sub-
strates of these transporters and, as a result, have very
limited brain distribution (Léscher and Potschka, 2005).
Vemurafenib can be considered a “sea change” in the treat-
ment of patients with melanoma. However, important ques-
tions still remain regarding resistance and effective delivery
to all sites of melanoma metastases, particularly in the brain.
In this regard, there is a paucity of data regarding the deliv-
ery of antimelanoma agents to brain metastases. Given the

remarkable activity of the novel targeted BRAFV¢°°F inhibi-
tors in peripheral disease, it becomes critical to examine the
mechanisms that may limit their delivery to brain metasta-
ses. Whether vemurafenib can cross the BBB to achieve ther-
apeutic levels in the CNS remains unknown. This has moti-
vated us to examine the interaction of vemurafenib with the two
main BBB efflux transporters, P-gp and BCRP. Herein, using in
vitro models, we show that vemurafenib is an avid substrate for
both P-gp and BCRP. In vivo studies using genetic knockout
mice indicate both transporters play a significant role in limit-
ing the CNS distribution of vemurafenib.

Materials and Methods

Chemicals

Vemurafenib (PLX4032) was purchased from Chemietek (Indianap-
olis, IN). [*H]vinblastine was purchased from Moravek Biochemicals
(La Brea, CA). [*H]prazosin was purchased from PerkinElmer Life and
Analytical Sciences (Waltham, MA). (3S,6S,12a5)-1,2,3,4,6,7,12,12a-
octahydro-9-methoxy-6-(2-methylpropyl)-1,4-dioxopyrazino(1’,2":
1,6)pyrido(3,4-b)indole-3-propanoic acid-1,1-dimethylethyl ester
(Ko143) was a generous gift from Dr. Alfred Schinkel (The Netherlands
Cancer Institute, Amsterdam, The Netherlands), and zosuquidar [(R)-
4-((1aR, 6R,106S)-1,2-difluoro-1,1a,6,10b-tetrahydrodibenzo-(ae)cyclo-
propa(c)cycloheptan-6-yl)-((5-quinoloyloxy) methyl)-1-piperazine etha-
nol, trihydrochloride (LY335979)] was kindly provided by Eli Lilly & Co.
(Indianapolis, IN). All other chemicals used were of high-performance
liquid chromatography or reagent grade and obtained from Sigma-
Aldrich (St. Louis, MO).

In Vitro Studies

All in vitro studies were performed by using polarized Madin-
Darby canine kidney-II (MDCKII) cells. MDCKII-wild type (WT) and
MDR1-transfected (MDCKII-MDR1) cell lines were kindly provided
by Dr. Piet Borst (The Netherlands Cancer Institute). MDCKII-WT
and Berpl-transfected (MDCKII-Berpl) cells were a kind gift from
Dr. Alfred Schinkel (The Netherlands Cancer Institute). Cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% (v/v) fetal bovine serum and antibiotics (100 U/ml penicillin, 100
pg/ml streptomycin, and 250 ng/ml amphotericin B). Cells were
grown in 25-ml tissue culture-treated flasks before seeding for the
experiments and maintained at 37°C in a humidified incubator with
5% CO,.

In Vitro Accumulation Studies. The intracellular accumula-
tion of vemurafenib was performed in 12-well polystyrene plates
(Corning Glassworks, Corning, NY) as described previously (Agar-
wal et al., 2010, 2011). In brief, cells were seeded at a density of 2 X
10° cells and grown until the cells were ~80% confluent. On the day
of experiment the culture media were aspirated, and the cells were
washed two times with cell assay buffer (122 mM NaCl, 25 mM
NaHCO,, 10 mM glucose, 10 mM HEPES, 3 mM KCl, 2.5 mM
MgSO,, 1.8 mM CaCl,, and 0.4 mM K,HPO,). Then the cells were
preincubated with assay buffer for 30 min, after which the buffer was
aspirated and the experiment was initiated by adding 1 ml of vemu-
rafenib (2 pM) to each well with further incubation for 60 min. The
assay plates were incubated at 37°C on an orbital shaker (60 rpm) for
the entire duration of the experiment. After the incubation period,
the drug solution was aspirated, and the cells were washed twice
with ice-cold phosphate-buffered saline. Then the cells were lysed by
adding 500 pl of 1% Triton X-100 to each well. Four hundred micro-
liters of solubilized cell fraction was sampled from each well, and the
concentration of vemurafenib was determined by using liquid chro-
matography coupled with tandem mass spectrometry (LC-MS/MS)
as described below.

Directional Transport across MDKCII Monolayers. The bi-
directional flux studies were performed by using six-well Transwell



plates (Corning Life Sciences, Lowell, MA). The cells were seeded at
a density of 2 X 105 cells per well, and the media were changed every
other day until confluent monolayers were formed. On the day of
experiment, the culture medium was aspirated and the cells were
washed twice with assay buffer, and after 30-min preincubation, the
experiment was initiated by adding the vemurafenib solution (2 M)
in assay buffer to the donor compartment. Samples (200 pl) were
collected from the receiver compartment at 0, 30, 60, 90, 120, and 180
min and replaced with drug-free assay buffer. Likewise, at the be-
ginning of the experiment a 200-pl sample was drawn from the donor
compartment and replaced with 200 pl of drug solution. The Trans-
well plates were incubated at 37°C on an orbital shaker for the
duration of experiment except for the brief sampling times. When an
inhibitor was used, the inhibitor was present in both compartments
both before and after the incubation period.

The apparent permeability (P,,,) for the directional transport was
calculated as described previously (Agarwal et al., 2011). The per-
meabilities were calculated by using the following equation:

e
Py = /(A X Co)

(D)
where d@/dt is the slope obtained from the initial linear range from
the amount transported versus time plot, A is the area of the Trans-
well membrane, and C, is the initial donor concentration. The efflux
ratio and corrected efflux ratio were calculated by using eqs. 2 and 3,
respectively,

P,,,(B—A)

Efflux ratio = m

(2)

C ted fl tio = A 9B>transfected line
orrecte ux ratio = (B—>A

(B —A

3)

A— B>wild-type line
where A — B represents permeability in the apical-to-basolateral
direction, and B — A represents permeability in the basolateral-to-
apical direction.

Competition Assays Using P-gp and Berp Probes. Competi-
tion assays were performed by using the prototypical probe sub-
strates prazosin for BCRP and vinblastine for P-gp. Intracellular
accumulation of these substrates at 60 min was determined in
MDCKII-Berpl or MDCKII-MDRI cells in the presence of different
concentrations of vemurafenib ranging from 1 to 25 pM. The increase
in probe accumulation relative to control (i.e., no vemurafenib treat-
ment) was reported as a function of vemurafenib concentration.

In Vivo Studies

Animals. All in vivo studies were performed in FVB (wild type),
Mdrila/b(—/—) (P-gp knockout), BerpI(—/—) (BCRP knockout), and
Mdrla/b(—/—)Berp1(—/—) (triple knockout) mice of a FVB genetic
background (Taconic Farms, Germantown, NY). All animals were 8
to 10 weeks old at the time of experiment. Animals were maintained
in a 12-h light/dark cycle with unlimited access to food and water.
The average weight of the mice was ~30 g. All studies were carried
out in accordance with the National Institutes of Health’s Guide for
the Care and Use of Laboratory Animals (Institute of Laboratory
Animal Resources, 1996) and approved by the Institutional Animal
Care and Use Committee of the University of Minnesota.

Brain Distribution of Vemurafenib in FVB Mice. The dosing
formulation of vemurafenib was prepared either in a vehicle contain-
ing 1% Tween 20 and 1% hydroxyl propyl methyl cellulose (for oral
dosing) or a vehicle containing 40% dimethyl sulfoxide, 40% propyl-
ene glycol, and 20% saline (for intravenous studies). All vemurafenib
formulations were freshly prepared on the day of experiment. In the
first study, wild-type, Mdrla/b(—/—), Berpl(—/—), and Mdrla/b(—/—)
Berp1(—/—) mice received an oral dose of 25 mg/kg, and blood and brain
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samples were collected 1 and 4 h after dose. At the end of the desired time
point, the animals were euthanized by using a CO, chamber. Blood was
collected via cardiac puncture and collected in heparinized tubes. Plasma
was obtained by centrifuging the blood at 7500 rpm for 10 min. Brains were
rapidly removed from the skull and rinsed with ice-cold phosphate-buff-
ered saline followed by a flash freeze in liquid nitrogen. Brain and plasma
samples were stored at —80°C until further analysis.

In the intravenous dosing study, wild-type and Mdrla/b(—/-)
Berp1(—/—) mice were administered vemurafenib via the tail vein at
a dose of 2.5 mg/kg. Blood and brain samples were processed after 5,
30, 90, 180, 300, and 480 min (n = 4 for each time point) as men-
tioned above.

Steady-State Brain Distribution of Vemurafenib. To deter-
mine the steady-state brain and plasma concentrations of vemu-
rafenib, Alzet osmotic minipumps (Durect Corporation, Cupertino,
CA) were loaded with vemurafenib (25 mg/ml dissolved in dimethyl
sulfoxide) to be released for 48 h at a rate of 1 pl/h. After vemu-
rafenib loading, minipumps were primed overnight in sterile saline
at 37°C. Pumps were implanted in the peritoneal cavity of wild-type,
Mdrilal/b(—/—), Berpl(—/—), and Mdrla/b(—/—)BcrpI(—/—) mice as
described previously (Agarwal et al., 2010, 2011). In brief, mice were
anesthetized by using isofluorane, and the abdominal cavity was
shaved. A small midline incision was made in the lower abdomen
under the rib cage. Then a small incision was made directly in the
peritoneal membrane, and the primed pump was inserted in the
cavity. The incision was sutured, and the skin was closed by using
surgical clips. The animals were allowed to recover on a heating pad
and, once recovered, moved to their original cages. The animals were
sacrificed 48 h after the implantation of the pumps, and brain and
plasma samples were processed as described above.

Analysis of Vemurafenib Using LC-MS/MS. The concentra-
tions of vemurafenib in cell lysates, assay buffer, plasma, and brain
homogenate were determined by using a sensitive and specific LC-
MS/MS assay. For brains, three volumes of 5% bovine serum albu-
min was added and homogenized to get a uniform homogenate. For
analysis of unknowns, an aliquot of cell lysate, cell assay buffer,
brain homogenate, or plasma was spiked with 50 ng of propane-1-
sulfonic acid [3-(5-chloro-1H-pyrrolo[2,3-b]pyridine-3-carbonyl)-2,4-
difluorophenyl]lamide (PLX4720) as an internal standard and alka-
linized by the addition of two volumes of pH 11 buffer (1 mM sodium
hydroxide and 0.5 mM sodium bicarbonate). The samples were then
extracted by addition of 10 volumes of ethyl acetate followed by
vigorous shaking for 5 min and centrifuged at 7500 rpm for 5 min at
4°C to separate the organic layer. The organic layer was transferred
to microcentrifuge tubes and dried under nitrogen. Samples were
reconstituted in 100 pl of mobile phase and transferred into high-
performance liquid chromatography glass vials. Chromatographic
analysis was performed by using an AQUITY UPLC system (Waters,
Milford, MA). The chromatographic separation was achieved by us-
ing an Agilent Technologies (Santa Clara, CA) Eclipse XDB-C18
column (4.6 X 50 mm) with 1.8-um Zobrax Rx-SIL as the stationary
phase. The mobile phase consisted of 20 mM ammonium formate
with 0.1% formic acid and acetonitrile (30:70 v/v) and was delivered
at a flow rate of 0.25 ml/min.

The column effluent was monitored by using a Waters/Micromass
Quattro Ultima mass spectrometer (Waters). The instrument was
equipped with an electrospray interface and controlled by the Mass-
lynx (version 4.1) data system (Waters). The samples were analyzed
by using an electrospray probe in the negative ionization mode
operating at a spray voltage of 2.96 kV for both vemurafenib and
PLX4720 (internal standard). Samples were introduced into the in-
terface through a heated nebulized probe where the source and
desolvation temperatures were set at 100 and 275°C, respectively.
The spectrometer was programmed to allow the [MH]-ion of vemu-
rafenib at m/z 488.23 and that of internal standard at m/z 412.26 to
pass through the first quadrupole (Q1) and into the collision cell
(Q2). The collision energy was set at 27 V for vemurafenib and 25 V
for PLX4720. The product ions for vemurafenib (m/z 380.89) and the
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internal standard PLX4720 (m/z 304.82) were monitored through
the third quadrupole (Q3). The retention times for vemurafenib and
the internal standard PLX4720 were 4.2 and 2.9 min, respectively.
The assay was sensitive and linear over a range of 1.2 ng/ml to 1.2
pg/ml, with the coefficient of variation being less than 15% over the
entire range.

Pharmacokinetic Calculations

Pharmacokinetic parameters and metrics were calculated by non-
compartmental methods using Phoenix WinNonlin (version 6.1)
(Pharsight, Mountain View, CA). The area under the concentration
time curve in both plasma and brain was calculated by using the
trapezoidal rule, and the area under the curve was determined up to
the last measured time point (AUC .)- AUC( yase Was used in
determining brain-to-plasma (B/P) distribution ratio. The area under
the curve from time 0 to infinity was also determined, and the area
extrapolated was less than 20% of the total area under the concen-
tration curve. The terminal rate constants were determined by using
all of the data points in the brain and the last three data points in the
plasma. In plasma, the concentration at zero time was extrapolated
by using the terminal rate constant to measure the area under the
curve at time O to the first measured time point.

Statistical Analysis

Data in all experiments represent mean * S.D. unless otherwise
indicated. Comparisons between two groups were made by using an
unpaired ¢ test. One-way analysis of variance, followed by Bonferonni’s
multiple comparisons test, was used to compare multiple groups. A
significance level of p < 0.05 was used for all experiments (Prism 5.01;
GraphPad Software Inc., San Diego, CA).

Results

Intracellular Accumulation of Vemurafenib. The in-
tracellular accumulation of vemurafenib was studied in
MDCKII WT and P-gp- or Berp-overexpressing cell lines.
[*Hlprazosin and [*H]vinblastine were used as positive con-
trols for Berp and P-gp, respectively. As expected, the accu-
mulation of [*H]prazosin (Fig. 1A) was significantly lower in
the Berp-overexpressing cell lines (WT, 100.0 = 19.5; Berp,
14.0 = 5.0, p < 0.0001). Likewise, the accumulation of
[*Hlvinblastine (Fig. 1B) in P-gp-overexpressing cells was
~80% lower compared with its WT line (WT, 100.0 = 24.0;
MDRI1, 13.8 = 4.1, p = 0.0004). Vemurafenib accumulation
was ~ 77% lower in the Berp-overexpressing cell line com-
pared with its WT line (WT, 100.0 = 5.0; Berp, 12.9 = 0.3;
P < 0.0001). The difference in accumulation was abolished
when a specific Berp inhibitor, Kol43, was added (Bcrp,
12.9 =+ 0.3; Berp with Ko143, 69.8 = 3.0; p < 0.05). Likewise,
the accumulation of vemurafenib was ~20% lower in the
P-gp-overexpressing line compared with its WT control (WT,
100.0 * 2.6; MDR1, 73.6 * 5.5; p < 0.05), and the difference
in accumulation was abolished (Fig. 1B) when a specific P-gp
inhibitor, L.Y335979, was added (MDR1, 73.6 = 5.5; MDR1
with LY335979, 110.8 = 2.9). The aggregate of these data
indicates that vemurafenib is a substrate for both P-gp and
Berp in vitro.

Competition Assays. The in vitro competition assays for
vemurafenib were performed in MDCKII cells by using vin-
blastine and prazosin as P-gp and Berp prototype probe sub-
strates, respectively. The addition of increasing concentra-
tions of vemurafenib resulted in a gradual increase in the
accumulation of prazosin and vinblastine in MDCKII-Berpl
cells and MDCKII-MDR1 cells, respectively. The fold in-
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Fig. 1. Intracellular accumulation of vemurafenib in MDCKII cells. A,
accumulation of vemurafenib is significantly lower in Berp-transfected
lines compared with its WT control. The difference in accumulation was
abolished when a specific Berp inhibitor, Ko143, was used. B, the accu-
mulation of vemurafenib is ~20% less in MDR1-transfected cells than the
WT controls, and the difference was abolished when the MDR1-specific
inhibitor LY335979 was used. Data represent mean + S.D. (n = 3-6 for
all data sets). #*, p < 0.01; ##*, p < 0.0001.

crease in prazosin accumulation in MDCKII-Berpl cells at 10
pM vemurafenib was no different from the effect seen with
0.2 uM Ko143, a potent Berp inhibitor (Fig. 2A). Likewise, at
25 uM vemurafenib, the fold increase in vinblastine accumu-
lation was no different from the effect seen with the potent
P-gp inhibitor LY335959 (Fig. 2B) in MDCKII-MDRI1 cells.
These data suggest that vemurafenib may share the same
binding sites on the transporter proteins as these prototypi-
cal probe substrates.

Bidirectional Flux across MDCKII Monolayers. The
in vitro transport (A to B and B to A) of vemurafenib was
studied in MDCKII wild-type and P-gp- or Berp-overexpress-
ing cell lines. Figure 3, A and B demonstrates the transport
of vemurafenib in the A-to-B and B-to-A direction in Berpl
and corresponding wild-type cell monolayers. In the wild-
type cells, there was minimal transport (less than 2.3% in
1.5 h) of vemurafenib in either direction (Fig. 3A). In the case
of the MDCKII-Berpl cells, the permeability of vemurafenib
in the B-to-A direction was significantly higher than the
permeability in the A-to-B direction (A to B, 0.02 = 0.003 X
10 % cm/s; B to A, 9.9 + 6.8 X 10 ¢ ecm/s; p < 0.05; Fig. 3C).
The addition of 0.2 wM Kol43, a specific Berp inhibitor,
resulted in partial inhibition of Berp-mediated vemurafenib
transport in these cells (Fig. 3C).
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(PRZ) as P-gp and Berp prototypical probe substrates, respectively. The
addition of increasing concentrations of vemurafenib resulted in an in-
creased accumulation of [*H]prazosin and [*H]vinblastine in Berpl (A)
and MDR1 (B) cells, respectively. The data represent mean * S.D. (n =
3 for all data sets). *, p < 0.05; #*, p < 0.01; ***, p < 0.0001.
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The transport of vemurafenib in the A-to-B and B-to-A
directions in MDR1 and corresponding wild-type cell mono-
layers is depicted in Fig. 3, D and E. In the case of the
MDCKII-MDRI1-transfected line, the permeability of vemu-
rafenib in the B-to-A direction was significantly greater com-
pared with permeability in the A-to-B direction (A to B,
0.21 = 0.16 X 10 % cm/s; Bto A, 16.7 = 2.1 X 10~ % cm/s; p <
0.05; Fig. 3F), resulting in an efflux ratio of ~80. The addi-
tion of 1 pM LY335979, a potent inhibitor of P-gp, resulted in
partial inhibition of P-gp-mediated vemurafenib transport in
these cell lines (Fig. 3F). The B-to-A permeability of vemu-
rafenib was not significantly different from the A-to-B per-
meability in the corresponding wild-type cells. The corrected
flux ratio was found to be approximately 34 in control and 2
in cells treated with the P-gp inhibitor L.LY335979.

Brain Distribution of Vemurafenib in FVB Wild-
Type and Mdrla/b(—/-)Bcrpl(—/—) Mice after Intrave-
nous Administration. The brain distribution of vemu-
rafenib was studied in FVB wild-type mice after an
intravenous dose of 2.5 mg/kg via the tail vein. Figure 4
shows the concentration time profile of vemurafenib in both
plasma and brain at 5, 30, 90, 180, 300, and 480 min after
intravenous dose. The plasma concentrations of vemurafenib
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Fig. 3. Directional flux of vemurafenib in MDCKII cell monolayers. A and B, the transport of vemurafenib in wild-type (A) and Berpl-transfected (B) cells. KO,
Ko143. C, the apparent permeability of vemurafenib in wild-type and Berp1 cells in both the A-to-B and B-to-A directions. In the Berpl-transfected cells, the B-to-A
permeability of vemurafenib was significantly greater than the A-to-B permeability (++*, p < 0.05). The addition of 0.2 .M Ko143, a potent Berp inhibitor, decreased
this directionality in flux caused by Berp (#, p < 0.05). D and E, the transport of vemurafenib in wild-type (D) and MDR1-transfected (E) cells. LY, LY335979. F,
the apparent permeability of vemurafenib in wild-type and MDR1 cells in both the A-to-B and B-to-A directions. In the MDR1-transfected cells, the B-to-A
permeability of vemurafenib was significantly greater than the A-to-B permeability (++, p < 0.05). The addition of 1 uM LY335979, a potent P-gp inhibitor,
abolished this directionality in flux caused by P-gp (#, p < 0.05), such that there was no significant difference in the permeability of vemurafenib in both directions.

Data represent mean + S.E. (n = 3-9 for all data sets).
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Fig. 4. Brain and plasma concentrations of vemurafenib after an intra-
venous dose of 2.5 mg/kg in FVB wild-type mice. Whole brain and plasma
were collected at 5, 30, 90, 180, 300, and 480 min after dose and were
analyzed by LC-MS/MS. The brain concentrations of vemurafenib were
significantly lower than the plasma concentrations at all time points. *,
p < 0.05; #%, p <0.01; #++, p < 0.0001. Data are mean = S.D. (n = 3—4 for
all data points).

TABLE 1

Vemurafenib pharmacokinetic parameters after an intravenous dose of
2.5 mg/kg in FVB wild-type mice

Plasma and brain pharmacokinetic parameters were analyzed by using noncompart-
mental analysis after an intravenous dose of 2.5 mg/kg in FVB wild-type mice. The
AUCh, 5 10 AUC j55ma ratio of 0.004 indicates the severely restricted brain distri-
bution of vemurafenib.

Plasma Brain
Terminal rate constant, min * 0.0051 0.0047
Half-life, min 136 148
Clearance, ml/min 0.04
Volume of distribution, ml 79
AUC_4ast, Min - pg/ml 1663 = 140* 6.5 = 0.9*%
AUC /AUC 0.004

Brain’ Plasma

* Mean = S.E. (standard error of the estimate).

were significantly higher (~3 log units) at all time points
compared with its brain concentrations, indicating the se-
verely restricted brain distribution of vemurafenib. The brain-
to-plasma partitioning (AUC,,,;n/AUC,j,cms) Was found to be
~0.004 in FVB wild-type mice. The pharmacokinetic parame-
ters are depicted in Table 1.

In a separate study, the brain distribution of vemurafenib
in Mdria/b(—/=)Bcrpl(—/—) mice was examined after an
intravenous dose of 2.5 mg/kg. As shown in Fig. 5B, the brain
concentrations of vemurafenib in Mdrla/b(—/—)BerpI(—/—)
mice were significantly higher than in wild-type mice. The
plasma concentrations were not different between the two
types of mice (Fig. 5A). The B/P ratio of vemurafenib in
wild-type mice was ~0.4%, significantly lower than the B/P
ratio in Mdrila/b(—/—)Bcrp1(—/—) mice (Fig. 5C).

Brain Distribution of Vemurafenib after Oral Ad-
ministration. The brain distribution of vemurafenib was
examined 1 and 4 h after oral doses (25 mg/kg) of vemu-
rafenib in FVB wild-type, Mdrla/b(—/—), Berpl(—/-), and
Mdrla/b(—/—)BerpI(—/—) mice. As shown in Fig. 6A, the
brain concentrations of vemurafenib were significantly lower
than plasma 1 h after dose in wild-type, Mdrla/b(—/-), and

Berp1(—/—) mice with a B/P ratio of <0.02. It should be noted
that the brain concentrations were not corrected for the vas-
cular content because the total brain distribution of vemu-
rafenib was approximately equal to the vascular volume,
indicating the very limited brain distribution of vemurafenib.
However, the B/P ratio of vemurafenib was significantly (p <
0.0001) higher in Mdrla/b(—/—)Bcrp1(—/—) mice (Fig. 6; B/P
ratio at 1 h, 0.090 = 0.036; at 4 h, 0.36 = 0.07) than the
wild-type and single knockout mice at both 1 and 4 h after dose. It
is noteworthy that the B/P ratio of Mdria/b(—/—)Bcrp1(—/—) mice
was 8-fold higher than wild type at 1 h and 30-fold higher
than wild type at 4 h. These data show the important roles of
both P-gp and Berp in restricting the delivery of vemurafenib
across the BBB.

Steady-State Brain Distribution of Vemurafenib. The
steady-state brain distribution of vemurafenib was studied
after a constant intraperitoneal infusion by using the Alzet
osmotic pumps for 48 h. As shown in Fig. 7A, the steady-state
brain concentrations of vemurafenib were significantly lower
in wild-type, Mdria/b(—/—), and Berp1(—/—) mice compared
with their respective steady-state plasma concentrations. The
steady-state B/P plasma ratio of vemurafenib in Mdrla/b(—/—)
Berp1(—/—) mice equaled approximately 1 (Fig. 7B), which is 80-
fold (p < 0.0001) greater than the wild-type and single knockout
mice [wild type, 0.012 = 0.004; Mdrla/b(—/-), 0.035 = 0.009;
Berpl(—/-), 0.009 + 0.006; Mdrla/b(—/—)Berpl(—/—), 1.00 =
0.19].

Discussion

The development of vemurafenib, a potent BRAFV%°F in.
hibitor, yields new hope for the patients with melanoma who
harbor this mutational status. However, the durable efficacy
of vemurafenib depends on overcoming resistance (Wagle et
al., 2011) and ensuring adequate delivery to all sites of me-
tastases in patients with melanoma, particularly the brain.
Given the remarkable success in the early clinical trials
(Chapman et al., 2011; Ribas et al., 2011), it is of particular
interest to examine mechanisms that may limit the CNS
distribution of vemurafenib to support further clinical trials.
In the current study, we have evaluated how BBB efflux
transporters influence the CNS distribution of vemurafenib
by using both in vitro cell culture models and in vivo models
with genetic knockout mice. We demonstrate that vemu-
rafenib is a substrate for the ABC transporters P-gp and
BCRP, and active efflux by these two transporters at the
BBB severely restricts the CNS distribution of vemurafenib.

Studies performed in vitro with MDCKII cells that overex-
press human P-gp or murine BCRP revealed that vemu-
rafenib is an avid substrate for the two efflux transporters.
Using prototypical probe substrates (prazosin for BCRP and
vinblastine for P-gp), we have seen a concentration-depen-
dent increase in cellular accumulation of the probe substrate
with increasing concentrations of vemurafenib. We have ex-
amined the vectorial transport of vemurafenib across mono-
layers formed from MDCKII wild-type, MDCKII-MDR1-
transfected, and MDCKII-Berpl-transfected cells. The
corrected flux ratio for vemurafenib in the MDR1-transfected
line was ~34, and the ratio in the BCRP-transfected line was
150, indicating that vemurafenib is subject to significant efflux by
each transporter across the monolayers. The selective P-gp and
BCRP inhibitors zosuquidar and Ko143 were able to restore the
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mean * S.D. (n = 3—4 for all data points).

intracellular accumulation and bidirectional net flux of vemu-
rafenib. These in vitro results conclusively show that vemurafenib
is a substrate for these two efflux transporters.

In vivo studies using FVB wild-type mice demonstrated that the
CNS distribution of vemurafenib is significantly restricted across
the blood-brain barrier. The brain concentrations of vemurafenib
in FVB wild-type mice were significantly (~3 log units; Fig. 4)
lower than the plasma concentrations. However, the brain concen-
trations were approximately ~8- to 30-fold higher in Mdrla/b"™"™
Berp1(—/—) mice than in the wild-type mice (Fig. 6). Steady-state
brain-to-plasma ratios increased from approximately 0.01 in the
wild-type mice to approximately 1 in the triple knockout mice. This
remarkable 80-fold increase in the targeted brain distribution of
vemurafenib in Mdrla/b(—/—)Bcrp1(—/—) mice indicates the sig-
nificant impact of P-gp and BCRP on CNS penetration of vemu-
rafenib. It should be noted that the brain distribution of vemu-
rafenib did not increase in Berpl(—/—) mice; it is increased by
~3-fold in Mdrla/b(—/—) mice, indicating the “cooperative” role of
these transporters at BBB. This type of “synergistic” effect of P-gp
and BCRP was seen with other drugs; such as topotecan (de Vries
et al., 2007), lapatinib (Polli et al., 2009), dasatinib (Chen et al.,
2009), gefitinib (Agarwal et al., 2010), and sorafenib (Agarwal et
al., 2011). There are a number of underlying assumptions for this
disproportional increase in brain distribution of compounds in

Mdrla/b(—/—) (P-gp knockout), BcerpI(—/—) (BCRP knockout), and
Mdrla/b(—/—)Berpl(—/—) (triple knockout) mice. Vemurafenib was de-
livered at a constant infusion for 48 h at a rate of 25 pg/h, and the brain
and plasma concentrations were determined thereafter. A, the steady-
state brain and plasma concentrations of vemurafenib. B, the B/P ratio in
all four types of mice. The B/P ratios were not significantly different in
single knockout mice compared with wild-type mice. However, the B/P
ratio in triple knockout mice was significantly higher than the wild-type
mice, indicating the cooperative role of P-gp and Berp at the blood-brain
barrier. *, p <0.05; ##++ p <0.0001. Data are mean + S.D. (n = 3—4 for all
data points).

triple knockout mice. The first assumption is that there is no
change in the expression of other transporters at the BBB in these
mice. Compensatory up- or down-regulation of active efflux and
influx transporters in single knockout mice (mice lacking either
P-gp or BCRP) could explain some of the findings in the P-gp/
BCRP knockout mice. However, in our previous study, using a
quantitative proteomics approach, we have shown no compensa-
tory changes in the BBB expression of relevant transporters in the
single and combined knockout mice (Agarwal et al., 2012). The
exact functional compensation between P-gp and BCRP at the
BBB needs further investigation.

Although vemurafenib shows high initial response rates in
patients with melanoma who have the BRAFY¢°°F mutation
and has been shown to yield a durable response in a mela-
noma brain metastasis in one recent case study (Rochet,
2011), the development of resistance can occur quickly
(Wagle et al., 2011). At the present time, several resistance
mechanisms against BRAF inhibitors have been docu-
mented, some of which include the up-regulation of neuro-
blastoma RAS, platelet-derived growth factor receptor, and
insulin-like growth factor receptor 1/phosphatidylinositol



40 Mittapalli et al.
3-kinase signaling (Johannessen et al., 2010; Nazarian et al.,
2010; Villanueva et al., 2010). Therefore, the development of
more effective combination therapies has been suggested
(Vultur et al., 2011; Ji et al., 2012). In this context, the
interaction of drugs such as vemurafenib with ABC trans-
porters could be of great relevance for the rational design of
therapeutic strategies in the clinical setting. In the current
study, we have shown that the brain distribution of vemu-
rafenib is severely restricted at the blood-brain barrier be-
cause of active efflux by both P-gp and BCRP. This finding is
clinically significant considering the ongoing trials on the
efficacy of vemurafenib in brain metastases of melanoma.
Given the remarkable success thus far with vemurafenib,
it will be crucial to find both the drug resistance and drug
delivery liabilities to further improve progression-free sur-
vival rates through rational drug development and design. In
this particular case, the lack of treatment options and the
aggressive course of this malignancy suggest that adjuvant
treatment to improve delivery to the CNS through efflux
inhibition may be a viable option for improving survival.
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