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ABSTRACT: Jumonji AT-rich interactive domain 1A (JAR- 100 v O control

ID1A), one of the jumonji C domain-containing histone /\/\j\ w H o) (MR-
q 9 AN OH =

demethylase (JHDM) family members, plays key roles in Me N NTE H

cancer cell proliferation and development of drug tolerance. v i %60

Therefore, selective JARID1A inhibitors are potential anti- o R=F 0" "oR %.; ” q

cancer agents. In this study, we searched for cell-active ICso (JARID1A) = 3.3 uM

JARID1A inhibitors by screening hydroxamate compounds in :ggg fjmg;é))z 10 ;',Cf 20 -

our in-house library and the structural optimization based on ICso (JHDMIF) = 73 M .

docking study of the hit-compound to a homology model of O o o A e an

JARIDIA. As a result, we identified compound 6j, which

selectively inhibits JARID1A over three other JHDM family members. Compound 7j, a prodrug form of compound 6j, induced a
selective increase in the level of trimethylation of histone H3 lysine 4, a substrate of JARID1A. Furthermore, compound 7j
synergistically enhanced AS549 human lung cancer cell growth inhibition induced by vorinostat, a histone deacetylase inhibitor.
These findings support the idea that JARID1A inhibitors have potential as anticancer agents.
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eversible methylation of the e-amino groups of histone with histone deacetylases (HDACs) as polycomb proteins to
lysine residues is involved in epigenetic gene activation or regulate gene transcription.*”'® In addition, they are involved in
inactivation independently of DNA sequence.' > It occurs at cancer cell growth and tumorigenesis.'"'> In particular,
several histone lysine residues, and each methylation site is JARIDIA (also known as KDMSA and RBP2) has been
thought to have a distinct role. Therefore, compounds that can suggested to be associated with cancer cell proliferation'*>'* and
regulate site-specific methylation are of great interest as the development of drug tolerance."> Therefore, selective
chemical tools for biological studies. Such compounds are inhibitors of JARIDIA are of interest not only as biological
also candidate therapeutic agents for diseases associated with tools to elucidate the biology of JARID1A and H3K4me2/3 but
aberrant histone methylation. also as candidate anticancer agents.
Jumonji C domain-containing demethylases (JHDMs) are To date, several groups, including ours, have reported JHDM

Fe(1I)/a-ketoglutarate-dependent oxygenases that catalyze inhibitors,”'*™'® such as N-oxalylglycine (NOG, 1), 4-
demethylation of methylated lysines of histones.”> JHDM carboxy-4'-carbomethoxy-2,2 -bipyridine 2,>° NCDM-32a
family members identified so far have been categorized into five (3),”' NCDM-64 (4),** and 2-(4-methylphenyl)-1,2-benziso-
subfamilies, namely, JHDM1 (also known as KDM2/7), thiazol-3(2H)-one (PBIT, 5)** (Figure 1). Though some of
jumonji domain-containing protein 1 (JMJD1, also known as these inhibitors, such as NCDM-64 (4), selectively inhibit a
KDM3), JMJD2 (also known as KDM4), jumonji AT-rich subfamily of JHDMs, most of them lack selectivity toward

interactive domain 1 protein (JARIDI, also known as KDMS), subfamily proteins or individual isozymes. It has been reported
and UTX/JMJD3 (also known as KDM6).® Because each that compounds 2,>* 5, and an inhibitor from EpiTher-
subfamily can distinguish the number of methyl groups and can apeutics' inhibit JARID1, but few details have been disclosed,
demethylate lysine in a site-specific manner, JHDMs function- and their intracellular activity is unknown. Therefore, there is
ally regulate the state of histone lysine methylation and

subsequent gene expression.” Among the JHDM subfamilies, Received: February 17, 2015
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Figure 1. Structures of reported small-molecular JHDM inhibitors.

still a need to develop selective JARIDI inhibitors and to
elucidate the structural requirements for JARID1 inhibition.
Thus, we set out to identify cell-active JARIDI-selective
inhibitors. Herein, we describe the discovery, structural
optimization, and biological evaluation of JARID1A inhibitors.

To find selective inhibitors of JARIDI1A, we screened
analogues of hydroxamates 3 and 4, which we had identified
as JMJD2 and JHDMI inhibitors, respectively.’’”* Our
previous docking studies of these inhibitors with JMJD2C
(also known as KDM4C and GASC1) and JHDMIF (also
known as KDM7B and PHF8) suggested that the hydroxamate
group could bidentately coordinate to a catalytic Fe(Il) ion in
the catalytic site, and the carboxylate group could form
hydrogen bonds with amino acid residues such as tyrosine,
lysine, or asparagine in the active site of the two enzymes. The
positions of the catalytic Fe(I) ion and the above-mentioned
amino acid residues appeared to be similar among JARID1A,
JMJD2C, and JHDMIF (Figure S1). On the other hand, it was
suggested that the pockets around the active site are different

2122 . .
among the enzymes.”””” For example, there is a unique

hydrophobic pocket around the active site of JHDMIF, where
the alkyl chain of compound 4 is thought to be located.”* We
assumed that the pocket around the active site might be unique
in each JHDM and could contribute to the substrate specificity,
ie, H3K4 for JARID1A,®* H3K9 and H3K36 for JMJD2C,*
and H3K9 and H3K27 for JHDMIE.”® We also hypothesized
that derivatives of compounds 3 and 4 whose alkyl amino
group fits the unique pocket of JARIDIA could be selective
inhibitors of JARID1A. On the basis of this hypothesis, we
screened our JHDM inhibitor candidate library, including
various alkyl amino group-hydroxamate hybrid compounds. As
a result of the screening using previously reported JARID1A,
JMJD2C, and JHDMIF assays,*"** we identified compound 6a,
which has an N-methylbutan-1-amino group. Compound 6a
efficiently and selectively inhibited JARID1A (JARID1A ICg, =
43 §M; JMJD2C ICyy = 55 4M; JMJD1A > 100 uM; JHDMIE
ICs, > 100 pM) (Table 1, entry 4), showing much higher
selectivity than the hydroxamates 3 and 4. Encouraged by this
finding, we next attempted to optimize the structure of
compound 6a.

To guide optimization of the inhibitor structure, we initially
performed a binding simulation of compound 6a with
JARID1A and JMJD2C. The binding model of compound 6a
to JARID1A (Figure 2A,B) showed three characteristic features:
(i) the NH group forms a hydrogen bond with Asp 412, which
is positioned near Ser 464 and Tyr 472; (ii) the n-butyl group is
positioned near a small hydrophobic pocket formed by Pro 449,
Val 468, and Trp 470; (iii) the methyl group is located in a
large space at the entrance to the catalytic site of JARIDIA.
However, , in the binding model of J]MJD2C (Figure 2C,D), (i)
the NH group forms a hydrogen bond with Asn 292, (ii) the n-
butyl group is located in a spacious tunnel-like pocket of the

Table 1. In Vitro JARID1A, JMJD2C, JMJD1A, and JHDMI1F Inhibitory Activities of Compounds 1—4 and 6

OH
RL Jd\”/N OH
NN
RZ 'O o]
6

structure ICy, (uM)
entry compd R' R? n JARID1A JMJD2C JMJD1A JHDMIF
1 1 250 430 569 640
2 3t 13 22 ND*® 19
3 4° 55 83 ND*® 12
4 6a n-Bu Me 4 43 £ 09 35+ 11 >100 >100
5 6b n-Bu Me 2 53+ 85 >100 ND*® ND*®
6 6¢ n-Bu Me 3 6.3 + 1.8 63 + 6.4 ND* ND*
7 6d n-Bu Me 5 40 + 0.6 61 + 1.6 ND® 58 + 16
8 6e n-Bu Me 6 1.8 + 0.1 6.5+ 03 ND*® ND*®
9 6f Me Me 4 18 + 2.0 51+ 63 ND® ND®
10 6g Et Me 4 7.8 + 1.0 62 + 11 ND*® ND*®
11 6h n-Pr Me 4 89 + 3.0 76 + 4.7 ND*® ND*®
12 6i n-pentyl Me 4 23 +£09 37 £26 >100 >100
13 6j n-hexyl Me 4 33+£13 43 + 11 >100 73£9
14 6k n-Bu Et 4 14 + 5.0 65 + 13 ND*® ND*
15 6l n-Bu n-Bu 4 19 + 62 >100 ND*® ND*®
16 6m n-Bu n-hexyl 4 45 + 09 >100 >100 29 £ 13
17 6n n-Bu n-octyl 4 31+£03 83 £ 17 >100 24 +£8
18 7i 63 + 16 ND¢ ND*® ND*®
19 7j 21 + 37 ND*® ND*® ND*®

“Value are means of at least three experiments. bTaken from the literature (ref 22). °ND = no data available.
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Figure 2. (A) View of the conformation of compound 6a (ball and stick) docked into the JARID1A active site. (B) Schematic diagram of binding of
compound 6a to JARID1A (a homology model based on the crystal structure of JMJD2A). (C) View of the conformation of compound 6a (ball and
stick) docked into the JMJD2C active site (PDB code 2MXL). (D) Schematic diagram of binding of compound 6a to JMJD2C.

catalytic site where no interaction is observed between the n-
butyl group and the amino acid residues of JMJD2C, and (iii)
the methyl group is located near the backbone amide between
Ser 290 and Thr 291. On the basis of these simulation results,
we designed compounds 6b—n and evaluated their JARID1A-
and JMJD2C inhibitory activity.

Compounds 6b—e with various linker lengths were expected
to form a hydrogen bond with Ser 464 or Tyr 472 of JARID1A
(Figure 2A,B), but should not form a hydrogen bond with
JMJD2C because of loss of the interaction between the NH
group and Asn 292 of JMJD2C. As shown in Table 1, JARID1A
inhibitory activity and selectivity were distinctly dependent on
linker length (Table 1, entries S—8). Among compounds 6b—e,
compound 6e (n = 6) showed the most potent JARID1A
inhibitory activity with an ICy, of 1.8 uM. However, compound
6e also potently inhibited JMJD2C (ICs, = 6.5 uM), which
resulted in low JARIDI1A selectivity as compared with
compound 6a. With respect to the selectivity for JARID1A
over JMJD2C, compounds 6a (n = 4) and 6d (n = S) were
superior to the other compounds (Table 1, entries 4 and 7).

Next, we examined the activity of compounds 6f—j, in which
the n-butyl group of compound 6a is replaced with various alkyl
groups (Table 1, entries 9—13). The longer alkyl chains of
compounds 6i and 6j were expected to be located at the
hydrophobic pocket formed by Pro 449, Val 468, and Trp 470
of JARID1A (Figure 2A,B) without interacting with any amino
acid residues of JMJD2C (Figure 2C and 2D). Compounds 6i
and 6 with a longer alkyl group (Table 1, entries 12 and 13)
were slightly superior JARID1A inhibitors to compound 6a
with the n-butyl group (Table 1, entry 4), although compounds

6f—h with a shorter alkyl group (Table 1, entries 9—11) were
inferior. As we had expected, compounds 6f—j showed
moderate activity against JMJD2C (ICs, = 37—76 uM)
(Table 1, entries 9—13), similar to compound 6a (ICs, = 5SS
uM) (Table 1, entry 4). Compound 6i showed the highest
selectivity among compounds 6f—j.

Next, we focused on changing the methyl group of
compound 6a to various alkyl groups (6k—n). We expected
that the R?* group of compounds 6k—n would be
accommodated in the large space at the entrance of JARID1A,
whereas there could be steric repulsion between the alkyl group
and the backbone amides of Ser 290 and Thr 291 of JMJD2C
(Figure 2). As we had expected, the longer alkyl group of
compounds 6m and 6n was effective for JARID1A inhibition
(Table 1, entries 16 and 17), but the shorter alkyl group of
compounds 6k and 6l was not (Table 1, entries 14 and 15). In
addition, compounds 6m and 6n with a longer alkyl group
showed only weak activity against JMJD2C (Table 1, entries 16
and 17).

We next investigated the JMJD1A (also known as KDM3A)
and/or JHDMIF inhibitory activity of compounds 6d, 6i, 6j,
6m, and 6n (Table 1, entries 7, 12, 13, 16, and 17). These
compounds showed moderate JHDMIF inhibitory activities
(ICs, > 24 uM) and no JMJDIA inhibitory activities (ICs, >
100 uM). As a result, they showed high selectivity for JARID1A
over JMJD1A and JHDMIF as compared with compounds 3
and 4. Among them, compound 6i and 6j displayed relatively
high JARID1A inhibitory activity and selectivity (Table 1, entry
12; Table S1).
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The structure—activity and structure—selectivity relationships
may be summarized as follows. With regard to the length
between the amino group and the hydroxamate, n > 4 is better
for JARIDIA inhibition, and n = 4 or n = S is suitable for
JARID1A-selective inhibition. As for the R' and R? groups, the
combination of a methyl group and a long alkyl group, such as
n-butyl, n-pentyl, and n-hexyl, is preferred for both JARID1A
inhibition and JARIDIA selectivity. These structure—activity
and structure—selectivity relationships are consistent with the
calculation results of the binding mode of compounds 6a, 6e,
6i, and 6j (Figures 2 and S2—S4 and Table S2).

Next, we investigated whether the identified inhibitors
behave as JARIDI inhibitors in cell-based assays by using
Western blot analysis to evaluate accumulation of H3K4me3, a
physiological substrate of JARIDIA.® We applied JARIDIA
inhibitors 6i and 6j to human lung cancer A549 cells, which
overexpress JARID1A,”” and analyzed the cell extracts after 24
h treatment. However, compounds 6i and 6j had little effect on
the level of H3K4me3 (Figure 3A). On the basis of the idea
that this might be due to poor membrane permeability, we next
examined the methyl ester prodrugs 7i and 7j (Figure 3A),
which were expected to permeate the cell membrane more
efficiently than the parent compound and to be converted to 6i
and 6j, respectively, by enzymatic hydrolysis within the cell.*’
Though compounds 7i and 7j did not inhibit JARID1A
strongly in enzyme assays (Table 1, entries 18 and 19), they
increased the accumulated amount of H3K4me3 in a dose-
dependent matter in cell-based assays (Figure 3B). The activity
of compound 7j was a little higher than that of compound 7i.
Then, to examine the selectivity in cells, we evaluated the effect
of compound 7j on H3K9me3 and H3K27me2, substrates of
JMJD2s and JHDMI1s,>*® respectively. Treatment with 100
#M compound 7j had little effect on the level of H3K9me3 and
H3K27me2 (Figure 3C). The Western blot analysis data
suggest that compound 7j inhibits JARID1 selectively over
JMJD2 and JHDM1 in the cells.

Finally, we evaluated the effects of compound 7j on
proliferation of AS49 cells. Contrary to our expectation,
compound 7j was found to be inactive at concentrations up
to 300 uM (Figure SS). We next tested whether compound 7j
could act synergistically with vorinostat, a clinically used HDAC
inhibitor, in growth inhibition assays using A549 cells. We
expected that the combination of compound 7j and vorinostat
would cause synergistic inhibition of A549 cell growth because
it has been regorted that HDACs are associated with AS49 cell
proliferation,”** and JARIDIA is a participant in polycomb
repressive complexes that down-regulate gene transcription
cooperatively with HDACs.® Combined treatment of A349 cells
with vorinostat and 100 #M compound 7j induced more potent
cell growth inhibition than that obtained with vorinostat alone
(Figure 3D). However, JMJD2 inhibitor NCDM-32b (8), a
prodrug form of NCDM-32a (3), did not enhance the
antiproliferative activity of vorinostat (Figure S$6). In addition,
JARIDI1A inhibitors 6i and 6j and prodrug 7j did not inhibit
HDAC1 (Figure S7). These results suggest that JARID1
inhibition, but not JMJD2 inhibition or HDAC inhibition, by
compound 7j is involved in the synergistic inhibition of AS549
cell growth with vorinostat. These results of cell-based assays
suggest that JARIDIA inhibitors could have potential as
anticancer agents in combination with vorinostat.

In conclusion, we identified compound 6j, which selectively
inhibits JARID1A over three other JHDM family members. In
cell-based assays, compound 7j, a prodrug of compound 6j,
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Figure 3. (A) Structures of compounds 7i and 7j. (B) Western blot
detection of methylated histone levels in AS549 cells treated with
JARIDI inhibitors. H3K4me3 levels after 24 h incubation with 6i, 6j,
7i, and 7j. Values of H3K4me3/H3 ratio determined by optical density
measurement of the blots are shown. (C) Western blot detection of
methylated histone levels in AS49 cells treated with 7j. H3K4me3,
H3K9me3, and H3K27me?2 levels after 24 h incubation with 7j. Values
of H3K4me3/H3, H3K9me3/H3, and H3K27me2/H3 ratio deter-
mined by optical density measurement of the blots are shown. (D)
Cell growth inhibition of AS49 cells after 72 h incubation with
combination of 7j and vorinostat, an HDAC inhibitor. Error bars
represent the mean standard deviation (SD) of at least three samples.
Combination with 100 uM compound 7j. *P < 0.05, **P < 0.01
(Student ¢ test).

induced selective accumulation of H3K4me3. Furthermore, the
combination of compound 7j with vorinostat, a clinically used
HDAC inhibitor, caused synergistic inhibition of AS49 lung
cancer cell growth. We believe that the compounds described
here will be useful tools for probing the biology of JARID1A
and are also candidate agents, or at least lead compounds, for
cancer treatment.
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