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ABSTRACT: The histone H3-lysine 27 (H3K27) methyl- S
transferase EZH2 plays a critical role in regulating gene

expression, and its aberrant activity is linked to the onset and N ©

progression of cancer. As part of a drug discovery program NN W

targeting EZH2, we have identified highly potent, selective, "N# | ;\
SAM-competitive, and cell-active EZH2 inhibitors, including s J_ "

GSK926 (3) and GSK343 (6). These compounds are small & - o A -

molecule chemical tools that would be useful to further explore
the biology of EZH2.
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umerous studies suggest that aberrant, post-translational, Herein we report the identification of highly potent, selective,

histone modifications play an important role in the small molecule inhibitors of EZH2, as exemplified by GSK926 (3)
initiation and progression of several diseases.'* In this context, and GSK343 (6). Unlike deazaneplanocin (DZNep), which is
the histone lysine methyltransferase EZH2 (Enhancer of Zeste thought to deplete PRC2 subunits in cancer cells by way of an
Homologue 2), the catalytic member of the Polycomb indirect mechanism,’® the compounds described here directly and
Repressive Complex 2 (PRC2), has been implicated in the selectively inhibit PRC2 enzymatic activity.
progression of cancer. EZH2 catalyzes the methylation of the High-throughput screening of the GSK compound collection
£-NH, group of histone 3 lysine 27 (H3K27) in the nucleosome against EZH2 led to the identification of compound 1 (Table 1).%°
substrate, via transfer of a methyl group from the cofactor Biochemical mechanism of inhibition studies showed that 1
S-(S’-adenosyl)-L-methionine (SAM), leading to trimethylation is competitive with the cofactor SAM and noncompetitive with
of H3K27 (H3K27me3) and transcriptional silencing of target peptide or nucleosome substrates. We selected 1 for optimization
genes.5 Several studies show that elevated levels of EZH2 studies based on its activity and well-defined biochemical profile.
correlate with poor prognosis in solid tumors, including those in Compounds 2—6 were synthesized as shown in Scheme 1>
prostate, breast, kidney, and lung.é_9 More recently, somatic Preliminary structure—activity relationship (SAR) studies
activating mutations in EZH2 have been identified in follicular showed that the pyridone moiety, the 4,6-disubstitution pattern
lymphoma (FL), and GCB diffuse large B cell lymphoma on the pyridone, the linking amide, and a branched alkyl group at
(DLBCL), leading to increased H3K27me3."°"'° These findings the 1-position of the azaindazole core are all important features
suggest that dysregulation of H3K27me3, through EZH2 over- of the key pharmacophore (results from these studies will be
expression or point mutations, silences target genes important in published in a forthcoming manuscript). In contrast, the aza
tumor growth and survival. Together, these observations indicate group at the 7-position of the azaindazole core could be removed
that inhibition of EZH2 may be an attractive therapeutic approach without aloss of EZH2 inhibitory activity (2, Ki*” = 74 + 11 nM).
for the treatment of cancer. The cyclopropyl group at the 6-position could be replaced by a
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Table 1. Data for Compounds 1—6
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“ICs, values were measured at a high SAM concentration relative to K,
(7.5 uM). Apparent K; values + standard deviation were calculated using
the Cheng—Prusoff relationship for a competitive inhibitor (n = 2).
PH3K27me3 ICj, is the concentration of compound resulting in 50%
inhibition of H3K27me3 in HCC1806 breast cancer cells normalized
to total H3. Values are the mean of at least three independent
replicates. See Supporting Information for assay conditions.

variety of substituents, and in particular, incorporation of an
amine-containing group, attached to the 6-position of the core
via an aryl linker, provided a significant boost in potency. For
example, compounds 3 and 5, which contain regioisomeric
piperazinylpyridine groups at the 6-position, have EZH2 K*? =
7.9 + 3 and 14 + 5 nM, respectively (Table 1). Incorporation of
an n-propyl group at the 4-position of the pyridone provided
an additional boost in activity of at least 10-fold. For example,
compounds 4 and 6, which contain an n-propyl group at the
4-position of the pyridone, have EZH2 K** = 0.60 + 0.05 and
1.2 + 0.2 nM, respectively.

To elucidate the mode of inhibition of these inhibitors, we
determined ICs, values at eight SAM concentrations ranging
from 3 uM to 15 uM, and then we replotted ICs as a function of
the [SAM]/K,, ratio. The resulting pattern of increasing ICs,
values with increasing [SAM]/K,, is best explained by a model
of inhibition where, for example, 6 is competitive with SAM
(Figure 1). A SAM-competitive mechanism for 6 is consistent
with the mechanism of inhibition data generated for the
structurally similar molecule 1.>°

Since compound 6 (GSK343) is SAM-competitive, and many
enzymes utilize SAM as a cofactor, we determined the selectivity
of compounds 3, 4, and 6 against a panel of SAM-utilizing methyl-
transferases (Table 2). Overall, these compounds are highly
selective for EZH2 over most other methyltransferases tested
with selectivity greater than 1000-fold. The only exception is
EZH]1, where the selectivity of compounds 3, 4, and 6 is 125-, 25-,
and 60-fold, respectively. EZH1 is highly homologous to EZH2
with 76% sequence identity overall and 96% sequence identity

Scheme 1. Synthesis of Indazole Derivatives 2—6
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“Reagents and conditions: (a) (1) H, (100 psi), 10% Pd/C, Pt,0, NaOAc, AcOH, 48 h; (2) HC], EtOH, 2 h, 0 °C, (b) cyanoacetamide, KOtBu,
DMSO, 30 min at RT then O,, RT, 48 h; (c) H,, (60 psi), Raney Ni, NH,OH, RT, 48 h; (d) NaH (60% dispersion), 2-bromopropane, DMF, 0 °C
to RT, 16 h; (e) 3 M NaOH, 4:1 MeOH/THF, RT, 3 h, then adjust to pH 4—5 with HCJ; (f) 9 or 10, EDC, HOAT, NMM, DMSO, RT, 12—48 h;
(g) for 2: cyclopropylboronic acid, PdCl,(dppf)-CH,Cl,, NaHCO,, 3:1:1 dioxane/DMF/H,0, 150 °C, 2 h; for 3: arylboronate ester,
PdCl,(dppf)-CH,Cl,, NaHCO;, 3:1 DME/H,0, microwave, 130 °C, 30 min; for 4, S, and 6: arylboronate ester, PdCL,(dppf)-CH,Cl,, NaHCOs, 3:1

dioxane/H,0O, microwave, 110 °C, 20 min.
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Figure 1. Mechanism of EZH?2 inhibition for 6 (GSK343). The pattern
of increasing ICy, with [SAM]/K,, is best explained by a model of
inhibition where 6 is competitive with SAM. The data were fit to models
of competitive, uncompetitive, and noncompetitive inhibition and were
best fit by a competitive model as determined by F-test analysis.

within the catalytic SET domain. The structural factors re-
sponsible for the selectivity over EZH]1, and for the different levels
of selectivity for EZH2 over EZH1, are unclear at this time. We
also evaluated compounds 3, 4, and 6 in a broad screening panel
of receptor and enzyme targets, and we found little to no cross-
reactivity (Table 1 of the Supporting Information). Overall, these
studies demonstrate that 3, 4 and 6 are highly selective EZH2
inhibitors with good, albeit lower, selectivity over EZH]1.

To evaluate cellular activity, we developed an immunofluo-
rescent cell imaging assay to quantify nuclear H3K27me3 levels

Table 2. Selectivity of 3, 4, and 6 vs Methyltransferases”

Er T 3 ICy, (M) 41Cs, (uM) 6 IC, (uM)
EZH2" 0.020 0.004 0.004
EZH1Y 2.5 0.10 0.24
DNMT1 >100 121 >100
DNMT3a >100 >100 >100
DNMT3b >100 >100 >100
DOTI1 >100 >100 >100
G9a >100 >100 >100
MLL1 >100
MLL2 >100
MLL3 >100
MLL4 >100
PRMT1 >100 >100 >100
PRMT3 >100 54 74
PRMT4 >100 116 128
PRMTS >100 >100 >100
SET7 214 49 63
SETMAR >100 >100 >100
SUV39H1 >100 >100 >100
SUV39H2 >100 >100 123

“ICs is the concentration of compound resulting in 50% inhibition of
enzymatic activity. Values are the mean of at least two independent
replicates. See Supporting Information for assay conditions. *Data
generated using S-component complex.

in the cancer cells. Incubation of HCC1806 breast cancer cells
with the EZH2 inhibitors for 72 h led to dose-dependent
reductions in nuclear H3K27me3 (Figure 2ab). The cellular
H3K27me3 ICy, values are shown in Table 1. At higher doses
(>1000 nM), greater than 90% inhibition of global H3K27me3
was achieved with compounds 3 and 6. These results show that
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Figure 2. Biological characterization of 3 (GSK926) and 6 (GSK343). All data represent the average of at least two independent replicates, and error
bars represent standard deviation. (a) H3K27me3 imaging in HCC1806 cells treated with DMSO or GSK343 for 72 h; (b) comparison of GSK926 and
GSK343 in the HCC1806 imaging assay; (c) proliferation effects of GSK926 and GSK343 in breast cancer cells (6 days); (d) proliferation effects of

GSK926 and GSK343 in prostate cancer cells (6 days).
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Figure 3. Proposed binding mode of 6 (GSK343). (a) EZH2 homology model, showing the proposed binding of 6 (green) relative to the binding of
SAH (orange); (b) two-dimensional representation of the proposed binding mode of 6.

compounds 3—6 are potent inhibitors of EZH2-mediated
methylation in cells.

To evaluate the effect of EZH2 inhibition on cell proliferation,
we chose several breast and prostate cancer cell lines, since
studies have demonstrated that RNAi-mediated knockdown of
EZH?2 affects the growth of cancer cell lines derived from these
tumor types”***’ (Figure 2c,d). In this 6-day proliferation assay,
6 demonstrated slightly greater potency than 3 in all cell lines.
This is consistent with the increased activity of 6 on EZH2
methyltransferase activity and suggests that the growth inhibition
is related to EZH?2 inhibition and not off-target effects. Among
the cell lines evaluated in this study, the prostate cancer cell line
LNCaP was the most sensitive to EZH2 inhibition, with growth
ICs, values of 4.5 and 2.9 uM for 3 and 6, respectively. These
growth ICy, values are approximately 20-fold above the ICy, on
H3K27me3, suggesting that nearly complete erasure of the
H3K27me3 mark is required for growth inhibition. A roughly
10-fold range of growth inhibition potency was observed among
the remaining cell lines, suggesting that there exists a spectrum of
dependence on EZH?2 activity. Additional studies will be required
to evaluate whether prolonged exposure to 6 and 3 elicits more
pronounced growth inhibition in these and other cell lines.

In rat PK studies, compounds 4 and 6 displayed high clearance.
Consequently, although they are useful as in vitro tools to
investigate EZH2 biology, they are not suitable for in vivo studies.

EZH2 is only active as part of the multicomponent PRC2
complex, and to date, no X-ray crystal structures of EZH2 or the
PRC2 complex have been reported. Therefore, we developed an
EZH2 homology model to determine a plausible binding mode for
our inhibitors. To model the EZH2 SET domain (residues 600—
726), we used the reported cocrystal structure of GLP (EHMT1)
bound to an H3K9me?2 peptide substrate (accession code 2RFI).*’
When compound 6 (GSK343) is docked into the SAM binding
pocket (Figure 3), the pyridone N—H and C=0 make hydrogen-
bonding interactions with the backbone C=O and backbone
N—H of His689, respectively. These interactions are the same as
those made by the adenine moiety of SAM. The indazole ring
makes hydrophobic contacts with Y661 and places the 1-position

1094

isopropyl group near the lysine tunnel adjacent to the SAM site.
The piperazinylpyridine substituent projects toward solvent and
makes hydrophobic contacts with Trp624, Phe686, and Phe685.
The propyl at the 4-position of the pyridone also points toward
solvent, but it appears to make hydrophobic contacts with Y736.

In summary, we have identified highly potent, selective, SAM-
competitive, cell-active inhibitors of the histone methyltransfer-
ase EZH2. The present work adds to a growing body of evidence
suggesting that histone methyltransferases are “druggable”
targets. The compounds described herein, such as 3 (GSK926)
and 6 (GSK343), are small molecule, in vitro chemical tools that
should enable more detailed investigation into EZH2 biology,
with the ultimate goal of identifying therapeutic agents for the
treatment of human diseases.

B ASSOCIATED CONTENT

© Supporting Information

Experimental details for the synthesis and characterization of
compounds 1—6, biochemical assays, the cell mechanistic assay,
and the in vitro proliferation assays. This material is available free
of charge via the Internet at http://pubs.acs.org.
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