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Enhancer of Zeste Homolog 2 (EZH2) has emerged as a promising therapeutic target for treatment of a broad spectrum of
tumors including gliomas. We explored the interactions of five novel, structurally similar EZH2 inhibitors (EPZ005687, EPZ-
6438, UNC1999, GSK343 and GSK126) with P-glycoprotein (P-gp/ABCB1) and breast cancer resistance protein (BCRP/ABCG2).
The compounds were screened by in vitro transwell assays and EPZ005687, EPZ-6438 and GSK126 were further tested in vivo
using wild-type (WT), Abcb1 and/or Abcg2 knockout mice. All EZH2 inhibitors are transported by P-gp and BCRP, although in
vitro the transporter affinity of GSK126 was obscured by very low membrane permeability. Both P-gp and Bcrp1 restrict the
brain penetration of EPZ005687 and GSK126, whereas the brain accumulation of EPZ-6438 is limited by P-gp only and efflux
of EPZ-6438 was completely abrogated by elacridar. Intriguingly, an unknown factor present in all knockout mouse strains
causes EPZ005687 and EPZ-6438 retention in plasma relative to WT mice, a phenomenon not seen with GSK126. In WT mice,
the GSK126 tissue-to-plasma ratio for all tissues is lower than for EPZ005687 or EPZ-6438. Moreover, the oral bioavailability
of GSK126 is only 0.2% in WT mice, which increases to 14.4% in Abcb1;Abcg2 knockout mice. These results are likely due to

poor membrane permeability and question the clinical usefulness of GSK126. Although all tested EZH2 inhibitors are sub-
strates of P-gp and BCRP, restricting the brain penetration and potential utility for treatment of glioma, EPZ-6438 would be

the most suitable candidate of this series.

Introduction

The catalytic subunit of the Polycomb Repressive Complex 2
(PRC2), Enhancer of Zeste Homolog 2 (EZH2), catalyses the
trimethylation of the lysine 27 residue of Histone 3 and
mediates epigenetic silencing of many genes involved in
development, stem cell maintenance, and differentiation."?
Overexpression of EZH2 has been found in a broad spectrum
of tumors, such as prostate, breast, gastric cancer, myeloma,
hepatocellular carcinoma, and glioma. Moreover, reducing
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EZH2 expression in tumor cells can inhibit cell proliferation,
migration, invasion and angiogenesis and lead to apoptosis.”*

EZH2 up-regulation in glioblastoma (GBM), a group of
highly malignant and lethal tumors of the brain, can main-
tain stemness of tumor cells by inhibiting differentiation, sug-
gesting EZH2 is necessary for glioma progression.” Moreover,
functional inactivation of EZH2 might attenuate multiple key
signals involved in glioma stem cells self-renewal and sur-
vival, pinpointing EZH2 as a potential therapeutic target for
GBM.®

Impressive progress has been made in understanding the
mechanisms underlying tumorigenesis and progression,
resulting in the development of novel targeted agents that
have contributed to more successful treatment of a variety of
malignancies. Unfortunately however, GBM patients have not
yet gained much benefit of these developments, thus render-
ing GBM a devastating and uniformly lethal disease. Despite
aggressive multimodal therapy, the median overall survival is
only just over 14 months.” GBM has shown to be refractory
to all of the novel targeted therapeutics tested so far.
Although this resistance is probably multifactorial, it is very
likely that systemic therapy is severely hampered by poor
drug delivery to glioma cells.®* Many drugs have a limited
capacity to traverse the blood-brain barrier (BBB) and reach
therapeutically meaningful concentrations. The brain micro-
vascular endothelial cells that constitute the BBB are closely
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What’s new?

Brain penetration of a panel of novel EZH2-inhibitors

Enhancer of zeste homolog 2 (EZH2) maintains the stemness of tumor cells and may have a critical role in glioma progression.
As a promising therapeutic target in various cancers, there are now several candidate EZH2 inhibitors in the pipeline. The
interactions of five of them were explored in this study. Experiments conducted in vitro and in vivo show that EZH2 inhibitors
are substrates of ABCB1 and ABCG2, efflux transporters that severely restrict the distribution of drug into the brain. The find-
ings suggest that EZH2 inhibitors are unlikely to play a meaningful role in the treatment of intracranial tumors.

connected by tight-junctions, lack fenestrations and present
low pinocytic activity, making the ability of drugs to cross
the BBB to rely heavily on passive diffusion and active trans-
port.” The extent of passive diffusion is largely determined by
compound size and lipophilicity.'” However, even many drug
molecules with reasonable membrane permeability show
modest BBB penetration, because of ATP-binding cassette
(ABC) drug efflux transporters, as was first shown for P-
glycoprotein (P-gp, ABCB1, MDR1)."" The brain distribution
of many small molecule inhibitors that have shown promis-
ing results in other types of cancers, such as barasertib,'?
erlotinib'® and gefitinib,'* was limited by ABCB1 and breast
cancer resistance protein (BCRP, ABCG2), which are two
dominant ABC-transporters expressed at the BBB."> Simulta-
neously, inhibition of ABCB1 and ABCG2 by specific inhibi-
tors could significantly improve the therapeutic effectiveness
of several substrate agents.'®'® Consequently, it is very
important to establish whether the entry of an experimental
drug into the brain is limited by ABCBI1 and/or ABCG2.
Moreover, in particular ABCG2 is also expressed in cancer

stem cells, thus causing direct protection
19,20

against
chemotherapeutics.

Over the past few years, several potent and specific inhibi-
tors of EZH2 have been developed (Fig. 1). GSK126 effec-
tively inhibited the proliferation of diffuse large B-cell
lymphomas that are driven by EZH2-activating mutations in
xenografted mice.”' Likewise EPZ-6438/E7438 is considered
as a new modality for genetically defined subsets of non-
Hodgkin lymphomas* and is now already in a phase I trial
(Clintrial.gov identifier: NCT01897571). Their potential in
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Figure 1. Molecular structures of EZH2 inhibitors.

GBM is yet unexplored. There are no reports about the affin-
ities of EZH2 inhibitors for ABCB1 or ABCG2 and whether
these would limit the brain penetration of these EZH2 inhibi-
tors. In the present study, we evaluated the affinity of five
potent and specific EZH2 inhibitors (EPZ005687, EPZ-6438,
UNC1999, GSK343 and GSK126)*"****° for human ABCB1
and ABCG2 and murine Abcbl and Abcg2 in vitro. Subse-
quently we demonstrated the impact of Abcbla/lb and
Abcg2 on the brain penetration of EPZ005687, EPZ-6438
and GSK126 in in vivo models.

Material and Methods

Reagents

EPZ005687 and EPZ-6438 were from Active Biochem,
UNCI1999 and GSK343 from the Structural Genomics Con-
sortium (Toronto, Canada). GSK126 was purchased from
Syncom (Groningen, the Netherlands). The identity of
GSK126 was confirmed by mass spec profiles, by NMR,
LC-UV-photodiode array detection. Zosuquidar, elacridar
and Kol43 were from Eli Lilly (Indianapolis, IN), GlaxoS-
mithKline (Brendtford, UK) and Tocris Bioscience (Minne-
apolis, MN) respectively. Sodium azide (NaN3) and 2-
deoxyglucose (2-DG) were from Sigma-Aldrich (CA, USA).
Modified Eagles medium (MEM), L-glutamine, nonessential
amino acids and MEM vitamins, penicillin streptomycin,
fetal calf serum (FCS) and trypsin-EDTA were from Invi-
trogen (Carlsbad, CA). Blank human plasma was obtained
from healthy donors (Sanquin, Amsterdam, The Nether-

lands). All other chemicals were from Merck (Darmstadt,
Germany).
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Cell lines and transport assays

In vitro transport studies were done using the LLC pig-
kidney cell line (LLC-PK1) and sub-lines transduced with
murine Abcbla (LLC-Mdrla) or human ABCBI (LLC-
MDRI1) and the parental Madine Darby Canine Kidney
(MDCK) type II cell line (MDCK-Parent) and murine Abcg2
(MDCK-Berpl) or human ABCG2 (MDCK-BCRP) trans-
duced sublines. Conventional bidirectional transport and con-
centration equilibrium transport assay (CETA) were
performed as previously described.”” Briefly, cells were grown
on polycarbonate membrane filters (3.0 pm pores, 24-mm
diameter; Costar Corning, NY, USA) for 4 days. Next, 2 ml
of MEM medium containing 20% FCS and EZH2 inhibitor
mix (100 nM or 2 puM) was added to either apical or basal
compartments (conventional), or to both the apical and basal
compartments (CETA). [**C]-inulin (10> DPM/ml) was
added basolateral to check the membrane integrity. Where
required, zosuquidar, elacridar and/or Kol43 were used at 5
UM. Plates were kept at 37°C in 5% CO, during the experi-
ment, samples of 100 pl were collected at 5 min, 30 min, 1
hrs, 2 hrs and 4 hrs analyzed by liquid chromatography with
tandem mass spectrometry detection (LC-MS/MS), while 20
pl samples were taken from apical side for radioactivity
counting. Wells showing leakiness in excess of 1.5% per hour
were excluded.

Animals

Mice were housed and handled according to institutional
guidelines complying with Dutch legislation. All experiments
with animals were approved by the animal experiment com-
mittee of the institute. The animals used for in vivo studies
were female wild-type (WT), Abcbla/lb™'~, Abcg2™'~ and
Abcbla/1b;Abcg2™'™ mice, all of a>99% FVB genetic back-
ground, between 11 and 22 weeks of age. The animals were
kept in a temperature-controlled environment with a 12-hr
dark/12-hr light cycle and received chow and acidified water
ad libitum.

Drug solutions

About 10 mM stock solutions were prepared in dimethyl
sulfoxide (DMSO) and used to prepare mixtures. Zosuquidar,
elacridar and Kol43 were dissolved in DMSO at 5 mM for
in vitro transport studies. For in vivo studies EPZ005687,
EPZ-6438 and GSK126 were formulated in 40% Captisol,
acetic acid and water. Elacridar was formulated in DMSO:C-
remophor EL:water (1:2:7).

In vivo pharmacokinetic studies

FVB WT, Abcbla/1b™'", Abcg2™'~ and Abcbla/1b;Abcg2™'~
mice received 2.5 mg/kg of EPZ005687 or EPZ-6438 by
i.v. injection. Elacridar was administered orally by gavage
at a dose of 100 mg kg~' 4 hrs prior to EPZ-6438. One
hour after injection of EPZ005687 or EPZ-6438 blood was
collected by cardiac puncture and brain, liver, kidney,

Int. ). Cancer: 137, 2007-2018 (2015) © 2015 UICC

2009

lung and heart was dissected. The plasma was obtained
by centrifugation (5 min, 5,000 rpm, 4°C). The tissues
were weighed and homogenized using a FastPrep®-24
(MP-Biomedicals, NY, USA) in 1% (w/v) bovine serum
albumin in water. All samples were stored at —20°C until
analysis.

We studied the pharmacokinetics of GSK126 after i.v., i.p.
and oral administration. We injected 5 mg kg~ ' of GSK126
iv. into FVB WT, Abcbla/1b~'", Abcg2™'~ and Abcbla/
1b;Abcg2™'™ mice. Blood and tissues were sampled 1 hr later.
In a second cohort, we injected 150 mg kg™ ' of GSK126 i.p.
using the same strains. Blood was sampled from the tail at 5,
15 min, 1, 2 and 4 hrs. Next, blood was also sampled by car-
diac puncture, and organs were collected. In a third cohort,
FVB WT and Abcbla/1b;Abcg2™'~ mice received 150
mg kg~' GSK126 orally. Repeated blood sampling from the
tip of the tail was up to 4 or 24 hrs.

Unbound EPZ-6438 and GSK126 in mouse plasma

Plasma of FVB WT and Abcbla/lb;Abcg2”'~ mice was
spiked with 5 uM of EPZ-6438 or GSK126. Ultrafiltrate was
prepared using Centrifree Ultrafiltration Devices (Merck
Millipore, Co.Cork, Ireland) by centrifugation for 30 min at
1,500g. 100 pl of ultrafiltrate was pre-treated for LC-MS/MS
analysis as described below.

Analytical method

Nearly 100 pl of each sample, 50 pl internal standard and
1 ml extraction solvent (ethyl acetate for medium; tert-butyl-
methyl ether for EPZ005687 or EPZ-6438 or tert-butyl-
methyl ether/2-propanol (3/1) for GSK126 in plasma/brain)
was mixed (15 min) in 2 ml polypropylene tubes (Eppendorf,
Hamburg, Germany). After centrifugation (1 min at
14,000 rpm), the aqueous layer was frozen (dry ice/ethanol
bath), the organic solvent separated in 1.5 ml micro tubes
and dried using Speed-Vac SC210A (Savant, Farmingdale,
NY) at 45°C. The residue was reconstituted in 100 pl
methanol-water (30:70, v/v) by sonication for 5 min and 60
pl subjected to LC-MS/MS.

The LC-MS/MS system comprised of an UltiMate 3000
LC Systems (Dionex, Sunnyvale, CA) and an API 3000
mass spectrometer (AB Sciex, Framingham, MA). Separa-
tion was performed on a ZORBAX Extend-Cl18 column
(2.1 X 100 mm?, particle size 3.5 um, Agilent Technologies,
Santa Clara, CA). Mobile phase A (0.1% formic acid in
water) and B (methanol) was used in a 5 min gradient
from 30 to 95%B maintained for 3 min followed by
re-equilibration at 30%B. Multiple reaction monitoring ion
pairs were: EPZ005687, 539.9/453.2; EPZ-6438, 573.4/486.3;
UNC1999, 570.0/407.4; GSK343, 542.1/379.3; GSK126,
527.0/375.2. Data analysis using Analyst® 1.5.1 software
(AB Sciex; Foster City, CA). The lower limit of quantifica-
tion (LLQ) for GSK126 was 0.5 ng ml~' for plasma and 5
ng g~ ' for brain homogenates when using 100 pl sample
volumes.
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Pharmacokinetic calculations and statistical analysis

CETA results were analyzed with the General linear model
repeated measures procedure of SPSS (v20; SPSS Inc, Chicago,
IL). The differences of the percentage ratio of peak area of the
measured samples to the references between apical and basal
compartments were considered as the values from repeated
measurements. The data was grouped by defining five sam-
pling time points (5 min, 30 min, 1 hrs, 2 hrs and 4 hrs) as a
five-level within-subjects factor. Simple contrast was selected
to compare the differences between the mean observed values
of 30 min, 1 hrs, 2 hrs and 4 hrs and 5 min. Then, the multi-
variate significance tests were performed to determine whether
the apical-basal differences of the EZH2 inhibitors levels were
significantly increased by the factor of time.

Pharmacokinetic =~ parameters  were  calculated by
PKSolver.”® For in vivo experiments with two groups (WT vs.
Abcbla/1b;Abcg2™'™ mice) we used two-tailed student’s ¢
test. For the other in vivo experiments with four strains,
Dunnett’s test or one-way analysis of variance and post hoc
Bonferroni was performed. Differences were considered stat-
istically significant when p < 0.05.

Results

In vitro transport of EZH2 inhibitors

To establish whether EPZ005687, EPZ-6438, UNC1999,
GSK343 and GSK126 are substrates of ABCB1 or ABCG2,
CETAs were employed using a mixture of all five inhibitors
at a low concentration of 100 nM each. In a CETA set-up
the same inhibitor solution is added to both the apical (A)
and basolateral (B) compartments of the transwell. Subse-
quently, when the compound is a substrate, vectorial translo-
cation will increase the concentration in A at the expense of
the B compartment. Because not all culture medium was
completely removed from the B compartment before adding
the drug mixture, the concentration at the earliest time point
(5 min) was always somewhat lower than in A. Therefore, in
the absence of any vectorial transport the concentration in
the A and B compartment will reach equilibrium in 4 hrs
due to passive diffusion. This is nicely illustrated with
EPZ005687 in the parental cell lines (Figs. 2al, a2 and d),
where the B-to-A translocation of EPZ005687 by endogenous
porcine (or canine) ABCBI is inhibited by zosuquidar. Both
murine Abcbla and human ABCBI increased the B-to-A
translocation of EPZ005687 significantly in both LLC-Mdrla
and LLC-MDRI cell lines and this translocation was com-
pletely blocked by zosuquidar (Figs. 2b1, b2, cl, ¢2). In all
transwell experiments with MDCKII cells, zosuquidar was
added to eliminate the background transport by endogenous
canine P-gp. Murine Abcg2 or human ABCG2 transduced
MDCKII cells showed a marked B-to-A translocation of
EPZ005687 (Figs. 2el and f1). When we added the dual
ABCBI1 and ABCG2 inhibitor elacridar, the transport was
completely blocked in MDCK-BCRP cells (Fig. 2f2), but only
partly blocked in MDCK-Berpl cells (Fig. 2e2). It required

Brain penetration of a panel of novel EZH2-inhibitors

the additional Ko143 abolished the directional transport com-
pletely (Fig. 2e3). Collectively, these data show that
EPZ005687 is a good substrate of ABCB1 and ABCG2.

The transport of EPZ-6438 by ABCB1/Abcbl in LLC cell
lines was quite similar to that of EPZ005687. Briefly, EPZ-
6438 was significantly transported by endogenous P-gp in
parental cells (Fig. 2h1 and h2), and the B-to-A translocation
increased considerably in transduced cell lines, which was
again abolished by zosuquidar (Fig. 2i1, i2, j1, and j2). Thus,
EPZ-6438 is a good substrate of ABCBI. Compared to
MDCK-Parent cells, there was directional flux in MDCK-
Berpl cells, which was blocked by elacridar (Fig. 2k, I1, I2).
Interestingly, overexpression of human BCRP did not cause
directional transport in MDCK-BCRP cell line, indicating
that EPZ-6438 is a weaker substrate of human ABCG2 than
EPZ005687 (Fig. 2m1).

Significant transport of UNC1999 was observed in LLC-
PK1 cells that was decreased but not totally antagonized by
zosuquidar (Figs. 34l and 42). A similar zosuquidar-
insensitive B-to-A translocation was observed in LLC-MDRI1
cells (Figs. 3cl and c2), suggesting that this cell line harbors
an alternative (unknown) transporter for UNC1999. Intrigu-
ingly, the B-to-A transport was not higher in murine Mdrla
transduced LLC cells, but in this case it was fully reversed by
zosuquidar (Figs. 3b1 and b2). This would suggest that
UNC1999 is a good substrate of Abcbl and that the
unknown alternative transporter for UNC1999 is not (or
much less) present in the LLC-Mdrla subline. The directional
translocation for UNCI1999 was observed in transduced
MDCK cell lines, but not in MDCK parent cells (Figs. 34, el,
and f1), indicating that murine and human BCRP transport
UNC1999. Elacridar did not block the translocation by
MDCK-Berpl cells (Fig. 3e2), and only partly blocked trans-
port by MDCK-BCRP cells (Fig. 3f2). When elacridar and
Ko143 were combined, the transport for UNC1999 was abol-
ished (Figs. 3e3 and f3).

The results of GSK343 from transwell experiments were
almost the same as those of UNC1999 (Figs. 3h1-m3). How-
ever, the results for GSK126 were very different from all
other EZH2 inhibitors (Figs. 4al-f3). There appeared to be
minimal translocation of GSKI126 under all conditions.
Importantly, equilibrium between B and A in transwells
where no active transport was expected was also not reached
in 4 hrs. Consequently, we checked the membrane permeabil-
ities of the compounds using the conventional bidirectional
transwell assay adding 100 nM of drug mix to MDCK-Parent
and LLC-PK1 cells. Less than 5% of GSK126 was recovered
at the opposite compartment, which was in the same range
as the permeability marker '*C-Inulin, indicating that
GSK126 had a poor cell membrane permeability (Figs. 4h5
and i5), whereas the other compounds demonstrated moder-
ate to good permeability (Figs. 4h1-h4 and il1-i4). Signifi-
cantly more of each compound was recovered in the acceptor
compartment when drug was added to the basolateral vs. the
apical compartment, even when adding zosuquidar and
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Figure 2. In vitro transport of EPZ005687 and EPZ6438. Transepithelial translocation of 100 nM EPZ005687 (al-f3) and EPZ-6438 (h1-m3)
was assessed with LLC cell lines (LLC-PK1, LLC-Mdrla and LLC-MDR1) and MDCKII cell lines (MDCK-Parent, MDCK-Bcrp1 and MDCK-BCRP).
The setup was a concentration equilibrium setting (CETA). Zosuquidar (5 uM) was added to inhibit Abcb1 transport. Elacridar (5 uM) and/or
Ko143 (5 uM) were applied to MDCKII cell lines to inhibit the translocation mediated by Abcb1 and Abcg2. Results are showed as the ratio
of observed concentration to reference concentration.
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Figure 3. In vitro transport of UNC1999 and GSK343. Transportations of UNC1999 (100 nM) (a1-f3) and GSK343 (100 nM) (h1-m3) were
assessed with LLC cell lines (LLC-PK1, LLC-Mdr1a and LLC-MDR1) and MDCKII cell lines (MDCK-Parent, MDCK-Bcrp1 and MDCK-BCRP). The
setup was a concentration equilibrium setting (CETA). Zosuquidar (5 uM) was added to inhibit Abcb1 transport. Elacridar (5 pM) and/or
Ko143 (5 uM) were applied to MDCK cell lines to inhibit the translocation mediated by Abcb1 and Abcg2. Results are showed as the ratio
of observed concentration to reference concentration.
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Figure 4. In vitro transport of GSK126 and membrane permeability of EZH2 inhibitors using MDCK-Parent cells (h1-i5) or LLC-PK1 cells (j1
and j2) in a conventional bidirectional (A-to-B and B-to-A) transwell setting. Transepithelial translocation of GSK126 (100 nM) (A1-F3) was
assessed with LLC cell lines (LLC-PK1, LLC-Mdr1a and LLC-MDR1) and MDCKII cell lines (MDCK-Parent, MDCK-Bcrp1 and MDCK-BCRP). The
setup was a concentration equilibrium setting (CETA). Zosuquidar (5 pM) was added to inhibit Abcb1 transport. Elacridar (5 pM) and/or
Ko143 (5 puM) were applied to MDCKII cell lines to inhibit the translocation mediated by Abcb1 and Abcg2. Results are showed as the ratio
of observed concentration to reference concentration.
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Figure 5. Panel a depicts the EPZ005687 concentration in plasma (a1), organs (a2), brain (a3) and the ratios of brain-to-plasma (a4) or
brain-to-liver (a5) in WT, Abcbla/1b~'~, Abcg2~'~ and Abcb1a/1b;Abcg2~'~ mice collected at 1 hrs after i.v. injection of 2.5 mg kg™ *.
Panel b depicts the EPZ-6438 concentration in plasma (b1), organs (b2), brain (b3) and the ratios of brain-to-plasma (b4) or brain-to-liver
(b5) in WT, Abcb1a/1b~'", Abch’/’ and Abcbla/]b;Abch’/f mice collected at 1 hrs after i.v. injection of 2.5 mg/kg. Panel ¢ depicts
the EPZ-6438 concentration in plasma (c1), brain (c2) and the brain-to-plasma ratio (¢3) in WT and Abcbla/]b;Abchf/f mice 1 hrs after
i.v. injection at a dose of 2.5 mg kg~ ' with or without coadministration of elacridar (4 hrs before the EPZ-6438 administration, oral 100
mg kg™ "). Panel d depicts the GSK126 concentration in plasma (d1), organs (d2), brain (d3) and the brain-to-plasma ratio (d4) following
i.v. injection at a dose of 5 mg kg~ *. Panel e depicts the GSK126 levels after i.p. injection at a dose of 150 mg kg~ * in plasma by cardiac
puncture at t =4 hrs (e1), repeated tail sampling (e2), brain (e3) and the brain-to-plasma ratio (e4), or after oral administration at a dose
of 150 mg kg™* (. *p < 0.05, **p < 0.01 and ***p < 0.001 compared to WT mice; #p < 0.05 and ###p < 0.001 compared to Abcb1a/1b~/~
mice; +p < 0.05 and +++p < 0.001 compared to Abcg2~/~ mice. Data are presented as means + SD (n = 4).

depleting ATP by Sodium azide (NaN;) and 2-deoxyglucose translocation to B and because the concentration is low in B
(2-DG) (Fig. 4i). These differences are most likely due to a substantial fraction of drug may adhere. Conversely, when
losses by adsorption of the compounds to the membrane fil- drug is added to the B-compartment, the membrane will be
ters of the transwells. Drug molecules in the apical compart- immersed with drug and losses due to adsorption will be
ment will come in intimate contact with the membrane upon  negligible. In line with this, the differences in A-to-B vs. B-
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to-A translocation disappeared when we performed the con-
ventional transwell experiment with higher drug concentra-
tion of 2 uM (Fig. 4j2). Lack of transport by P-gp and BCRP
was confirmed using GDC0941 in the same mixture
(Fig. 4j1), which is an excellent substrate of these transport-
ers.”” Again GSK126 showed a low membrane permeability
whereas the others had similar permeability as GDC0941
(Fig. 4j2).

Impact of Abcb1 and Abcg2 on the brain penetration of
EPZ005687

We explored the separate and combined effect of Abcbla/1b
and Abcg2 on the brain penetration by iv. injection of 2.5
mg kg™ ' of EPZ005687 into WT, Abcbla/1b~'~, Abcg2™ '~
and Abcbla/1b;Abcg2™'~ mice. One hour later, the plasma
levels of EPZ005687 in single and triple knockout mice were
more than 20-fold higher than in WT mice (p <0.05; Dun-
nett’s test; Fig. 5a1), with substantial inter-animal variability.
However, these higher plasma levels did not translate to a
proportionally higher uptake in tissues like liver, kidney,
heart and lung (Fig. 542). This would imply that some fac-
tor(s) affected the blood-to-tissue distribution of EPZ005687
in knockout vs. WT mice and that the concentration in
plasma did not accurately reflect tissue exposure between
the strains. The concentration of EPZ005687 in brain was
12-fold, threefold and 49-fold higher in Abcbla/1b™'",
Abcg2™’~ and  Abcbla/1b;Abcg2™'~  mice, respectively
(p <0.05) (Fig. 5a3). Because of the higher plasma retention
of EPZ005687 in the knockout strains, the brain-to-plasma
ratio underestimates the impact of the transporters on the
BBB penetration (Fig. 5a4). Therefore, we also looked at
brain-to-liver concentration ratios as a surrogate for the
brain-to-plasma concentration ratios and found that Abcbla/
17", Abcg2™'™ and Abcbla/1b;Abcg2™'~ mice have a 6.2-
(p<0.01), 2.1- (NS) and 19-fold (p<0.001) higher brain
accumulation of EPZ005687 compared to WT mice
(Fig. 5a5). Collectively, these results show that Abcbla/lb
and Abcg2 both contribute to restricting the brain accumula-
tion of EPZ005687.

Impact of Abcb1 and Abcg2 on the brain penetration of
EPZ-6348

We repeated this study with EPZ-6438 and found the same
plasma retention in the knockout strains as observed with
EPZ005687. The plasma levels were more than 20-fold
higher, but the levels in other tissues were very similar
between all strains (Figs. 561,562, and 5cl). The brain con-
centration of EPZ-6438 was significantly increased by sixfold
in Abcbla/1b~'~ mice, but unlike EPZ005687 the brain pene-
tration did not further increase in Abcbla/1b;Abcg2™'™ mice
(Fig. 5b3). Thus Abcbla/lb is the dominant factor limiting
the brain penetration of EPZ-6438. In a follow-up study, we
compared WT and Abcbla/1b;Abcg2™'~ mice with or with-
out co-administration of elacridar. Elacridar in WT mice
increased the EPZ-6438 brain concentration to that
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of Abcbla/1b;Abcg2™'~ mice, whereas elacridar had no effect
on the brain concentration in Abcbla/1b;Abcg2™'~ mice
(Fig. 5¢2). Elacridar did not change the plasma levels and
caused a 12-fold increased brain-to-plasma concentration
ratio compared to that of WT controls (p < 0.001) (Fig. 5¢3).

Impact of Abcb1 and Abcg2 on brain penetration of

GSK126

One hour after iv. injection of 5 mg kg™' of GSK126 the
brain concentrations were similar in WT, Abcbla/1b~'~ and
Abcg2™'~ mice, but significantly higher in Abcbla/1b;Abcg2™'~
mice (Fig. 5d3). Importantly, unlike what we found for
EPZ005687, the plasma levels were similar in all strains
(Fig. 5d1). The brain-to-plasma ratio of GSK126 was 0.2 in
WT and single knockout mice and increased to 0.68 in
Abcbla/lb;Abch_/_ mice (Fig. 5d4). Thus, the brain-to-
plasma ratio of GSK126 was about ninefold lower than
EPZ005687 in WT mice. Likewise, for the other organs of
WT mice the tissue-to-plasma ratio of GSK126 was lower
than of EPZ005687 (viz., liver, 8 vs. 225-fold; kidney, 25 vs.
400-fold; heart, 12 vs. 28-fold and lung, 23 vs. 1 110-fold,
respectively). Interestingly, the concentrations of GSK126 in
liver and heart were significantly higher in mice lacking
Abcbla/1b (Fig. 5d2).

Next, we assessed the plasma pharmacokinetics and brain
penetration after an i.p. dose of 150 mg kg~ ', since this dose
level and route have been utilized in several papers that stud-
ied the efficacy of GSK126. Also at this higher dose level, the
plasma concentration at 4 hrs after injection and plasma
concentration-time curve was similar in all strains (Figs. 5el
and 5e2). The brain concentration was significantly higher
only in the Abcbla/lb;Abcg2”’~ mice (Fig. 5e3) and the
brain-to-plasma concentration ratio was in the same order as
with the lower iv. dose (Fig. 5e4). To complete our studies
with GSK126, we also investigated the pharmacokinetics after
oral administration, as this will be the preferred route of
administration in patients. Surprisingly however, we found
that the oral bioavailability of GSK126 in WT mice was only
0.19% and although this was much higher in Abcbla/
1b;Abcg2™'~  mice, the oral bioavailability was still
only 14.4% relative to the same dose given ip. (Fig. 2f and
Table 1).

Discussion

The emerging role of EZH2 in various malignancies has trig-
gered programs to develop drug candidates to inhibit this tar-
get. The agents that are now actively explored are derived
from the prototype agent UNCI1999 and share many struc-
tural similarities. This study demonstrates that despite the
similar molecular structures, all tested EZH2 inhibitors show
some marked differences in behavior in in vitro and in vivo
experiments. In particular, we found that GSK126 has a very
poor membrane permeability, which in combination with its
affinity towards ABCB1 and ABCG2 makes GSK126 unsuited
for oral application. All agents are substrates of ABCB1 and/
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Table 1. Pharmacokinetic parameters of GSK126 after i.p. injection or per oral (p.0.) administration of 150 mg kg™ " of GSK126

Genotype
Parameter Time (h)  WT Abcbla/1b~/~ Abcg2™/~ Abcbla/1b;Abcg2™/~
Plasma AUC; . 0-4 32,130 £ 2,544 39,015 + 5,685 36,413 * 3,251 39,184 % 3,348
(ng ml™* hr'?Y)
Cax (Ng ml™Y) 19,947 = 2,924 17,997 £ 1,954 18,919 = 2,631 19,736 £ 1,301
I.P. Tmax (hr) 0.5 0.5 0.5 0.5
Corain (1287 Y 4 358 * 66 703 =218 426 + 144 2,117 =+ 222 *** [##i# [+ ++
Pprain (X107> hr'%) 11+1.3 21 1.1 %%+ 4+ 12 + 3.1 #i## 54 % 1.8 *** [#iH# [+ + +
Plasma AUC, . 0-4 63.2 +47.2 5,607 &= 602 ***
(ng ml"* hr'?Y)
Crmax (ng ml™?) 66.3+59.0 2,055 * 439 **
P.O. Tmax (A1) 0.5 1
F (%) 0.19+0.12 14.4 +2.1%*
Corain (g 871 4 <LLQ 520 £ 65 ***

** < 0.01 and ***p < 0.001 compared to WT mice; ###p < 0.001 compared to AbcbIa/1b~'~ mice; +++p < 0.001 compared to Abcg2~/~ mice.
Data represent mean = SD (n = 4). Abbreviations: AUC: area under plasma concentration-time curve; Cpax, maximum plasma concentration; Trax,
time to reach maximum drug concentration; Cyain: brain concentration; Pp,in: relative brain accumulation of GSK126, calculated as the ratio of the
brain concentration relative to the plasma AUC; F: oral bioavailability, calculated as the AUC,, divided by AUCiAp.28

or ABCG2, limiting their brain penetration as demonstrated
using EPZ005687, EPZ-6438 and GSK126.

The affinities of these five inhibitors to ABCB1/Abcbla
and ABCG2/Abcg2 were first established by CETAs, a setup
for studying the impact of these transporters that was sug-
gested to be more sensitive than the conventional A-to-B vs.
B-to-A transwell assay.”® Importantly, CETAs can also be
performed using much lower concentrations of the test com-
pounds. We used 100 nM concentrations whereas the con-
ventional assays are often done by adding 5 uM in the donor
compartment. The lower concentration minimizes the chance
that the compound can saturate or inhibit the transporters
and allows the use of a mixture of agents. CETA is a power-
ful tool to determine the substrate affinity for transporters,
but it only works well when compounds are sufficiently
membrane permeable. If this is not the case, the lack of
directional translocation might erroneously be taken as evi-
dence for lack of substrate affinity. By utilizing slightly differ-
ent concentrations for the A and B compartments, we were
able to discern low membrane permeability from lack of sub-
strate affinity as demonstrated by GSK126.

In our in vitro experiments, elacridar has been utilized as
a dual inhibitor of ABCB1 and ABCG2. Elacridar is also
used in many preclinical studies to demonstrate the impact
of Abcbla/lb and Abcg2 on the brain accumulation of
drugs.®" Elacridar, however, was not potent enough to block
murine Abcg2 mediated transport of EPZ005687, UNC1999
and GSK343. When given together with Kol43, a specific
ABCG2/Abcg2 inhibitor, all directional translocation was
abolished. These observations could be well explained by
the presence of multiple binding sites on murine Abcg2.’?
EPZ005687, UNC1999 and GSK343 probably bind to a site
that is near to the binding site of Ko143 and more distinct

from the site where elacridar binds to. Interestingly, elacri-
dar completely blocked the transports of all five EZH2
inhibitors in human ABCG2 transduced cells (MDCK-
BCRP).

The in vivo relevance of the substrate affinity for Abcbl
and Abcg2 on the brain penetration was investigated using
drug transporter knockout mouse models. In line with the in
vitro results the brain concentration of EPZ005687 was sig-
nificantly higher in Abcbla/1b™'~ mice and further enhanced
in Abcbla/1b;Abcg2™'~ mice. The actual impact, however,
was somewhat confounded by the higher plasma concentra-
tion in all the knockout strains. Recently, Tang et al. reported
that carboxylesterase 1c (Ces 1c) was highly upregulated in
Abcbla/1b and/or Abcg2 knockout mice, and the plasma Ces
Ic could tightly bind to everolimus inducing higher plasma
stabilization and retention.”> A similar phenomenon also
appears to occur in this study with EPZ005687 and EPZ-
6438 as plasma concentrations in knockout mice were about
20-fold higher than in WT mice, whereas the liver, kidney,
heart and lung concentrations in wild-type and knockout
mice were quite comparable. This indicates that some fac-
tor(s) affect the blood-to-tissue relationship of EPZ005687
and EPZ-6438 in knockout mice compared to WT mice. Fur-
ther evidence that the higher plasma concentration is not the
cause of the high brain concentration is provided by the
Abcg2™'” mice that have the same low brain levels of
EPZ005687 or EPZ-6438 as WT mice in spite of the much
higher plasma level. Moreover, co-administration of elacridar
increased the brain concentration of EPZ-6438 in WT mice
to the levels in Abcbla/1b;Abcg2™'~ mice but did not
increase the plasma concentration. Intriguingly, despite the
similarity in molecular structures, GSK126 was not affected
by this factor or, alternatively, its effect was already as strong
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as in WT mice. The unbound fraction of EPZ-6438 (assessed
by ultrafiltration) in plasma was 3.79% *0.17% and
1.52% *+ 0.26% in WT and Abcbla/1b;Abcg2™'~ mice, respec-
tively, whereas these values were lower for GSK126
(1.02% * 018% and 0.61% * 0.05%). Next to the lower mem-
brane permeability, the low free fraction of GSK126 may also
help to explain the lower tissue-to-plasma ratios relative to
EPZ-6438.

Because of their novelty, reports on the pharmacokinetics
of these drugs in mice are scarce. Knutson et al.** reported
plasma levels of EPZ-6438 in Balb/c mice that were very sim-
ilar to the levels we observed in the knockout strains, sug-
gesting that this plasma retention factor may also be present
in their (non-transgenic) mouse strain. The nature of this
factor is conjecture. Ceslc might be involved, but taking into
account the structures of the EZH2 inhibitor (Fig. 1), there
are no obvious sites in the molecules where Ceslc could
interact. Further studies are needed to elucidate whether
Ceslc is indeed the cause or that a different mechanism is
responsible for the plasma retention of these EZH2
inhibitors.

ABCB1 and ABCG2 are two cooperative drug efflux trans-
porters at the BBB and restrict the brain penetration of many
novel targeted agents.**®* Importantly, ABCG2 is also
expressed in cancer stem cells as recently demonstrated in
experimental and patient derived glioma cells.'” Relative to
Abcbla/1b;Abcg2”'~  mice, the brain concentrations of
EPZ005687 and GSK126 were significantly lower in single
Abcbla/1b~'" or Abcg2™’~ mice and were at or near the lev-
els found in WT mice. This implies that each of the remain-
ing transporters has (almost) sufficient capacity to prevent
the brain uptake of these EZH2 inhibitors. Such redundancy
has been seen with many other compounds'>*** and does
not require compensatory upregulation of other transporters
at the BBB.*” In case of EPZ-6438 it appears that only
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Abcbla/lb contributes to limiting the brain penetration.
Moreover, the brain concentration of EPZ-6438 in WT mice
relative to other organs (e.g, liver: Fig. 5b5) is much higher
than for EPZ005687 and GSK126, rendering EPZ-6438 of
this series the most plausible drug candidate for testing
against brain tumors. Other potentially interesting EZH2
inhibitors may become available, such as recently EL1.*'

Generally, the oral route for administrating drugs is more
appealing than the iv. or ip. route, because of its conven-
ience and pharmaco-economic advantages for patients.*?
Unfortunately, our study demonstrates that GSK126 will not
be an orally applicable drug. Most likely because of its low
membrane permeability and efflux mediated by Abcbla/lb
and Abcg2 expressed in the intestinal wall, the oral bioavaila-
bility of GSK126 is negligable. Although it enhanced to
14.4% in Abcbla/1b;Abcg2™'~ mice, it appears to be much
too low to warrant studies to boost the oral bioavailability
using drug transport inhibitors like elacridar. Moreover, this
very poor oral bioavailability is in marked contrast with the
55% oral bioavailability that has been reported for EPZ-6438
in wildtype balb/c mice.**

In conclusion, the present study demonstrates that all five
EZH?2 inhibitors are substrates of ABCB1 and/or ABCG2 and
in case of EPZ005687 and GSK126 each of these transporters
alone has sufficient capacity to profoundly restrict their brain
penetration. The interaction with ABCB1 and ABCG2 will
probably limit their usefulness for treatment of glioma, but
may also reduce their efficacy against other tumors that con-
tain cell populations expressing these ABC transporters. Of
this series, EPZ-6438 appears to be the most obvious candi-
date. Intriguingly, GSK126 behaved very different from the
other EZH2 inhibitors, despite the profound structural simi-
larities with the other agents. This drug appears to be unsuit-
able for oral administration because of poor membrane
permeability and drug efflux by transporters.
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