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ABSTRACT: Polycomb Repressive Complex 2 (PRC2)
modulates the chromatin structure and transcriptional
repression by trimethylation lysine 27 of histone H3
(H3K27me3), a process that necessitates the protein−protein
interaction (PPI) between the catalytic subunit EZH2 and
EED. Deregulated PRC2 is intimately involved in tumori-
genesis and progression, making it an invaluable target for
epigenetic cancer therapy. However, until now, there have
been no reported small molecule compounds targeting the
EZH2-EED interactions. In the present study, we identified
astemizole, an FDA-approved drug, as a small molecule
inhibitor of the EZH2-EED interaction of PRC2. The disruption of the EZH2-EED interaction by astemizole destabilizes the
PRC2 complex and inhibits its methyltransferase activity in cancer cells. Multiple lines of evidence have demonstrated that
astemizole arrests the proliferation of PRC2-driven lymphomas primarily by disabling the PRC2 complex. Our findings
demonstrate the chemical tractability of the difficult PPI target by a small molecule compound, highlighting the therapeutic
promise for PRC2-driven human cancers via targeted destruction of the EZH2-EED complex.

■ INTRODUCTION

The post-translational modifications of histones, such as
methylation, acetylation, phosphorylation, and ubiquitination,
orchestrate the gene expression in a spatial and temporal-
specific manner by modulating the chromatin structure or
recruiting the “Reader” proteins.1,2 Among them, histone
methylation is regarded as one of the most complicated
epigenetic modifications because its function relies on the
precise methylation sites and the degree of modification.3−5 A
large number of studies have revealed that the elaborate gene
regulatory network established by histone methylation is critical
for both development and homeostasis.6 The imbalances
between histone methylation and demethylation represent a
common indicator for a wide variety of proliferative diseases,
especially cancer.7,8

The Polycomb group (PcG) proteins are a family of proteins,
initially identified in Drosophila melanogaster, that are important
for early development by regulating the homeotic genes.9,10 It
was subsequently suggested that PcG proteins can remodel
chromatin in part through the deposition of histone marks
associated with gene repression.11 In mammals, two major
biochemically and functionally distinct multiprotein complexes
exist, PRC1 (Polycomb repressive complex 1) and PRC2

(Polycomb repressive complex 2). PRC2 catalyzes the
trimethylation of lysine 27 on histone H3 (H3K27me3), a
modification that is a hallmark of silent chromatin, and
facilitates the recruitment of PRC1 to the specific target loci,
indicating that PRC1 functions downstream of PRC2.12,13

Recent findings highlight the essential role of PRC2 in
embryonic development, cell differentiation, and stem-cell
plasticity, primarily by catalyzing the H3K27me3.14−16 The
catalytic subunit for depositing the H3K27me3 mark is EZH2,
whose activity requires the assembly of a core complex with at
least two additional subunits of PRC2, EED, and SUZ12.17,18

Accumulating data demonstrate that aberrant PRC2 activity has
been broadly implicated in cancer initiation and progression.19

Prevalent overexpression of EZH2 or other PRC2 subunits has
been detected in a variety of malignancies and correlates
strongly with hyper-trimethylation of H3K27, aggressiveness,
and poor prognosis.20 More recently, recurrent somatic,
heterozygous mutations in EZH2 that confer H3K27 hyper-
trimethylation have been identified in both GC B-cell type
diffuse large B-cell lymphoma (GCB-DLBCL) and follicular
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lymphoma;21 these mutants, carrying aberrant PRC2 activities,
mediate cell differentiation blockade, thus driving certain types
of cancer.22,23 The down-regulation of EZH2 expression by
RNA interference (RNAi) suppresses the growth of cancer cells
with hyper-activated PRC2 activity.24 Taken together, these
findings strongly suggest that PRC2 is a promising therapeutic
target for epigenetic intervention in cancer.
To abrogate the oncogenic potential of EZH2, pyridone-

based EZH2 inhibitors have been developed by several
pharmaceuticals companies. These inhibitors displayed efficacy
in DLBCLs harboring mutated EZH2 or overexpressing wild-
type EZH2 in the preclinical studies, validating the causal role
of deregulated EZH2 in driving oncogenesis.24−27 The
interaction between EZH2 and EED is required for the
integrity and methyltransferase activity of PRC2,17,28−31 and a
recent landmark study demonstrated that a stapled EZH2
peptide selectively inhibits EZH2 activity in cancer cells by
disrupting the EZH2-EED complex, destabilizing PRC2.32 The
confirmed druggability of the protein−protein interaction
(PPI) between EZH2 and EED may represent a comple-
mentary strategy for selectively arresting the proliferation of
human cancers, which are addicted to PRC2 activity, unrelated
to trimethylation of H3K27, and show limited sensitivity to the
EZH2 inhibitors.32−35 Nevertheless, peptide or peptidomimetic
inhibitors largely suffer from poor metabolic stability and low
bioavailability, which may hinder their therapeutic application

in the clinic.36,37 Small-molecule PPI modulators with high drug
likeness are more amenable from a medicinal chemistry and
drug development perspective.38−42 However, distinct from
most druggable protein contacts with relatively narrow binding
grooves (average buried surface area (BSA) of approximately
1500 Å2), the remarkably large interface between EZH2 and
EED (nearly 3000 Å2 of BSA) may introduce special difficulties
in developing small-molecule inhibitors because of the slow off-
rates and the large surfaces to overcome.43 To the best of our
knowledge, no small-molecule inhibitors have been developed
that target the EZH2-EED interaction.
Structure based virtual screening (SBVS) has become a

powerful tool in the medicinal chemists’ toolkit for rapidly
enriching the hits from large pools of virtual compound
libraries.44−47 Herein, we report the identification of astemizole,
a previously FDA-approved drug used to treat seasonal allergic
rhinitis due to its histamine H1 receptor antagonist activity,48 as
an inhibitor of the EZH2-EED interaction based on a structure-
based virtual screening strategy. A combination of biochemical
and biophysical characterizations indicate that astemizole may
bind to EED in a competitive manner with EZH2. The cell-
based studies reveal that astemizole impairs the PRC2 activity
via dissociation of the EZH2-EED complex and destabilization
of PRC2 complex, inhibiting the proliferation of PRC2-driven
lymphomas.

Figure 1. Characterization of astemizole and EED binding. (A) The displacement of FITC-labeled EZH2 peptide by astemizole in the competitive
FP assay. The dashed line indicated the background FP value (35 mP) of the free tracer peptide. (B) The thermal shift assay displaying the
stabilization of EED by astemizole. (C) T1ρ NMR spectra for astemizole (black), astemizole in the presence of EED (red), and astemizole in the
presence of EED and either 20 μM (green) or 100 μM EZH2 peptide (purple).
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■ RESULTS AND DISCUSSION

Virtual Screening to Identify Astemizole that Disrupts
the EZH2-EED Interactions. The crystal structure of EED in
complex with EZH2 (Protein Data Bank (PDB) entry:
2QXV)49 was used as a target for docking-based virtual
screening. Residues within 8 Å of F42 in EZH2 were defined as
binding sites because of the relatively more “hot-spot” clusters
around the N-terminal portion of the EZH2 peptide. An in-
house database, containing approximately 1000 known drugs,
was screened in silico. The top-100 compounds ranked based
on the docking score were retained for visual inspection to
remove the compounds with poor shape and chemical fitness
with the binding groove as well as with similar chemical
scaffolds. Finally, the top-50 compounds were selected for
experimental validation. Among them, astemizole, an FDA-
approved antiallergy drug with histamine H1 receptor
antagonist activity,48 showed the highest inhibitory activity in
a competitive fluorescence polarization (FP) assay (Supporting
Information Table S1). It displaced the EZH2 peptide with an
inhibition constant (Ki) of 23.01 μM (Figure 1A and Figure S1
in Supporting Information). To determine whether astemizole
directly binds to EED and competes with EZH2, we utilized
multiple additional methods to characterize the interactions
between EED and astemizole. First, a fluorescence-based
thermal shift assay indicated that astemizole dose-dependently
shifted the melting temperature (Tm) of EED for over 4 °C
until reaching a plateau (Figure 1B), suggesting that the EZH2
displacement activity observed in the FP assay was mainly the
result of a direct binding event rather than impaired EED
thermostability. Next, strong binding signals were clearly
observed in both the ligand’s observed T1ρ (Figure 1D) and
saturation transfer difference (STD) nuclear magnetic reso-
nance (NMR) spectra (Supporting Information Figure S2), and
the addition of the EZH2 peptide to the EED-astemizole
complex restored the T1ρ effect in a dose-dependent manner,
indicating the mutually exclusive binding of astemizole and
EZH2 to EED. To investigate the effectiveness of astemizole in
inhibiting the enzymatic activity of the PRC2 holoenzyme, an
in vitro histone methyltransferase (HMT) assay was used to
demonstrate that the HMT activity was inhibited in a dose-
dependent manner (Supporting Information Figure S3).
Collectively, these biochemical and biophysical results demon-
strate the reversible and specific binding of astemizole to EED
and confirm that astemizole disrupts the EZH2-EED
interaction.

Selective Inhibition of PRC2 Activities by Astemizole
in Cells. To explore the ability of astemizole to disable the
PRC2 complex in cancer cells, DLBCL cells expressing either
wild-type EZH2 (Toledo) or an EZH2 mutant (DB) were
exposed to astemizole or a control EZH2 inhibitor, EPZ005687
(EPZ), for 72 h.25 As indicated in Figure 2A,B, astemizole
treatment produced a clear concentration-dependent decrease
in the H3K27me3 levels in both the DB and Toledo cell lines.
By comparison, the other histone H3 methylation marks were
largely unaffected, highlighting the exquisite specificity of
astemizole for PRC2 inhibition (Figure 2C). The better activity
in inhibiting the PRC2 complex in cells than in vitro suggested
that a novel mechanism may be employed by astemizole to
inhibit the PRC2 activity. Previous studies emphasized the
importance of the EZH2-EED interaction for the integrity of
the PRC2 complex, and the dissociation of the EZH2-EED
complex by astemizole may thus impair the stability of each
PRC2 subunit in vivo. Accordingly, we examined the changes in
the protein level of each core component of the PRC2 complex
following treatment. As expected, treatment with astemizole
dose-dependently depleted the EZH2, EED, and SUZ12
proteins in both cell lines (Figure 2A,B), which is in agreement
with the reported effects of mutations that disrupt these
protein−protein interactions30,31 and the effects of the stapled
EZH2 peptide.32 The cell viability, assessed by flow cytometry,
indicated that the decrease in the PRC2 protein and
H3K27me3 levels may not be attributed to the apoptosis
induced by astemizole, especially for the effects observed at
lower compound concentrations (Supporting Information
Figure S4). By contrast, no such effects were observed for
the EZH2 inhibitor EPZ (Figure 2A,B) or the cytotoxic
lymphoma chemotherapy drug doxorubicin (Supporting
Information Figure S5),50 emphasizing the distinct mechanism
of action (MOA) of astemizole for PRC2 inhibition and
eliminating the possibility that the reduction of the PRC2
component and H3K27me3 levels were due to nonspecific cell-
growth blocking. Hence, the accelerated degradation of the
core components by astemizole led to a more dissociated state
of PRC2 complex in cells than in vitro, which may account for
its better cellular activity (see Discussion below). Taken
together, these results indicate that astemizole selectively
suppresses the methyltransferase activity of the PRC2 complex
by targeted inhibition of the EZH2-EED interaction,
destabilizing the core components of the enzyme complex.

Antiproliferation Activity of Astemizole for the PRC2-
Driven DLBCLs. Given that GCB-DLBCL cell growth is

Figure 2. In vivo functional assays for astemizole effects. (A, B) EZH2, EED, and SUZ12 protein and H3K27me3 levels in DB and Toledo cells
following treatment with the indicated concentrations of astemizole or 10 μM EPZ. The total histone H3 is shown as a loading control. (C) Western
blot against other histone H3 lysine methylation marks using DB cell lysates treated with the indicated concentrations of astemizole. Total histone
H3 is shown as a loading control.
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driven by aberrant PRC2 activity,24 we monitored the impact of
the intracellular inhibition of PRC2 by astemizole on the
viability in these cancer cells. As shown in Figure 3A,B, low
micromolar concentrations of astemizole dramatically inhibited
the proliferation of GCB-DLBCL cells carrying mutant forms

of EZH2 (DB, SU-DHL6, SU-DHL4, and Pfeiffer) or wild-type
EZH2 (Toledo), corroborating the essential role of PRC2 in
unrestrained cell proliferation.32 Because the MOAs by which
astemizole and EPZ target PRC2 differ, combined treatment
with both compounds might yield an enhanced antiprolifera-

Figure 3. Antiproliferation activity of astemizole for DLBCLs. (A) Cell growth inhibition curves of astemizole for the five GCB-DLBCL cell lines.
(B) Effect of astemizole on the growth of DLBCL cell lines represented as the concentration of astemizole required to inhibit 50% of growth
(growth IC50). (C, D) Effects of combination treatment at the indicated dose of astemizole and EPZ in DB and Toledo cells. DB and Toledo cells
were treated with EPZ and/or astemizole for 72 h, and the cell viability was detected by flow cytometry.

Figure 4. (A) mRNA level of EAG1 in different cancer cell lines. (B) Expression levels of EZH2, EED, and H3K27me3 in mock-treated, shEED-
treated, or shEZH2-treated DB cells. (C,D) Antiproliferation activity of astemizole for mock-treated or shEED-treated (C) and shEZH2-treated (D)
DB cells. Cell viability was measured by alamar blue after 3 day treatment. * P < 0.05, **P < 0.01, ***P < 0.001.
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tion effect compared with either agent alone. Encouragingly, a
prominent synergistic effect was observed in both DB and
Toledo cells with the simultaneous administration of astemizole
and EPZ (Figure 3C,D), which is consistent with the results for
the stapled EZH2 peptide in a recent study.32 Nearly complete
abrogation of cell growth was achieved when a combined dose
of 5 μM astemizole and 5 μM EPZ was used. Therefore, our
data confirmed that the targeted disruption of the EZH2-EED
complex and depletion of the PRC2 core components by
astemizole resulted in a therapeutic benefit for GCB-DLBCLs,
which can be further strengthened by combination treatment
with an EZH2 inhibitor.
Antiproliferation Activity of Astemizole for Lympho-

mas Was Largely Attributed to the Disruption of the
PRC2 Complex. Previous studies suggested that astemizole
decreased the proliferation of tumor cells by blocking the ether
a-̀go-go 1 (EAG1) potassium channel.51,52 To examine the role
of blocking EAG1 in astemizole-induced cell growth arrest for
the PRC2-driven lymphomas, we carefully examined the
expression level of EAG1 in both DB and Toledo cells by
semiquantitative RT-PCR. As shown in Figure 4A, the
expression of EAG1 was not detected in either of the two
lymphoma cell lines. However, it should be noted that,
consistent with other studies, EAG1 can readily be detected
in both the lung cancer cell line A54953,54 and breast cancer cell
line MCF7,55,56 indicating the reliability of the assay. Therefore,
our data established that the cell growth arresting effects of
astemizole for PRC2-driven lymphomas might be not due to
the blockage of the EAG1 ion channel. Furthermore, to
investigate the specificity of astemizole for the PRC2 complex
in cancer cells, we first established the EZH2 or EED low-
expressed cell lines by treating the DB cells with shRNA-
specific for EZH2 (shEZH2) or EED (shEED). The
simultaneous decrease in the protein level of EED (or
EZH2) after knockdown of EHZ2 (or EED) was consistent
with the notion that that the disruption of the EZH2-EED
complex may impair the stability of the PRC2 core
components,28,30,31 which is in agreement with the effects
observed for astemizole as well as the stapled EZH2 peptide
(Figure 4B).32 Then, we compared the differences of the
inhibitory activity of astemizole toward the shRNA-treated or
mock-treated DB cells. It is evident that the DB cancer cells
with low expression of EZH2 or EED were more resistant to
the antiproliferation activity of astemizole than the mock-
treated cells (Figure 4C,D), especially at higher compound
concentrations, indicating that the antiproliferation effects of
astemizole may be directly related to the PRC2 complex.
Collectively, our data indicated that astemizole inhibits the
unrestrained proliferation of lymphoma cells primarily by
disabling the PRC2 complex.
Molecular Modeling Studies. To understand the

molecular basis of the inhibition of the EZH2-EED interaction,
a molecular docking simulation was performed to scrutinize the
binding mode of astemizole. In the docking simulation,
astemizole was predicted to bind at the sites that overlap
with the binding surface of the N-terminal EZH2 peptide on
EED (Supporting Information Figure S6).49 The benzimidazole
moiety of astemizole is tightly confined within a cleft that is
occupied by the hot-spot residue F42 in EZH2 in the protein
complex49 through extensive hydrophobic interactions with the
surrounding residues (Figure 5). Moreover, two hydrogen
bonds were formed between 4-aminopiperidine and the
carbonyl oxygens of L391 and Q374, and extensive van der

Waals (vdW) and hydrophobic contacts were mediated by the
benzyl and 1-ethyl-4-methoxybenzene groups, efficiently
anchoring the compound in the EZH2 binding groove (Figure
5). To assess the reliability of the docking model, we used a
thermal shift method to characterize the binding of astemizole
with distinct EED mutants. As expected, the Tm of wild-type
EED was significantly elevated in the presence of astemizole,
while no such effect was observed for EED mutants (L246E,
L315D, L353A, and F356Y) that harbored mutations in the
residues that mediate direct interactions with astemizole in the
docking model. Additionally, analogous to the effects observed
for wild-type EED, astemizole improved the thermostability of
EED proteins with mutations (V112E and L123E) distant from
the predicted binding site (Supporting Information Figure S6),
supporting the validity of the docking model. However, the
individual increases in protein thermostability conferred by
astemizole cannot be attributed to the altered thermostability of
protein mutants because nearly identical inherent Tm values
were observed for the mutants (Supporting Information Figure
S7).

Figure 5. Molecular modeling of the astemizole/EED complex. (A)
Detailed interactions between astemizole (yellow sticks) and its
surrounding residues in EED (blue or pink sticks). Residues selected
for mutagenesis are colored in pink. The hydrophobic cleft that is
occupied by the Phe42 residue of EZH2 (green sticks) is represented
in surface contours. (B) Stabilization of EED mutants by astemizole.
The melting curves for 2 μM EED protein in the presence of 200 μM
astemizole are shown.
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To further verify the reliability of the predicted binding mode
and explore the essential chemical signature of astemizole that
is responsible for its specific binding with EED, we examined
the inhibitory activities of its in vivo metabolites.48 As shown in
Supporting Information Figure S8, desmethylastemizole
exhibited moderately reduced activity in the FP assay compared
with astemizole, which is in agreement with the loss of the
hydrophobic interactions between the methyl group and F372
of EED in the docking model. Moreover, significantly impaired
inhibitory activity was detected for norastemizole (Supporting
Information Figure S8B), which has a much smaller molecular
weight from N-dealkylation in vivo.57 This result could be due
to the loss of extensive van der Waals (vdW) and hydrophobic
contacts, mediated by 1-ethyl-4-methoxybenzene groups, with
the surrounding residues, which is based on the docking
simulation (Figure 5A). Nevertheless, the reproducible
inhibitory activity of norastemizole in the FP assay, as well as
the critical role of the structural elements corresponding to
norastemizole in anchoring astemizole at a hydrophobic groove
in the PPI interface, indicated that norastemizole may have the
core components of astemizole that are required to inhibit the
EZH2-EED interaction. We therefore examined the protein-
stabilizing effect of norastemizole with the thermal shift assay.
Encouragingly, the thermostability of EED was dose-depend-
ently enhanced by norastemizole (Supporting Information
Figure S8C), emphasizing the indispensable contributions of
the norastemizole scaffold in the disruption of the EZH2-EED
complex by astemizole.

■ CONCLUSIONS AND FUTURE PROSPECTS
The development of potent and selective PRC2 modulators is
currently a hot topic of epigenetic drug discovery. Although
several EZH2 inhibitors show impressive efficiency in
preclinical and clinical studies, the exploration of novel
MOAs by targeting EZH2-EED interactions may have broader
therapeutic implications for PRC2-addicted human cancers that
are either dependent or independent of the HMT activity.33−35

Additionally, the recent development of highly potent
inhibitors targeting the PPI interface, such as WDR5-
MLL1,58,59 Menin-MLL,60,61 and BRD4-acetyl-lysine com-
plexes,62,63 has emphasized the validity of epigenetic PPI
inhibitors in cancer therapy. It was noteworthy that the PPI
inhibitors may gain higher selectivity than the compounds that
directly target the active sites of histone modifying enzymes,
considering that the allosteric PPI interfaces may have much
lower sequence and structural conservation than the enzymatic
sites, which is indicated by the recent elegant study on WDR5-
MLL1 inhibitors.58,59 However, no small molecule inhibitors
are developed to disrupt the EZH2-EED interactions to date. In
the present study, we detailed the identification and character-
ization of astemizole as a small molecule that can modulate the
cellular levels of H3K27me3 modification by disrupting the
EZH2-EED interaction of PRC2, an intrinsically difficult PPI
target that is characterized by “tight and wide” binding
properties.43 First, a structure-based virtual screening was
utilized to identify potential disruptors of the EZH2-EED
interactions, from which astemizole was identified as an agent
that could displace the EZH2 peptide in the competitive FP
assay. Then, multiple lines of biochemical and biophysical
evidence demonstrated the unique mechanism of astemizole in
impairing the PRC2 activity by directly binding to EED. The
cell-based studies further indicated that the dismantling of the
EZH2-EED complex by astemizole could efficiently deplete the

core components of the PRC2 enzymatic complex, abrogating
the PRC2 activities inside cells, which is consistent with the
data from both the mutagenesis and RNAi experiments as well
as the effects observed for the EZH2 peptide. Moreover, rather
than blocking the EAG1 potassium channel, the unique MOA
of astemizole disabled the PRC2 complex, which translated into
efficient antiproliferation activity in PRC2-driven DLBCLs,
confirming the therapeutic potential of the targeted disruption
of the EZH2-EED complex as well as providing a novel and
complementary strategy for arresting other PRC2-driven
human cancers. Last, the molecular modeling studies showed
that astemizole was bound to a hydrophobic groove that was
occupied by the “hot-spot” residues, providing the putative
structural basis for further optimization and helping to identify
norastemizole as the core scaffold of astemizole for disrupting
the EZH2-EED complex. Because rare, severe cardiotoxicity
can occur after astemizole overdose due to the inhibition of the
human ether-a-gogo related gene (hERG) potassium channel,64

pharmacologically optimizing astemizole and its minor
metabolite norastemizole, which has a much lower activity
with potassium channels,65 will further increase the inhibitory
potency against the EZH2-EED complex and diminish the
hERG toxicity.
Our findings emphasized the unique MOA of the EZH2-

EED PPI disruptors for PRC2 inhibition that the disassociation
of the complex accelerated the degradation of PRC2 core
components in cells (Figure 2A,B). Therefore, analogous to a
chemical reaction equilibrium model, we proposed that the
disassociation−association equilibrium of the PRC2 compo-
nents is largely remodeled by the disruptor of the EZH2-EED
interactions in cells (Supporting Information Figure S9). The
addition of astemizole irreversibly prompted the degradation of
the core components after disassociating EZH2-EED complex,
which shifted the equilibrium of PRC2 complex toward a more
disassociated state than in vitro. This proposal may account for
the better activity of astemizole in the cellular assays. Notably, it
could not rule out the possibility that astemizole may bind on
other targets as it was a well-known FDA approved drug with
histamine H1 antagonist activity, and these effects may also
contribute to the cell growth arrest activity. However, the
knockdown and target engagement results clearly indicated that
astemizole, at least partially, acted on the EZH2-EED interface
of the PRC2 complex in cells. More importantly, findings from
our present study will lay the foundation for the further
development of more potent and selective PRC2 inhibitors for
targeted epigenetic therapy, as well as powerful chemical probes
in dissecting a variety of Polycomb-related biological pathways.

■ EXPERIMENTAL SECTION
Virtual Screening and Molecular Docking. An in-house

database containing approximately 1000 known drug therapies was
screened in silico against the EED structure (PDB entry 2QXV)49 with
the GLIDE 5.5 (grid-based ligand docking with energetics)
program.66,67 The protein structures were prepared using the Protein
Preparation Wizard Workflow provided in the Maestro graphical user
interface of the Schrödinger program suite, and the default settings
were used. Residues within 8 Å around F42 in EZH2 were defined as
binding sites in which the docking grids were created. The default
settings were adopted for the cutoff, neutralization, scaling, and
dimension of the binding pocket. All compounds from the database
were docked into the defined binding site without constraint and were
ranked based on Glide-score. The top ranking compounds were
submitted for further docking validation with the extra precision (XP)
mode to eliminate false positives, which was achieved by more
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extensive sampling and advanced scoring, resulting in even higher
enrichment.68 Finally, after visual inspection and chemical diversity
analysis, the candidate compounds were subjected to the fluorescence
polarization assay. In the docking simulation of astemizole against
EED, a similar procedure was employed as above.
Protein Expression and Purification. The EED gene (residues

81−441), covering the WD40 repeats,49 was subcloned into a
modified pET28a vector, which contained a SUMO tag after the N-
terminal 6 × His tag. The recombinant proteins were overexpressed at
16 °C in Escherichia coli strain BL21 (DE3) and then purified by nickel
affinity chromatography (GE Healthcare). After removal of His-
SUMO tag by ULP1 protease, the elusion was further fractionated by
anion-exchange (Mono-Q; GE Healthcare) and size exclusion
chromatography (Superdex 75; GE Healthcare). The proteins were
concentrated in a buffer containing 25 mM HEPES (pH 8.0), 150 mM
NaCl, and 1 mM DTT. A mutated EED construct was made as
previously described69 and the identities were confirmed by
sequencing. Mutated proteins were expressed in bacterial cells and
purified as above.
Fluorescence Polarization (FP) Assay. Fluorescein-labeled

EZH2 helical peptide (residue 39−63) was synthesized on a fully
automatic Liberty Blue peptide synthesizer (CEM). In the FP-based
binding experiment, serial dilutions of the EED protein were prepared
and added into the mixture in 40 μL of FP buffer (25 mM PIPES pH
6.2, 150 mM NaCl, 0.1 mg/mL BSA, and 0.01% NP40) in a 384-well
format (Corning 3575). The final concentration of the FITC-labeled
peptide was 50 nM and DMSO concentration was 10% (v/v). After
incubation at 26 °C for 1 h, the FP was measured on a PerkinElmer
EnVision multimode plate reader with an excitation of 485 nm and
emission of 520 nm, respectively. The change in the polarization was
graphed as a function of the log of the protein concentration, and the
apparent dissociation constant (Kd app) was obtained from the
sigmoid curve (Supporting Information Figure S1A). After trans-
forming the polarization values (mP) to anisotropy values (mA), the
dissociation constant (Kd) was calculated by nonlinearly fitting to eq
1,70 which is illustrated in Supporting Information Figure S1B.
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Equation employed to calculate the Kd value. A is the experimental
anisotropy transformed from the FP values. Af is the anisotropy for the
free ligand and Ab is the anisotropy for the fully bound ligand. LT and
RT indicate the concentration of the total FITC-labeled peptide and
protein. As the anisotropy value (A) is measured for each protein
concentration (RT), the Ab, Af, and Kd values can be obtained by fitting
the data to this equation.
In the FP-based competitive experiment, serial dilutions of

competitors for EZH2 were prepared from 100 mM DMSO stocks.
The diluted compound was added to the reaction mixture in 40 μL of
FP buffer to final concentrations of 0.5 μM EED and 50 nM FITC-
labeled peptide. After incubating at 26 °C for 1 h, the FP was
measured for each compound concentration and the IC50 value was
determined using the 4-parameter logistic nonlinear regression model
in GraphPad Prism 6. Previous studies have shown quite dramatically
how high receptor and labeled ligand concentrations lead to an
underestimate of the compound binding affinity from the IC50

value.71−73 We thus turned to exploring the affinity of astemizole to
EED by transforming the IC50 value to the inhibition constant (Ki),
which represents the equilibrium constant of compound binding and
theoretically does not depend on the experimental conditions, except
the temperature. Then, the mathematical equation (eq 2) or the online
Ki calculator (http://sw16.im.med.umich.edu/software/calc_ki/),
which were designated for the FP assay by taking into account of
the effects from high protein and peptide concentration,73 was
employed to derive the Ki value of astemizole.

=
+ +
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K K
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[P]50
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The equation used to calculate the Ki value for astemizole. [I]50
denotes the concentration of the free inhibitor at 50% inhibition, L50 is
the concentration of the free labeled ligand at 50% inhibition, [P]0 is
the concentration of the free protein at 0% inhibition, and Kd is the
dissociation constant of the protein−peptide complex. To obtain the
value of [I]50, [P]0, and L50, the total concentration of the protein and
fluorescence-labeled peptide as well as the dissociation constant of the
protein-peptide complex and the IC50 value for astemizole were
provided.

Thermal Shift Assay. The thermal shift assay was performed on a
7500 fast real-time PCR system (ABI) according to a known
protocol.74,75 Each reaction solution containing 2 μM EED, 5×
SYPRO orange (Invitrogen), and testing compounds in 20 μL of
thermal shift buffer (25 mM PIPES, pH 6.2, 150 mM NaCl, 1 mM
DTT) were heated from 25 to 95 °C at 1% ramp rate. The change in
the fluorescence intensities of SYPRO orange was monitored as a
function of the temperature. The melting temperature (Tm) was
calculated by the Boltzmann fitting method in Protein Thermal Shift
Software v 1.1 (ABI). Each reaction was repeated three times.

NMR-Based Binding Assay. Ligand observed T1ρ and saturation
transfer difference (STD) NMR experiments were applied to
investigate ligand−protein interactions. All NMR spectra were
acquired at 25 °C on a Bruker Avance III-600 MHz (proton
frequency) spectrometer equipped with a cryogenically cooled probe
(Bruker biospin, Germany). Samples containing 400 μM compound,
400 μM compound in the presence of 5 μM protein, and 400 μM
compound in the presence of 5 μM protein and 20 μM or 100 μM
EZH2 peptide (residues 39−68) were dissolved in phosphate buffer
(20 mM NaPO4, 100 mM NaCl, pH 7.4, 10% DMSO) and then used
in NMR data acquisition.

In Vitro Histone Methyltransferase (HMT) Assay. Five-
component PRC2 holoenzyme (EZH2, SUZ12, EED, RBBP4, and
AEBP2) was purchased from Sigma (SRP0134). Enzyme (30 nM) was
incubated with an increasing doses of the inhibitor (i.e., 10 nM, 100
nM, 1 μM, 10 μM, and 100 μM) in the presence of 5% DMSO on ice
for 30 min. Histone octamer (454 nM) and 48 μM SAM were
subsequently added and the reaction was carried out in a buffer
containing 25 mM Tris-HCl, pH 8.0, 10 mM NaCl, 1 mM EDTA, 2.5
mM MgCl2, 1 mM DTT, 5% Glycerol, and 2% DMSO at 30 °C for 4
h. The reaction was stopped by 1× SDS loading dye and the product
was resolved by SDS-PAGE. The H3K27me3 signal was detected by
an anti-H3K27me3 antibody from Abcam (ab6002).

Western Blot Analysis. To detected PRC2 component
degradation and H3K27me3 reduction, DB and Toledo cells were
treated with astemizole or doxorubicin for 72 h. Then, the cells were
lysed with RIPA buffer (50 mM Tris-HCl pH 8.0; 150 mM NaCl; 1%
NP-40; 0.5% sodium deoxycholate; and 0.1% SDS). Lysates with 30 μg
of total protein were separated with SDS-PAGE, and transferred to a
PVDF membrane (GE Healthcare). The blots were probed with the
indicated primary antibodies followed by HRP-conjugated anti-rabbit
or anti-mouse IgG antibody. Detection was performed with
chemiluminescent HRP substrate (GE Healthcare). For immunoblot
against other histone H3 methylation modifications, samples were
prepared as described.27

Cell Viability Analysis. Diffused large B-cell lymphoma cell lines
(SU-DHL6, Toledo, DB, SU-DHL4, and Pfeiffer) were obtained from
American Type Culture Collection (ATCC, Manassas, VA) and
cultured in RPMI 1640 medium supplemented with 10% FBS and 1 ×
Pen/Strep. To determine the effect of astemizole on DLBCL cells, the
cells (1−2 × 104 cells per well) were placed in 100 μL of serum-
containing media with astemizole in 96-well flat-bottomed microtiter
plates in triplicate cultures. The cell viability was measured by Cell
Counting Kit-8 (CCK8, Dojindo) after 7 days incubation. The
absorbance was measured at a 450 nm with 600 nm as the reference
using a microculture plate reader (POLARstar Omega, Offenburg).
The cell viability was expressed as the percentage of absorbance in cells
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with indicated treatments to that in the control cells. To determine the
effect of astemizole on both the shEED and shEZH2 treated DB cells,
the cells (5000 cells per well) were placed in 200 μL of serum-
containing media with astemizole in 96-well flat-bottomed microtiter
plates in triplicate cultures. The cell viability was measured by alamar
blue assay after 3 days incubation. Following the addition of 20 μL of
alamar blue (Invitrogen), the plates were incubated at 37 °C and read
at 560 nm.
Flow Cytometry Assay. Cell apoptosis was determined by dual

staining with annexin V conjugated to FITC and 7-amino-actinomycin
(7AAD). DB and Toledo cells were treated with 0, 0.6, 1.25, 2.5, 5,
and 10 μM astemizole for 72 h. Then, according to the protocol, 1 ×
106 cells were stained with annexin V-FITC and 7AAD (Annexin V
FITC apoptosis detection kit I, BD Pharmingen) for 15 min in the
dark and analyzed by flow cytometry using a FACS Calibur cytometer
(BD Pharmingen). To evaluate the effects of combination treatment at
the indicated dose of astemizole and EPZ in DB and Toledo cells, DB
and Toledo cells were treated with EPZ and/or astemizole for 72 h,
and the cell viability was measured by flow cytometry as described
above. Apoptotic cells were identified as annexin V+ and/or 7AAD+

cells. Cells excluding both annexin V-FITC and 7AAD were
considered viable.
RNAi Plasmid. Primers of shRNA-Mock (Mock), shRNA-EED

(shEED), or shRNA-EZH2 (shEZH2) were designed and cloned into
the lentiviral pSICOR vector, respectively. Lentiviruses were produced
in HEK239T cells, maintained in 1640 supplemented with 10% FBS
without antibiotic, byco-transfecting pSicoR, psPAX2, and pMD2.G
with lipofectamine 2000 (Invitrogen). Culture supernatants containing
pseudotyped lentiviral particles were filtered by 0.22 μm filter
(Millipore). Primers for Mock, EED, and EZH2 shRNA were as
follows: shRNA-Mock (sh-Mock): GGAACCGTCTTGCAGTA-
CATTT; shRNA-EED (shEED): GCCAGTGTGACATTTGGTAT-
3′; and shRNA-EZH2 (shEZH2): 5′-GCTCTAGACAACAAACC-
TTT-3′, respectively.
Source and Purity of Astemizole. Astemizole was purchased

from the Sigma-Aldrich company (A2861), who claimed to have more
than 98% purity of the compound based on a high performance liquid
chromatography (HPLC) analysis.
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