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ABSTRACT: G9a is a histone lysine methyltransferase
responsible for the methylation of histone H3 lysine 9. The
discovery of A-366 arose from a unique diversity screening hit,
which was optimized by incorporation of a propyl-pyrrolidine
subunit to occupy the enzyme lysine channel. A-366 is a potent
inhibitor of G9a (ICyy: 3.3 nM) with greater than 1000-fold

selectivity over 21 other methyltransferases.
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Histone methyltransferases (HMTs), a class of enzymatic
“writers” of epigenetic marks, have recently emerged as
targets of potential therapeutic value."? They catalyze the
methylation of histone lysines and arginines utilizing S-
adenosyl-methionine (SAM) as the cofactor/methyl-source.
This process can result in either the activation or repression of
transcription.”* Dysregulation of methylation at specific histone
sites (alterations in the “histone code”) has been implicated in
many cancers.”” Hence, targeting HMT activity has been the
subject of much investigation in the field of oncology, even
recently reaching human clinical trials.®

Euchromatic histone methyltransferase 2 (EHMT2), also
known as G9a, is an HMT that is primarily responsible for the
dimethylation of lysine 9 on histone H3 (H3K9). Several
reports have highlighted its link to a variety of cancers. It is
upregulated in hepatocellular carcinoma,” B cell acute
lymphoblastic leukemia,'® and lung cancers."" In addition,
elevated expression of G9a in aggressive lung cancer correlates
with poor prognosis, while its knockdown in highly invasive
lung cancer cells suppressed metastasis in an in vivo mouse
model.'* In prostate cancer cells (PC3), G9 knockdown
caused significant morphological changes and inhibition of cell
growth."?

While small molecule inhibitors of G9a (Figure 1) have been
reported as early as 2005,"* BIX01294 (1) was the first reported
potent and selective inhibitor."® It was found to reduce H3K9
dimethyl levels in cells and notably was not a SAM-competitive
inhibitor. Recently, a second G9a inhibitor, UNC0638 (2), was
disclosed. Quinazoline 2, which incorporated a lysine-mimic via
an n-propyl-pyrrolidine exhibited a >10-fold enhancement in
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Figure 1. Selective small molecule inhibitors of G9a.

potency over 1 along with selectivity over a panel of 17 other
epigenetic targets. 16719

Our efforts toward the identification of chemically distinct
G9a inhibitors commenced with a chemical diversity subset
screen of our compound collection. The assay format employed
was a peptide-based AlphaLISA, measuring the levels of H3K9
dimethylation. Several clusters of related chemical matter were
identified, but a singleton stood out: spiro[cyclobutane-1,3'-
indol]-2’-amine (3) as having robust potency (ICsy: 153 nM).
The low molecular weight of this compound translated to a
high binding efficiency index (BEI) value of 27.”° Such a feature
rendered 3 as an attractive starting point for chemistry efforts
aimed at further potency optimization.

The importance of the various subunits of 3 was initially
interrogated by evaluation of a few closely related analogues
(Table 1). Interestingly, the cyclobutyl group in 3 was an ideal
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Table 1. Potency of Amino-Indole Screening Hit 3 and
Closely Related Analogues

L AlphaLISA
Compound Amino-indole
ICS0 (M)
3 %i:EOMe 0.153
HoN—Q\
N OMe
OMe
4 Hw%@( 2.46
N OMe
S OMe 3.54
HoN—Q
N OMe
OMe
6 HoN—C 182
N
Y OMe
7 szm 14.4
H OMe

ring size, as cyclopentyl (4) and cyclohexyl (5) analogues were
much less potent (ICsy: 2.46 and 3.54 uM, respectively (Table
1). In an example where one of the methoxy subunits was
omitted (6), potency was reduced to 18.2 yM. Complete
removal of the ring substitution at the 3-position of the indole,
as in compound 7, also resulted in a significantly attenuated
ICy, value of 14.4 uM.

The spiro[cycloalkyl-1,3'-indol]-2’-amines were synthesized
by the route shown in Scheme 1. Bis-alkylation at the benzylic

Scheme 1. Synthesis of 2-Amino-3-cycloakylindoles”
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“Reagents and conditions: (a) NaH, THF, 0 °C dibromopropane (for
n = 1); (b) HNO;, AcOH/Ac,0 0 °C; (c) H,, 10% Pd/C, 3 h.

carbon of 8 was achieved with sodium hydride and the
corresponding dibromoalkane. Nitration of the phenyl ring
followed by reduction of the nitro group led to compounds
represented by 11.

The presence of the ortho-dimethoxy-moiety in these
compounds warranted comparison to the quinazoline core of
1 and 2. As such, it was speculated that our inhibitor was also a
peptide-competitive inhibitor. By utilizing this core to anchor a
subunit that would occupy the lysine channel of G9a, it was
hypothesized that further potency gains would be realized. As
shown in Table 2, several lysine mimetics were evaluated as
candidates for replacement of one of the ortho-methoxy groups.
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Table 2. Evaluation of Amine-Containing Derivatives of
Amino-indoles

R1
R OMe
HaN—Q
R2
AlphaLISA
Compound R R
ICso (nM)
12 & AN
9) N 33
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Me
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50y Aoy
Me
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0 N
16 Q \j\F 48
fs\ N
17 5> © N\j(p 1342
¥
P F
\O/\/\N
18 <> Q 754
I
19 <> \O/\/\'DH\F 37
N
20 S Q—-F 18
I
21 Me,, Me ¢r‘:\o/\/\r\\lg 0.9
22 Me

Pyrrolidine 12 (A-366) exhibited a remarkable improvement in
potency (ICs: 3.6 nM) over 3 highlighting the beneficial
impact of this approach. Variants of this were also evaluated,
including the methyl pyrrolidines 13 and 14, which were similar
in potency (ICsp: 1.0 and 5.0 nM, respectively). A third
analogue, 15, contains a methyl pyrrolidine ring further
extended from the core than in either 13 or 14. This resulted
in an attenuated potency (ICsy) of only 150 nM. Fluoro-
azetidines were also evaluated in place of the pyrrolidine (entry
16 and 17). The monofluoro analogue displayed similar
potency to 12 (ICgy: 4.6 nM), whereas the difluoro analogue
was 2 orders of magnitude less potent (ICsy: 1342 nM). This
may be attributed to the reduced basicity of the azetidine
nitrogen caused by the extra fluorine substitution.”’ Installing
an imidazole (18, ICy: 754 nM) reinforced the notion that a
basic nitrogen would be critical for effective enzyme inhibition.
Substitution of fluorine on the pyrrolidine ring of 12 was
evaluated next, with R- and S-fluoro-pyrrolidines 19 and 20
exhibiting robust potency with a slight preference of one
enantiomer (19, ICs;: 3.7 nM) over the other (20, ICy: 18
nM).
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Finally, replacing the cyclobutyl subunit with a geminal
dimethyl group (21, R' = Me) yielded a slight potency boost
(ICs: 0.9 nM). With this core, the importance of the
pyrrolidine nitrogen was directly addressed by substituting
with a cyclopentyl group (22), which diminished potency by 4
orders of magnitude (ICsy: 12,900 nM).

The synthesis of the compounds depicted in Table 2
followed the general strategy shown in Scheme 2. Commencing

Scheme 2. Synthetic Route to 12 and Related Analogues”
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bReagents and conditions: (a) NaOH, 1,3-dibromopropane, (n-
Bu),NBr, toluene, 50%; (b) HNO;, AcOH/Ac,O, 0 °C, 92%; (c)
10% Pd/C, H,, EtOH; (d) K,CO;, 1-(3-bromopropyl)pyrrolidine),
100 °C; (e) 10% Pd/C, H,, AcOH, or Zn, AcOH.

with phenyl-acetonitrile 23, dialkylation of the benzylic carbon
with 1,3-dibromopropane proceeded under basic conditions.
The resultant cyclobutyl derivative, 24, was nitrated to provide
25, from which the benzyl protective group was removed by
hydrogenation to expose the phenol 26. Subsequent alkylation
with 1-(3-bromopropyl)pyrrolidine) proceeded at 100 °C with
potassium carbonate. Cyclization to the final spiro[cycloalkyl-
1,3'-indol]-2’-amine, 12, was initiated by reduction of the nitro-
group either under hydrogen gas and 10% palladium on carbon
or with Zn in acetic acid.

To determine the mechanism of inhibition of G9a by 12, the
ICy, values were determined at various concentrations of SAM
and peptide substrate (Figure 2). A linear increase of ICq,
values as the peptide concentration was elevated indicates
competitive inhibition with respect to peptide substrate. A
decrease in ICy, values were observed as the SAM
concentration was increased suggesting an uncompetitive
inhibition with respect to SAM.
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Figure 2. Mechanism of G9a inhibition by 12: peptide-competitive vs
SAM-uncompetitive.

207

The selectivity of 12 was also evaluated against 21 other
methyltransferases using a scintillation proximity assay (SPA)
format (Figure 3). Similar to the AlphaLISA result, the ICs, of
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Figure 3. Selectivity of A-366 (12). Effect of 12 on the activity of 20
protein methyltransferases and DNMT].

A-366 against G9a was 3 nM. No significant inhibition was
observed for all other enzymes tested up to S0 uM (Figure 3).
The only exception (not shown) was for GLP, (EHMT1, G9a-
like protein), another HMT capable of dimethylation of H3K9.
Compound 12 was only 10-fold less potent as a GLP inhibitor
(ICso: 38 nM). The modest selectivity is not surprising due to
the high degree of homology (80% sequence identity) between
the two.”* It is similar, if not moderately improved, over the
reported selectivity of other G9a inhibitors such as 2."”

The potency and selectivity of 12 made it an ideal candidate
to probe the function of G9a in cells. An In-Cell Western assay
(H3K9Me2 antibody immunofluorescence) was performed
after treating a human prostate cancer cell line, PC3, with
compound 12 for 72 h (Figure 4). For comparison, the known
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Figure 4. Inhibition of H3K9Me2 levels in PC3 cells after 72 h of
treatment with G9a inhibitors.

G9a inhibitor 2 was evaluated in this study concurrently. The
cellular levels of H3K9Me2 were noticeably reduced by nearly
50% at 3 uM for both compounds. In addition, the levels of
total histone 3, H3K27Me3, and H3K36Me2 were unaltered in
cells treated under similar conditions, confirming that the
observed effect of these inhibitors was H3K9 specific.

To gain additional insight into the mode of binding of these
compounds, we obtained a high-resolution X-ray cocrystal
structure of 12 with G9a. The binding to the substrate peptide
site on G9a involves a mix of both hydrophobic and
electrostatic interactions (Figure S). The side chain of L1086
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Figure S. (a) Lysine channel of G9a highlighting the amino acid residues and their interactions with 12. (b) X-ray cocrystal structure of 12 and G9a,
revealing the orientation of key residues around the spiro[cycloalkyl-1,3"-indol]-2'-amine core and the pyrrolidine.

forms the hydrophobic wall of the pocket and is in van der
Waals contact with the phenyl group of 12. The methoxy
moiety of the ligand sits in a hydrophobic dimple formed by the
side chains of F1158, 11161, and the aliphatic portion of K1162.

The amidine nitrogen atoms of 12 form electrostatic
hydrogen bonds with the side chain carboxylates of D1074
and D1088. In addition, the pyrrolidine nitrogen donates a
hydrogen to the backbone carbonyl of L1086, while the carbon
atoms of the pyrrolidine sit in a hydrophobic subpocket formed
by the side chains of Y1067, F1087, F1152, Y1154, and F1158.
This position of the pyrrolidine forces the two central
methylene carbons of the four atom linker between the
pyrrolidine and phenyl into a gauche conformation.

The side chain of R1157, well-ordered in the structure, packs
against the face of the bound ligand opposite that of L1086 in a
parallel fashion. The guanidine moiety of this arginine forms
electrostatic hydrogen bonds to the side chain carboxylates of
D1074 and D1088. The overall binding mode is similar to that
previously observed for UNCO0638.

In conclusion, through elaboration of a spiro[cycloalkyl-1,3'-
indol]-2"-amine (3), we have identified chemically distinct,
potent (low nM ICy,), and selective inhibitors of G9a. A-366
(12) was profiled extensively as an in vitro tool. A mechanism
of action study has shown that 12 is a peptide-competitive
inhibitor. In addition, it is highly selective over a panel of 21
other methyltransferases. Finally, it effects a clear reduction in
H3K9 methylation in cells. These combined properties render
it a valuable tool for precise interrogation of the role and
function of G9a. In this regard, it is noteworthy that the core of
12 (a spiro[cycloalkyl-1,3’-indol]-2'-amine) represents a
chemotype that is unrelated to the quinazoline core of 1 and
2. Further characterization of the biological activity of A-366
and its biological differentiation from other known G9a
inhibitors will be reported in due course.
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Experimental details are provided that pertain to the X-ray
crystallography, biological assays, and the synthesis and
characterization of compounds 1—27. This material is available
free of charge via the Internet at http://pubs.acs.org.
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