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Remodeling of chromatin triggered by DNA methylation and histone
modifications plays a pivotal role in DNA replication, repair and regulation of
transcription.” Covalent epigenetic histone modifications include acetylation,
methylation, phosphorylation and ubiquitination of select lysine or arginine residues.
Dysregulation of epigenetic signatures has been implicated in tumorigenesis.? Several
inhibitors of DNA methyltransferases (DNMTs) and histone deacetaylases (HDAC)
have been approved for clinical use in the treatment of hematological malignancies,
providing proof of concept for epigenetic therapies.®* Recent studies have shown that
the family of histone lysine demethylases (LSDs/KDMs) contributes to cancer cell
proliferation, promotes drug tolerance, and maintains tumor initiating cells.* Among
these proteins, members of the KDM5 family, KDM5A and KDM5B, are overexpressed
in multiple forms of cancer, including, breast, prostate, bladder, and lung.’> Recently, a
selective inhibitor of the KDM5 histone demethylase family was shown to dramatically
reduce drug-resistant cancer cell populations.®’ Despite KDM5A playing a vital role in
cancer cell treatment tolerance, only mild behavioral aberrations and hematological
abnormalities have been observed in KDM5A knock-out mice.? Collectively, this
information suggests that inhibitors of KDM5A and/or KDM5B have potential to function

as novel chemotherapeutic agents.

The Jumonji C-domain (JmjC) demethylases, of which KDM5 is a member, have
been extensively reviewed.? All family members catalyze the demethylation of histone
lysine residues via a reaction dependent on both a catalytic iron (II) atom and
consumption of the co-substrate 2-oxoglutarate (2-OG).*° Accordingly, several iron-

chelating molecules (Figure 1) such as NOG*! (1) hydroxamic acids? (2), 2,2-



bipyridycarboxylic acid derivatives®® (3), GSK-J1'* (4), and pyridopyrimidinones®>*® (5a,
b) have been identified as inhibitors of various JmjC family members.!’ These
compounds typically display potent biochemical inhibition potency for their intended
targets but also inhibit other KDMs, and thus lack selectivity. We recently disclosed a
new class of potent, 2-OG competitive, pan-KDMS5 inhibitors exemplified by compound 6
(ICso = 0.01 pM, Figure 1) with selectivity over related KDMs.” In this report, we
describe the identification of a novel KDM5 inhibitor series that is 2-OG competitive and

structurally distinct.
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Figure 1. Previously disclosed inhibitors of histone demethylases and HTS hit 7.
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2-(Trifluoromethyl)pyrido[3,4-d]pyrimidin-4(3H)-one (7, Figure 1) was identified as
a KDM5A inhibitor from a high-throughput screening campaign (ICso = 0.16 pM). A
nine—fold loss of potency was observed against KDM5A when 7 was assayed at high 2-
OG concentrations (10X) suggesting that the compound was a 2-OG competitive
inhibitor.*® This molecule also showed encouraging selectivity for KDM5 relative to the
KDM4C (ICs = 1.9 uM; 12-fold) and KDM2B (ICso > 25 uM; >150-fold) isoforms.
Overlapping of the HTS hit 7 onto the previously disclosed’ co-crystal structure of 6
bound to KDM5A (Figure 2a) suggested that the N-7 of the pyridine ring in 7 might bind
to the active site iron atom and the ionizable pyrimidin-4(3H)-one functionality
(measured pKa of 7 = 4.6) would produce favorable interactions with the nearby Lys501
and Asn575 residues. This analysis also indicated that the vector extending from the
pyrimidin-4(3H)-one N-3 position protruded into a region of the KDM5 protein occupied
by the isopropyl substituent of compound 6. As optimization of this position imparted
significant potency enhancements to the compound 6 inhibitor series®, we were
interested in elaborating compound 7 to seek similar potency gains. However, we were
also concerned that alkylation of the pyrimidin-4(3H)-one N-3 position in 7 would abolish
the hypothesized favorable interactions with the Lys501 and Asn575 depicted in Figure
2b by eliminating the ionizable functionality in the resulting compound. Accordingly, we
designed a hybrid naphthyridone® inhibitor scaffold 8 that favorably combined portions
of both compounds 6 and 7. As shown in Figure 2b, the new design provides the ability
to derivatize the naphthyridone C-3 position (analogous to N-3 of compound 7) while
retaining the ionizable functionality deemed important for interactions with the polar

sidechains of the Lys501 and Asn575 residues.” Structure 8 also preserves a pyridine



metal-binding substituent whose interaction with the iron were believed to be necessary

for maintaining high binding affinity.

N493

Figure 2a. Overlapping of the HTS hit 7 (pink) onto the co-crystal structure of 6
(orange) bound to KDM5A’ (PDB code 5CEH). Accessible space in the binding pocket

adjacent to N-3 of the HTS hit 7 is shown with a black ellipse.
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Figure 2b. Design of 1,7-naphthyridone KDM5 inhibitors.

As shown in Table 1, an initially synthesized 1,7-naphthyridone compound (9)
displayed inhibition of KDM5A that was comparable to the pyrimidin-4(3H)-one 7 from
which it was derived. = As was observed for 7, and consistent with its hypothesized
binding mode, use of higher 2-OG concentrations in the assay buffer diminished the
biochemical potency of 9 (high 2-OG ICsy = 2.1 pM). As anticipated from Figure 2a,
removal of the ethyl substituent from the naphthyridone core resulted in a significant
loss of KDM5A inhibition (10, Table 1). Compound 11, with ethyl groups at both N-1
and C-3 positions, lost considerable potency relative to 9, indicating substitution on N-1
was not tolerated possibly because of the exposure of this position to solvent.
Attachment of electron withdrawing moieties to the naphthyridone C-3 position was then

pursued to increase the ionizable character of the scaffold. These changes resulted in



four- and nine-fold improvements in biochemical potency against KDM5A relative to 9
for an ester or a nitrile substituent (12 and 13), respectively. The biochemical potency
enhancement was attributed to the improved interactions between the more acidic
pyridone moiety (measured pKa of 12 = 4.1 and 13 = 3.5) and Lys501 and/or Asn575
sidechains. The de-aza analogs (14 and 15), and 8-aza analog (16) were also prepared
and tested.?’ These changes resulted in inhibitors with significantly diminished
biochemical potency and indicated that the naphthyridone N-7 atom was likely involved
in coordination to the Fe (Il) species present in the KDM5A binding site. Compounds 12
and 13 exhibited substantial potencies against KDM5B and KDM5C, and were selective
over KDM4C (Table 2). Compound 13 was also selective over KDM2B. Inhibitors 12
and 13 were tested in a PC9 cell-based assay to assess the changes in the levels of
global histone 3 lysine 4 trimethylation (H3K4me3) since KDM5 enzymes were
previously shown to specifically target H3K4me3 for demethylation.??> Unfortunately, no
change in global H3K4me3 levels was observed at inhibitor concentrations up to 30 uM.
The MDCK permeability of 12 was low (0.7 x 10° cm/s) and that of 13 could not be
measured. The lack of cellular activity was attributed to poor cell permeability of these
compounds. The low permeability was hypothesized to be due the strong acidic nature
of the pyridone moiety. Therefore, lowering the acidity by increasing the pKa of the

ionizable proton was warranted.



Table 1. Structure activity relationships of compounds 9-16.
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®For compounds with ICso <100 nM, the biochemical inhibition data is the average of at

least two separate runs. °~1:1 mixture of ethyl and methyl ester.

Table 2. Selectivity profile of 12 and 13.

£y | KDM5BICso | KDMSC ICso | KDM4C ICso | KDM2B ICso
(UM) (UM) (LM) (LM)

12 0.02 0.08 17 ND

13 0.07 0.17 >25 >25




Accordingly, a series of C-3 carboxamide analogs were synthesized. This also
enabled the exploration of the binding pocket encompassed by Ser478 and Y409 with
various alkyl substituents on the amide moiety (Table 3). The methyl and ethyl amides
(17 and 18) were comparable to ester 12 in their biochemical potency. However,
potency loss was dramatic with the isopropyl (19) and benzyl amides (20) indicating that
the binding pocket was too small to accommodate larger alkyl substituents protruding
from the amide N-atom. Tertiary amides (21-23) were also synthesized, but these
showed decreased potency compared to the secondary amides. The most potent of the
amides, compound 18, displayed excellent MDCK permeability and other DMPK
properties (Table 4) but did not show change in global H3K4me3 levels at inhibitor
concentrations up to 30 uM in the PC9 cell based assay. An analogous high cell to
enzyme potency shift (500-fold) was observed with 6”*° and has been reported for
other KDM inhibitors.® Although the reasons for the lack of cell activity for these 2-OG
competitive inhibitors are not clear, the poor translation from enzyme to cell activity

could be related to competing against high endogenous 2-OG concentrations.



Table 3. Structure activity relationships of compounds 17-23.
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®For compounds with ICso <100 nM, the biochemical inhibition data is the average of at

least two separate runs. °~1:1 mixture of ethyl and methyl ester.

Table 4. In-vitro DMPK properties of 18.

Ex Ka? MDCK Pap A:B | h_PPB | HLM _Clhep Kinetic
P (x10® cm/s) (%) (mL/min/kg) | Solubility®
18 6.4 15.8 70 115 132

aMeasured pKa. "Kinetic solubility was measured at pH 7.4 in PBS buffer.
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The X-ray crystal structure'® of compound 18 bound to the KDM5A active site
(Figure 3) shows that the inhibitor indeed binds in the 2-OG site and forms a
monodentate coordination of the naphthyridone N-7 atom to the catalytic metal. The
bicyclic ring system of the naphthyridone participates in -1 stacking interactions with
the aromatic sidechains of Tyr472 and Phe480, similar to those observed in‘'the KDM5A
complex with 6.” The Ne of Lys501 forms a 3.2 A hydrogen bond with the carbonyl
oxygen of the inhibitor C-3 amide. The low resolution of the structure precluded
inclusion of solvent molecules in the active site in the refinement. While docking
suggested potential interactions between 4-OH and Lys501 sidechain, in the structure,
4.0 A separates the relevant atoms, thus no hydrogen bond is observed. The N-ethyl
substituent of the C-3 amide makes van der Waals interactions with the sidechains of
Ser478 and Tyr409. The close proximity of this alkyl tail to these protein sidechains is
consistent with the sharp reduction in potency seen for larger groups at this position.
Compound 18 occupies approximately twice the volume of 2-OG or the
pseudosubstrate NOG in the binding site. The 3-N-ethyl carboxamide tail protrudes into
regions of the binding site that differ in sequence among many demethylase enzymes.
The residue Y472 is replaced with leucine in KDM2B, which would disrupt the aromatic
stacking with the inhibitor in that isoform.?*?* This difference is presumably responsible
for the observed selectivity over KDM2B for compound 13. The residues that are
directly contacting the substrate are conserved between KDM5A and KDMA4C
enzymes.’” However, a few subtle differences are present in the second shell of the
amino acid residues that surround the active site binding pocket.?>?® These differences

are apparently responsible for selectivity over KDM4C. A similar selectivity profile over
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KDM2B and KDMA4C is also observed for 6.” The N-1 position of the naphthyridone
borders the solvent front and the substitution of this position with an ethyl group
(compound 11) resulted in potency loss presumably due to hydrophobic group exposure

to solvent.?’

Figure 3. Crystal structure of 18 (gold carbons) bound at the KDM5A active site.
Sidechaains of amino acids coordinating the metal ion and those within 4.5 A of the
inhibitor are shown as sticks, and the active site metal is depicted as a sphere (purple).

Hydrogen bonds and metal interactions are shown as dashed lines.

In summary, we successfully combined the features from two distinct series to

generate novel 1,7-naphthyridone-containing 2-OG competitive KDM5 inhibitors. These
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compounds were selective over KDM4C and KDM2B. Unfortunately, these inhibitors
lacked cellular potency. The proposed 2-OG competitive binding mode of these novel
KDM5 inhibitors was confirmed by obtaining an X-ray co-crystal structure of. a

representative molecule bound to KDM5A.
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