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19a
KDM4A Ki = 0.004 pM, EC,, = 4.7 pM
KDM5B Ki = 0.007 pM, EC,, = 13.4 uyM
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Abstract

Residues in the histone substrate binding sites differ between the KDM4 and KDM5
subfamilies were identified. Subsequently, a C8sstiied pyrido[3,4d]pyrimidin-4(3H)-
one series was designed to rationally exploit thesedue differences between the histone
substrate binding sites in order to improve af§irfior the KDM4-subfamily over KDM5-
subfamily enzymes. In particular, residues E169 &313 (KDM4A numbering) were
targeted. Additionally, the conformational resioct of the flexible pyridopyrimidinone C8-
substituent was investigated. These approacheslegiepotent and cell-penetrant dual
KDM4/5-subfamily inhibitors includingl9a (KDM4A and KDM5B Ki = 0.004 and 0.007
MM, respectively). Compound cellular profiling indvworthogonal target engagement assays
revealed a significant reduction from biochemical dell-based activity across multiple
analogues; this decrease was shown to be consigitbn2OG competition, and suggest that
sub-nanomolar biochemical potency will be requiretth C8-substituted pyrido[3,4-

d]pyrimidin-4(3H)-one compounds to achieve sub-micromolar targebition in cells.

Keywords:

pyridopyrimidinones, KDM4 subfamily, KDM5 subfamjliDM inhibitors, histone
demethylases



1. Introduction

Human Jumonji C-domain (JmjC) histone lysine derylades (KDMs) are Fe(ll) and 2-
oxoglutarate (20G)-dependent oxygenases that dghatthmono-, di-, and trimethyl histone
lysine substrates [[1], [2]]. They comprise fivebamilies varying in domain architecture but
sharing a well conserved catalytic site [3]. Sitlee reporting of the first JImjC histone lysine
demethylase in 2006 [[4], [5]], the Jm|C KDMs haeenerged as important players in

maintaining chromatin architecture and regulatmagscription [6].

The KDM4 subfamily consists of six members (A-Fattdemethylate histone tail substrates,
most notably di-, and tri-methylated lysine 9 (H3¥&/Me;) and lysine 36

(H3K36MeyMe,) on histone 3 [[6], [7]]. As well as the JmjC catadydomain, KDM4

subfamily enzymes contain a JmjN domain [6]; KDM&Aalso possess PHD and Tudor
methyl-lysine reader domains. It has been suggest@dPHD and Tudor domains could
stimulate KDM-driven demethylatiomia the recognition of histone substrates [[8], [9]].
KDM4 subfamily members have been implicated in enber of human cancers, including
promoting growth and cell survival in acute myeltedkemia [10] and as regulators of ER-
dependent breast cancer cell growth [[11], [12]igiHexpression of KDM4B irMYCN-

amplified neuroblastomas is associated with poagmposis [13], and overexpression of
KDMA4A is reported to promote site-specific copy rhengain (e.g. 1912) [14]. In addition,
KDMA4A is reported to promote prostate cancer ititia through the transcription factor

ETV1 [15].

The human KDM5 subfamily, which consists of fourmieers (A-D), is structurally the most
closely related to the KDM4 subfamily and also eomé a JmjN domain. KDM5 enzymes
catalyse demethylation of H3K4NMM®le, histone lysine substrates and are implicated in

various types of human cancers [[16], [17], [18).requirement for KDM5A has been



reported in drug tolerant human tumor cells [19hiley KDM5B and KDM5C have been
implicated in breast [[20], [21]] and prostate cawrsc[22], respectively. Also Dahat al
recently reported that taxane-platin resistant Ilcaxgcer cells showed hypersensitivity to JIB-
04 (a pan-selective JmjC KDM inhibitor) and the KBMDM®6 subfamily inhibitor GSK-J4

[23].

HO._O ol
® L
N OH H NS oS
3 " NH,
1, 2,4-PDCA 3

(0]
—
%m
i
N

4 5, CPI-455 6

7 8, QC6352

Figure 1. Reported KDM inhibitors

These findings have generated considerable int@mesinall-molecule inhibitors of KDM
demethylase functions [24]. Early inhibitors of @M{DMs, such as the pyridine carboxylic
acid-based analoguésand?2 (Figure 1) [[25], [26]] display pan - JmjC histodemethylase

inhibitory activity, and feature a carboxylic acichich may hinder cell permeability [27].
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More recently, a range of structurally diverse JrHJOM inhibitors has been reported with
evidence of selective inhibition of specific KDM Ifamilies. For example, the
pyridopyrimidinone derivative8 and4 (Figure 1) show selective inhibition of both KDM4
and KDM5 subfamilies over members of KDM2, 3, ordémethylases [[28], [29]].
Compounds, 6, and7 (Figure 1) selectively inhibit KDM5 subfamily mems [[30], [31],
[32]], and compound (Figure 1) has recently been reported as a pot@M&K subfamily
inhibitor with promising selectivity [33]. In addin, a chemoproteomics approach revealed
compound9 as a selective KDM4 subfamily inhibitor [34Jovalent inhibitors of KDM5
subfamily have also been recently reported [[33§]]. In addition, a rhodium(lIl) complex

has been reported as a selective inhibitor of KDM3A.

We previously reported the discovery of C8-substdupyridopyrimidinones (e.g}) as a
potent, cell penetrant dual KDM4 and KDM5 inhib&d29]. Determination of the crystal
structures of the mono+Cl counterpart o# in complex with both KDM4A and KDM5B
allowed us to identify residue differences in thstdne substrate binding site that could be
exploited for selective KDM4 subfamily inhibitioHerein, we report our efforts to gain
selectivity for KDM4 over KDM5 subfamily inhibitionby targeting residues V313
(KDM4A) and E169 (KDM4A). We also report our attetmpgo reduce the conformational
flexibility of the C8-substituent to improve KDM hibitory activity and investigate the
impact of such changes on KDM#&rsus KDM5 selectivity. Finally, we demonstrate cell-
based target engagement for exemplar compounds ftbe 2-OG-competitive
pyridopyrimidinone series and reveal a consisteap aff fromin vitro biochemical to cell-

based activity.



2. Chemistry
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12b-m 16b-m, see Table 1
13a-g 17a-g, see Table 2
14b,c 18b,c, see Table 3
15a-d 19a-d, see Table 4

®Reagents and conditions: (a) (i) methanesulfonitydride, anhydrous Ci€l,, 0 °C, 15
min, work-up, (ii) triethylamine, C4-substitutedppridine, anhydrous DMF, 50 °C, 15 h; (b)
C4-substituted piperidine, anhydrous 1,2-dichldrage or CHCIl,, NaBH(OAc), room
temp.; (c) 6 M HCI, THF, 50 to 60 °C, 3 to 8 h oWMHCI in dioxane, HO, 50 °C.

Compoundsl6b-m (Table 1),17a-g (Table 2),18b-c (Table 3), andl9a-d (Table 4) were
prepared from key intermediat&® and11 via methods A and B, respectively as previously

described for the synthesis of closely relatedanads (Scheme 1) [29].
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20, R = Boc 22e-h,j,I,m 25e-h,j,I,m see Table 1
21,R=Cbz 23a, eg 26a,e-g seeTable2
24b,c 27b,c see Table 3

®Reagents and conditions: (a) aryl/heteroaryl halidd(dppf)C}, DME, 1 M aqueous
NaCQO;s, microwave, 120 °C, 45 min; (b) (i) Pd(OH)n carbon, EtOH, 1 M HCI, £iroom

temp 1 h or 10% Pd/C, EtOH,;Hoom temp, 2 h, (ii) when R = Boc: 4 M HCI in gane,

room temp, 2 h or when R = Cbz: AcOH, 10% Pd/g,rBlom temp, 4 to 6 h.

The key C4-substituted piperidine intermediatesuiregl for the {2 displacement or
reductive amination reactions to prepa@b-m, 13a-g 14b-¢ and15a-d (see Scheme 1)
were commercially available or obtained as shown Stcheme 2. N-Protected
tetrahydropyridine-4-boronic acid pinacol ester waacted with appropriately substituted
aryl/heteroaryl halides under Pd-catalysed conastito provide intermediate®2e-h, 22j,
22l,m, 23a, 23e-gand 24b,c (Scheme 2). Appropriately substituted aryl/heteybaalides
were commercially available or readily synthesisedstandard transformations as detailed
in the experimental procedure (see Supporting in&bion). Reduction of the double bond
followed by the removal of thé-protecting group afforded the desired C4-substitut

piperidines (Scheme 2).
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®Reagents and conditions: (a) (i) LIN(Sipe(1M solution in THF), THF, 0 °C, 45 min, (ii)
tert-butyl bis(2-chloroethyl)carbamate, 0 °C, 2 h; {06 Pd/C, EtOH, K room temp, 2 h;

(c) 4 M HCl in dioxane, room temp, 2 h.

The spirocyclopiperiding0 required for the synthesis dBb (Table 4) was accessed by
reacting 4,7-dimethylH-indene with lithium bis(trimethylsilyl)amide anart-butyl bis(2-
chloroethyl)carbamate followed by the hydrogenatdrthe double bond i&9, and finally,

removal of the Boc protecting group under acidiodibons (Scheme 3).
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®Reagents and conditions: (a) aldehyde, NaBH(@ARMF, room temp, stirring up to 6 h;
(b) CsCO; anhydrous MeCN, 8-chloro-3-((2-(trimethylsilylhetxy)methyl)pyrido[3,4-
d]pyrimidin-4(3H)-one, reflux, 18 h; (c) 6 M HCI, THF, 50 to 60 °€to 8 h.



Access to conformationally constrained pyrazoleeGhpounds34b-h (Scheme 4, Table 5)
was achieved by reductive amination of the relexddéhyde by piperidine derivativg&l
followed by the introduction of the substituted @a@omle moiety 32 at the C8-
pyridopyrimidinone positiorvia a SAr displacement reaction, and removal of the SEM

protecting group under acidic conditions (Scheme 4)
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®Reagents and conditions: (a) (i) 2.5rBuLi in hexane, THF, -78 °C to room temp (1.5 h)
then cool to -78 °C, (ii) 1-methylpiperidin-4-onearm up to room temp, 1.5 h, then
AcOH/TFA, 90 °C, 4 h; (b) 10% Pd/C, EtOH, 1 M HElL, 16 h.

Preparation of 1-methyl-4-H-pyrazol-4-yl)piperidine 7), required for the synthesis 8fa
(Table 5) was carried out using an alternative a@agn whereby 4-bromopyrazol@5) was
reacted withnBuLi followed by the addition of 1-methylpiperiddone. Subsequent
dehydration of the addition product under acidindibons followed by hydrogenation of the
double bond ir86 afforded37 (Scheme 5). The incorporation of the piperidd7eat the C8-
pyridopyrimidinone position was achieveid a SYAr displacement reaction as described for
analogues3b-h (Scheme 4), and the SEM protecting group was rechdoy treatment with

TBAF in THF.
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®Reagents and conditions: (a) triethylamine, anhyslidMF, 50 °C, 15 h; (b) 6 M HCI, THF,
50 °C, 3 h.

Access to41l, a matched-pair inactive control f@®a, was achieved upon treatment of the
mesylate 38, prepared as previously described [38], with spictopiperidine 39 and
triethylamine in DMF followed by the removal of tI®EM protecting group o0 under

acidic conditions (Scheme 6).
3. Results and Discussion

We recently reported a series of C8-substituteddppyrimidinone derivatives, with the
most advanced analogues, suchd§&igure 1) andl6a (Table 1), demonstrating selective
and equipotent inhibition of KDM4 and KDM5 over theDM2, KDM3, and KDM6

subfamilies [29].
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Figure 2. Overlay of crystal structures @babound to KDM4A (light orange), and KDM5B

(cyan). Compound6ais shown in ball and stick representation and j[mdteckbone chains

are represented as cartoon tubes, with key amind side-chains displayed in line
representation. Metal ions are shown as spherdxeld.dighlight residues that are different
between KDM4A (black) and KDM5B (cyan). KDM5B lo@i-100 is not displayed due to

its construct-derived artefactual position as dised in Figure S1.

To identify potential interactions that could inese KDM4 subfamily potency and
selectivity over KDM5 subfamily enzymes, we detered the crystal structures &6a in
complex with KDM4A and KDM5B (Figure 2). In the KDAA-bound structure, the C4-
pyrazole substituent df6a extends into the histone substrate binding sité tawards the
surface of the enzyme (Figure S2); theCl substituent on the phenyl group makes
hydrophobic contact with V313 of KDM4A (Figure 3),residue that is conserved across all

11



KDM4 subfamily members (Figure S3). We postulathdt tthis favourable hydrophobic
interaction with V313 contributes to the increag&aM4 inhibitory profile of 16acompared
to the KDM5-preferring profile of earlier analoguiesthis series [29]. In additiori6ais a
more potent inhibitor of both KDM4A and KDM4B thais unsubstituted phenyl counterpart
(compoundb4g in reference 29) consistent with the observed dplaobic interaction of the
m-Cl substituent. Furthermore, the crystal structofrd6a bound to KDM5B indicated no
residue equivalent to KDM4A V313 due to a differgootein fold (Figure 2). This
observation further supports the hypothesis that hiydrophobic contact of therCl
substituent inl6a with V313 increases KDM4 inhibitory activity leadj to a balanced

KDM4/5 inhibitory profile.

Figure 3: A) Overlay of crystal structures df (2,4-PDCA, blue, PDB 2VD7) and6a
(beige) bound to KDM4AB) Overlay of crystal structures df (2,4-PDCA, orange, PDB
5A3W) and 16a (cyan) bound to KDM5B. Metal ions are shown asespb. Protein
backbone chains are represented as cartoon tulegsrdsidues are displayed in line

representation. Compounil§2,4-PDCA) andlL6aare shown in ball and stick representation.
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KDM5B loop 91-100 is not displayed due to its const-derived artefactual position as

discussed in Figure S1.

A more detailed study of th&6abound KDM5B crystal structure revealed additional
residues close to the-chlorophenyl moiety of the bound inhibitor thautw be exploited to
enhance KDM4-subfamiliy selectivity (Figure 2). Feotrample, C480 is a serine residue in all
other KDM5 subfamily members, and a glutamate ia ®DM4 subfamily (E169 in
KDM4A, Figures 2, S3 and S4). This suggests a fiatefor differential KDM4 versus
KDMS5 targeting although we recognised that exphgitselective interaction with the side
chain of E169 (KDM4A numbering) might be challergidue to its solvent exposed location
and high mobility; for example, the side chain df6B could be not associated to any
electron density in th&6abound KDM4A crystal structure. W486 in KDM5B is carved
across the KDM5 subfamily whilst the equivalentidas in the KDM4 subfamily is a
tyrosine (Y175 in KDMA4A, Figures 2, S3 and S4). Hwer, the potential to exploit this
difference is limited due to the similarity of ttgphan and tyrosine residues. We also
observed that A430 in KDM5B is an asparagine residu KDM4A (N137, Figure 2).
However, these residues are not conserved withair tiespective subfamilies. N137 in
KDMA4A corresponds to S138 in KDM4B, S141 in KDM4and N139 in KDM4C (Figure
S3), whilst A430 in KDM5B corresponds to S414 in MIBA, and to H445/H435 in KDM5C
and KDM5D, respectively (Figure S4), rendering exltion of such differences for KDM4

over KDM5 subfamily selective inhibition challengin

Based on these structural insights, we decidedrtbdr explore the favourable hydrophobic
contact with V313 (KDM4A) to increase affinity aselectivity for the KDM4 over KDM5
subfamily. As an alternative approach, we also iclmmed the introduction of a basic
substituent at either the- or p-position of the phenyl ring ih6ato target E169 (KDM4A).

We recognised that achieving selective KDM4- ové@Mb&-subfamily inhibition may be

13



challenging due to protein flexibility in the hist® substrate binding site, as exemplified by
induced-fit movement observed in C8-substituted idoyB,4-d]pyrimidin-4-one-bound
KDM4A and KDM5B crystal structures compared with ah?2OG-competitive inhibitors
such asl (Figure 3). For example, the pyrazole C4-substitue 16ainduces movement of
Y175 and nearby loop 160-171 of KDM4A, such thaidaes 162-169 become too mobile to
be observed in the electron density map. In the KBM6a crystal structure, W486 and
nearby loop 426-435 are displaced relative theesponding compounti-bound structure,
and an alternative conformation is observed fordiess 479-482. We also recognised that
conformational flexibility of the ligand pyrazoledcsubstituent may adversely impact KDM

inhibition and subfamily selectivity.

Table 1. 4-Phenylpiperidine derivatisatiom-Phenyl substitutioh

0]
| A NH
N~ N/) X
N’N
U
Compound X KDM4A | KDM4B KDM5B KDM5C Cac%-z
ICs0 (UM) | ICs50 (UM) | ICs0 (UM) | ICs50 (UM) | (X100
cm/s)
16&° Cl 0.102+ 0.031+ 0.023 0.065 11.80
0.058 0.012
16b F 0.084+ 0.032+ 0.029 0.096 11.63
0.019 0.016
16¢c '‘Bu 0.141 0.049+ 0.025 0.063 4.67
0.041
16d OMe 0.212+ 0.067+ 0.023 0.086 not
0.013 0.036 tested
16e J\ 0.178 0.101 0.051 0.156 10.77
x
16f 0.282 0.145 0.066 0.213 not
0 tested
U,
169 N= 0.136 0.033+ 0.042 0.079 not
- N\ // 0.012 tested

14



16h =N 0.056 | 0027+ | 0017 | 005§ | <1.73
N\ 0.014

161 =N 0.088+ | 0047+ | 002f | 0054 | <152
-5{ i 0.046 | 0.024

R
y 0.083+ | 0019+ | 0012 | 0030 | <0.76
3/ 0.049 | 0.013

16k 0
4 ) 0259 | 0063+ | 0048 | 0.113 not
N 0.023 tested
5

16l o | 0.059 0015 | 00f2 | 0035 | <0.92
AN

16m / 0.038+ | 0008 | 0006 | 0014 | <152
AN 0.006

®Results are mean values of two independent detatioits or mean (xSD) for n>2 unless
specified otherwis€Data taken from reference ZResults are from a single experiment.

Both fluoro andtert-butyl substitutions (compounds6b and 16¢ respectively) resulted in
similar KDM inhibitory activities to those observéar the m-Cl counterpartLl6a (Table 1).
The methoxy and isopropyl derivativd$d and 16e proved marginally inferior KDM4
subfamily inhibitors compared t@6a and a similar trend was also observed with the

introduction of a bulkier alkoxy substituerdisf, Table 1).
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Figure 4. Overlay of crystal structures abm (green) andL6a (beige) bound to KDM4A.
Protein backbone chains are represented as cambesn, key residues are displayed in line
representation. Compound&m and16aare shown in ball and stick representation. The tw
methyl groups inlém have not been modelled due to too weak densikedinto the high

mobility of the corresponding atoms. Metal ions sitnewn as spheres.

The introduction of 6-membered heterocyclic substits (compound$6g-i) was tolerated
but with no evidence for selective KDM4 subfamihhibition (Table 1). Some of the most
active inhibitors incorporated a basic substitusrthem-position of the phenyl ring; notably
pyrrolidine and dimethylamino derivativd®j and 16m, respectively (Table 1). Consistent
with previous findings [29], thesersubstituted analogues retained selectivity ovéeiot

KDM subfamilies; for examplel6j displayed weaker inhibition of KDM2A (l§g = 1.97

16



UM), KDM3A (ICso = 1.85uM), and KDM6B (IG = 32.26uM). Likewise, 16b displayed
selectivity over KDM2A (1Go = 4.68uM), KDM3A (ICsp = 6.42uM), and KDM6B (IG >
100 uM). The crystal structure dfiém bound to KDM4A confirmed a direct but suboptimal
interaction between the amino group of theubstituent and the side chain of residue N137
(distance of 3.2A, Figure 4), consistent with thgioved KDM4A potency oflém (0.038
MM) compared to the unsubstituted paréstgin reference 29; KDM4A 16 = 0.456uM).
Overall, 16m shows a balanced KDM4/KDM5 subfamily inhibitoryofite whereas the
unsubstituted parent compourisflg in reference 29; KDM5B 1§ = 0.058uM) is KDM5B
preferring. However, direct interaction of the lsasubstituent with KDM4A E169 was not
observed by X-ray crystallography, likely due t@ thigh mobility of the E169 side chain
observed in all crystal structures (no electron sdgndetected). Compounds bearing a
lipophilic piperidine 4-substituentlfb, 16c,and 16€ displayed moderate cell permeability
(Caco-2 assay, A to B flux) similar to that b6a (Table 1). However, the introduction of a
heteroaromatic ringlgh and16i), or the inclusion of an additional basic cenir&j(16l,and

16m) had a detrimental effect on cell permeability (€ab).

Table 2. 4-Phenylpiperidine derivatisatiop:Phenyl substitutich

o)
[ NH
N A
N’N
U
Compound X KDM4A | KDM4B KDM5B KDM5C Caco-2
ICs0 (MIM) | ICs0 (UM) | ICs0 (uM) | ICs0 (UM) | (x10°
cm/s)
17a N= 0.218 0.153 0.146 0.896 not
- N\ // tested
17b =N 0.131 0.024+ 0.080 0.246 2.29
N\ 0.018

17




17¢ : CN> 0.068 0.032 0.127 0.549 <1.81
4

N
17d o) 0.188+ 0.079+ not
: Né 0.063 0.033 0.087 0.313 tested
17e o | 0.077% 0.018+ 0.026 0.053 <0.55

NN J | 0007 | 0.006

17f / 0.093 0.020+ 0.012 0.048 <0.76
’%2/\/"‘\ 0.011

17g r —\ 0.103 0.020+ 0.041 0.108 <1.52
\ 0.009

®Results are mean values of two independent detatiois or mean (+SD) for n>2 unless
specified otherwis@Results are from a single experiment.

We subsequently investigated the effect of seleptedbstituents on the 4-phenylpiperidine
moiety. The presence of a 6-membered heterocydla-¢ Table 2) or alkyl chains bearing a
basic centrel(7eand17f, Table 2) elicited a KDM4/5 inhibitory profile sikar to theirm-
substituted counterparts with no evidence of ckslective KDM4 over KDM5 inhibition
(Tables 1 and 2). However, selectivity for dual KBM® inhibition over other KDM
subfamilies was maintained; for examfléf displayed a weaker inhibitory activity against

KDM2A (ICs0 = 1.42uM), KDM3A (IC 50 = 2.02uM), and KDM6B (IGso = 52.41uM).

Crystal structures oll7b, 17e and 17f bound to KDM4A confirmed that the phengt
substituent points towards the solvent accessdgi®on without making any specific contact
with the protein including the targeted residue &X6&igure 5). More precisely, the-
substituents of bothl7b and 17e could not be associated with any electron density,
suggesting high mobility and lack of stabilisatioy the protein. In th&7f-bound KDM4A
structure, thep-dimethylamino moiety points towards the solventessible region, but
without clear interactions with the protein (FiguB. Similarly to the m-substituted

analogues (Table 1jp-substituted compounds displayed significantly loywermeability in

18



the Caco-2 assay (A to B flux) relative to that I&fa (Table 2). This drop in cellular

permeability is consistent with increased polaaityl/or the presence of a basic nitrogen.

Figure 5: Overlay of crystal structures df7b (pink), 17e (magenta) and.7f (light-green)
bound to KDM4A. Zn(ll) atoms are shown as grey spheProtein backbone chains are
represented as cartoon tubes, key residues arayddpin line representation. The pyridyl
ring in 17b has not been modelled due to too weak densityh@fcbrresponding atoms.

Compoundd 7b, 17eand17fare shown in ball and stick representation.

Table 3.4-Phenylpiperidine derivatisation: 3,5-phenyl sitbbn®
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Compou| X Y KDM4B KDM5B KDM5C Caco-2
nd ICs0 (MM) | ICso (M) | ICso (M) | (x10°
cm/s)
182°
CR; H 0.128 0.039 0.018 0.070 15.31
18b Q
CR N 0.071 0.033% 0.017 0.038 <0.76
_g_/ 0.015
18c //\O
CR | A\oN_J| 0246+ | 0102t | 0.032 0.096 | <0.76
0.146 0.062

®Results are mean values of two independent detatioins or mean (+SD) for n>2 unless
specified otherwis€Data taken from reference ZResults are from a single experiment.

Noting that bothm-chloro, -fluoro, -trifluoromethyl [29] substitues)t and alkyl chains
bearing basic centres at threposition of the distal phenyl ring (Table 1) imppdtent and
balanced KDM4/5 subfamily inhibition, and also thheir binding modes are potentially
complementary (see overlay baand16m, Figure 4), we combined these two substituents
in a small series of 3,5-disubstituted phenyl deiixes (Table 3). Synthesis of the most
desired compounds with both-Cl andm-alkylamino side chains proved challenging due to
competing dehalogenation upon reduction of the rglpe double bond (Scheme 2).
Nevertheless, we were able to combine+&F; substituent with basic functionality in the
remainingm-position ((8b,g Table 3). This approach led to potent dual KDNMd & DM5
inhibition but no additive inhibitory effect was sdrved (Table 3), and the KDM4/5
inhibitory profile was broadly similar to that olbged with the corresponding mono-

substituted analogues (Tables 1 and 3). We substygselved the structure dBabound to
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KDMA4A (Figure 6). This structure indicated that fendant phenyl ring is rotated such that
the mCF; substituent does not form an interaction with V3h3contrast to itsm-Cl
counterpart (compare Figures 2, 4 and 6). Thisrehtien could partly explain the lack of
additive SAR in compounds8b and18c, assuming that thexCF; substituent in these 3,5-
disubstituted phenyl derivatives occupies the sposition as observed fdi8a Compounds
18b and 18c maintained a selective inhibition profiersus other KDM subfamily members;
for example,18b displayed weaker inhibitory activity against KDM2#Cso = 3.77 uM),
KDM3A (ICsp = 5.68 uM), and KDM6B (1G, = 23.97uM). However, both1l8b and 18c
displayed low Caco-2 permeability (A to B flux) lime with previous results obtained with

compounds bearing a basic substituent on the phegy(Table 1 and 2).
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Figure 6: Overlay of crystal structures dBa (brown) andl6a (beige) bound to KDM4A.

Zn(Il) atoms are shown as grey spheres. Proteiokboaie chains are represented as cartoon

tubes, key residues are displayed in line repratent Compound48aandl6aare shown

in ball and stick representation.

Table 4.Pyrazole C4-substituent: Conformational restriction

I\
N~

0]
NH

>

N

N/N
:»

Compound KDM4A [KDM4B |[KDM5B | KDM5C | Caco-2
R ICs0 (UM) | ICs0 (M) | ICs0 (M) | ICs0 (x10°
(UM) cm/s)
19a
0.100+ 0.043+ 0.038 0.123 | 11.64
4N 0.041 0.021
19b
0.143+ 0.045 0.114 0.214 | 18.06
4N 0.056
19c
0.184+ 0.057 0.123 0.47C¢ 4.25
4N 0.069
O
19d Cl
0.107+ 0.029+ 0.014 not 13.33
+N 0.020 0.006 tested

®Results are mean values of two independent detatiois or mean (+SD) for n>2 unless
specified otherwis@Results are from a single experiment.
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We next turned our attention to constraining thep@azole substituent in order to maintain
contact with V313 whilst minimising the entropicstassociated with ligand binding. We
envisaged that the lipophilic contact with V313 (MBA) (Figure 2) could be optimised by
conformational restriction directing the phenylgitowards V313. This hypothesis led to
synthesis of the spirocyclic analogd®a which inhibited KDM4 and KDM5 subfamily
members with 16 values similar to those observed witba (Tables 1 and 4)19a also
displayed selective inhibition of KDM4/5 over othéDM subfamilies, inhibiting KDM2A,

KDM3A, and KDM6B with 1G values of 4.50, 5.78 and 90.@R®1, respectively.

Figure 7: Overlay of crystal structures dPa (grey) andl6a (beige) bound to KDM4A.

Zn(ll) atoms are shown as spheres. Protein backbloaies are represented as cartoon tubes,
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key residues are displayed in line representattmmpoundsl9a and16a are shown in ball

and stick representation.

The crystal structure df9a bound to KDM4A (Figure 7) revealed a binding maiilar to
that of 16a with the phenyl ring of the spirocyclic systernghtly closer to the side chain of
V313 than inl6a (closest phenyl carbon atom is 3.7A from the sidain of V313 forl9a,
versus 4A for the corresponding carborl6g). In the19abound KDM4A crystal structure,
we also observed that a loop comprising KDM4A res&l 308-313 folds over the
conformationally restricted spirocyclic phenyl rita elicit favourable hydrophobic stacking
interactions with both € and @ atoms of D311. In addition, we also observed sbect
density for the main chain andp®f E169 below the spirocyclic phenyl ring @ba -
interestingly, E169 is not commonly visible duebtith main chain and side chain flexibility.
Further, the pyrazole C4-substituentl®ais associated with a stronger electron density than
for the correspondin@6a structure,and is well defined in all four chains of the asyetnt
unit with B factors significantly lower than fordhcorresponding atoms t6a (average B
factors of the terminal phenyl ttBais 0.8 times the average B factor for the wholaditre,
while it was 1.3 times foi6d). These observations suggest thdé is more stably bound in
the active site of KDM4A thari6a Compoundsl9b and 19c gave no improvement to
KDM4/5 inhibitory profiles relative td9a (Table 4); however, comparison of the structures
of 19aandl16abound to KDM4A (Figure 7) prompted us to introdcenethyl group at the
piperidine C4-position il6ato restrict the conformation without a spirocyalicg system.
Pleasingly,19d (Table 4) exhibited a KDM4/5 inhibitory profilersilar to that observed with
19aand the crystal structure @0d bound to KDM4A revealed the-Cl phenyl substituent
in an equatorial position with the Cl atom makingntact with V313 (distance of 3.5 A,
Figure 8). However, the pyrazole C4-substituenteappd less well stabilised than its

equivalent inl9a (the full substituent is seen only in one chaini®d, and with B factors up
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to 1.3 times higher than the average of the stragtThis may arise from freedom of rotation
around the piperidine C4-bond it®d and 16a compared to the constrained spirocyclic

compoundl9a Satisfyingly, all analogues in this subseriepldiged good permeability in

the Caco-2 assay (A to B flux; Table 4).

Figure 8 Overlay of crystal structures dfd (pink) and16a (beige) bound to KDM4A.
Zn(ll) are shown as spheres. Proteins backbon@slaae represented as a cartoon tubes, key
residues are displayed in line representation. @umgs19d and16aare shown in ball and

stick representation.
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Table 5.Pyrazole C4-substituent: Conformational restriction

0]
B j‘”
N~ N/
N/N
\ /)
N\
R
Compound R KDM4A KDM4B KDM5B KDM5C Caco-2
ICs0 (M) | ICs0 (MM) | ICso (M) | ICso (uM) | (x10°
cm/s)
34a Me 2.06 0.82 0.156 0.163 <0.76
34b Et 0.693+ 0.455%+ 0.149 0.087 <0.76
0.231 0.037
34c J\ 0.848+ 0.504+ 0.439 0.566 not
e 0.234 0.072 tested
34d not
E )‘ 1.06 0.497 0.60P 0.856 tested
34e §)> 0.756 0.372 0.447 0.57F <0.76
34f P 0.559+ 0.248+ 0.134 0.202 5.46
-5 0.152 0.048
34g K O 0.613 0.302 0.068 0.132 2.12
N\N/
34h _ 2.41 0.573 0.137 0.377 not
tested

g

®Results are mean values of two independent detatioins or mean (+SD) for n>2 unless
specified otherwis@Results are from a single experiment.
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Figure 9: Overlay of crystal structures &4a (blue) andl16a (beige) bound to KDM4A.
Zn(ll) atoms are shown as spheres. Protein backbloaies are represented as cartoon tubes,
key residues are displayed in line representatmmpounds34a andl16aare shown in ball

and stick representation.

In a further attempt to restrict the conformatidntlte C4-pyrazole substituent, we directly
attached th&l-methylpiperidin-4-yl moiety to C4 of the pyrazdte give 34a a more potent
inhibitor of KDM5 relative to KDM4 subfamily enzymseby at least 5-fold (Table 5). A
crystal structure oB4ain complex with KDM4A (Figure 9) revealed electrdansity for the
pyrazole substituent in all four chains of the asyatric unit, with the piperidine nitrogen
closer to the side chain carboxylate of D191 thath W6a (2.9 A versus 4.5 A fot63). In

contrast to thd6a-KDM4A structure, the loop comprising residues 160-temained in the
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conformation observed in the apoprotein strucéum@ no movement was observed for Y175.
Interestingly, in thé84abound structure, the piperididneMe is located in close proximity to
V313 (Figure 9). In an attempt to further underdtéime KDM5B-preferring activity oB4a
(Table 5), we also solved the crystal structur&4d bound to KDM5B (Figure S5). Given
the higher potency @d4aagainst KDM5B relative to KDM4A, we were surprisedind that
the electron density corresponding to the C4-pyeagabstituent was less well resolved in
the 34aKDM5B structure, with no interpretable density ftre piperidineN-Me group
(Figure S5). Furthermore, no interaction was obs@rwith the carboxylic acid of residue
D502 (D191 in KDM4A). Analogous to th84aKDMA4A structure, residue W486 in
KDM5B (Y175 in KDM4A) and surrounding loops adoptet Apo conformation (Figure 3
and Figure S5). However, the piperidine ring3dfa makes a hydrophobic interaction with
W486 in KDM5B but does not form productive interans with the equivalent Y175 residue
in the 34aKDMA4A crystal structure- this may account for the KDM5B-preferring activity

profile of 34a

Recognising the KDM5B-preferring inhibitory profitef 34a (Table 5), the close proximity
of the N-Me group of34ato V313, V171 and 1168 in KDM4A (Figure 9) promgtes to
introduce bulkierN-alkyl substituents to improve lipophilic contacithvthese residues,
aiming for an enhancement in KDM4 potency. This dtiapsis led to the synthesis of
compounds34b-h (Table 5; however, most of these analogues displayed onlpdest gain
in KDM4 inhibitory activity relative td34a with KDM5 inhibition also maintained (Table 5).
Weaker inhibition of the other KDM subfamilies walsserved; for exampl&4f displayed
inhibition of KDM2A (ICso = 12.54puM), KDM3A (ICso = 6.13puM), and KDM6B (<60%

inhibition at 100uM).
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Figure 10 A: Overlay of crystal structures 8#a (blue) and34b (green) bound to KDM4A.
Chains A and B of the asymmetric unit are showrB#tirKDM4A structure, as they do not
show exactly the same conformation for the ligand &s neighbouring protein residues. B:
Overlay of crystal structures 8#a (blue) and34g (pink) bound to KDM4A. Chains B and D
of the asymmetric unit are shown f&4gKDM4A structure, as they do not show exactly the
same conformation of the protein. Zn(ll) atoms strtewn as grey spheres. Protein backbone
chains are represented as cartoon tubes, key ess@he displayed in line representation.
Compounds are shown in ball and stick represemtaiibe distal methyl group i84b has

not been modelled due to too weak density linkethéohigh mobility of the corresponding

atoms.

In an attempt to rationalise the KDM4/5 structucé\aty relationship (SAR) observations in
this subseries, we determined the crystal strustaf84b and34gin complex with KDM4A
(Figures 10A and 10B, respectively). In both casles, C4-pyrazole substituent is shifted
from the position observed in tl3daboundKDM4A structure and the interaction between
the piperidine nitrogen and D191 is no longer pnesdotably, the pyrazole C4-substituents

of both34b and34gare closer to Y175 and we observe both apo aaddignduced shifts in
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the positions of Y175 and nearby loop 161-170. Téeminal carbon of theN-ethyl
substituent of34b is not associated with any electron density in filng chains of the
asymmetric unit, and th&l-cyclopentane substituent iB4g is seen in only two chains;
furthermore, interaction with the three targetedidees V313, V171 and I168 is not
observed. Thus, a piperididésubstituent bigger than the methyl is sufficiemdisrupt the
interaction with D191, likely because of stericstlas with the side chain of V313 or the
main chain carbonyl of E169 (both of which lie lose proximity to théN-Me of 343, Figure
9). These factors may explain the modest potency ingmant for compound84b-h
compared tdB4a We also solved the structures 3#f and 34g bound to KDM5B, which
were nearly identical to the KDM5B4astructure (Figure S6), with the exception of atrax
carbon seen for the piperiding-substituent of34f. These structures indicate that the
piperidine N-substituents oB4f and 34g are mobile, and not making specific interactions
with the protein, which likely explains the relaly flat SAR for this series of compounds

against KDM5B. Based on the above observations dihibseries was not pursued further.

Overall, our investigations towards selective KDMyder KDM5 inhibition by targeting
residue differences between the histone substmaténly sites afforded potent dual inhibitors
of both KDM4 and KDM5 subfamilies in biochemical sags with selectivityversus
KDM2A, KDM3A, and KDM6B exemplars of other histortemethylase subfamilies. We
have previously reported the KDM cellular profiling 16a and that the KDM inhibitory
activity of 16ais dependent upon the 20G co-substrate concemtratia biochemical assay
[38]. We therefore assessed the 20G-dependenc®bdf Khibitory activity for exemplar
compoundslém (Figure S7),19a (Figure 11), an®4f (Figure S7). Forl9a we observe a
147-fold drop in KDM4A inhibition with increasing@®s concentration from 0.26M to a

physiologically relevant concentration of 1mM (Figull) [[39], [40], [41]]. Calculated i
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values [42] (Table 6) demonstrate similar affirfity KDM4A and KDM5B (163 Ki = 0.003

and 0.002uM, respectively;19a Ki = 0.004 and 0.00{dM, respectively).

% Inhibition

% Inhibition

KDM5B KDM4A
120 4 120+
E 1004
c 804
2
5 &1
£ w0
2 204
4 o4
-20 T T 1 20 - .
0.0001 0.01 1 100 0.0001 0.01 1
Com pound [uM] Compound [pM]
A B
Compound
19a KDM4B | KDM4A | KDM5B
KDM4B 20G (M) | IC., (uM) [IC., (uM) [ICL, (UM)
120+ 0.25 0.005 0.015 0.005
00 0.5 0.008 0.022 | 0.007
1 0.012 0.025 | 0.009
80 2 0.022 0.039 | 0.011
604 4 0.036 0.061 0.016
8 0.062 0.114 0.023
40+ 16 0.096 0.197 0.039
204 50 0.233 0.423 0.104
100 0.382 0.657 0.177
o1 300 0.524 | 0.857 | 0.371
20 ; ; . 1000 0.787 | 2211 | 0.947
0.0001 0.01 1 100 | fold change 157 147 189

Compound [uM]

D

Figure 11 20G co-substrate competition studies¥8ain KDM4A, KDM4B and KDM5B

biochemical assays.

Table 6: KDM4A and KDM5B Ki values; KDM4A/B and KDM5B target engagement in
cells (INCELL Hunter™ and IF assa§s)

Compd Ki, (UM) KDM4, EGg (UM) KDM5B, EGsq (UM)
KDM4A | KDM5B |KDM4B, KDMJ4A, INCELL IF assay
INCELL IF assay Hunter™
Hunter™
16a 0.003 0.002 1.0+0.7 8.5+6.1 0.6+0.2  24.2+16.4
16b 0.004 0.003 2.0+£0.2 not tested 2.9+1.0 not tested
16h 0.003 0.001 1.440.2 104 1.140.3 26.0
16m 0.002 0.001 3.0+1.6 30.3+23.8 1.4+0.3 377
17f 0.004 0.004 3.5+0.6 not tested 1.9+0.6  not tested
19a 0.004 0.007 1.3+0.3 4.7+3.6 4.0+3.5 13.4+85
19d 0.005 0.002 1.7+0.6 59 1.1+0.5 20.8
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34f | 0.026 | 0016 | 9.1+2.3 | 38% at 20pM | 6.6+5.0 | 26.4+4.4]

®ECso data are mean values of at least two indepenagetrdinations unless specified
otherwiseResults from a single experiment.

In addition to co-substrate competition, the tratish of biochemical inhibitory activity into
cellular target engagement can also be influencgdcdmpound cell permeability and
residence time. Furthermore, biochemical KDM-sublarselectivity trends may not be
maintained in a cellular environment due to diffexes in the affinity of KDM subfamilies
for 20G [[28], [34]], and differences in the KDM pression levels in cells [28]. We
therefore investigated the cellular target engagemiselected compounds against KDM4A,
KDM4B, and KDM5B using two orthogonal assay formarstly, an INCELL Hunter
assay based upon measuring compound-mediated mrst&bilisation [43]; secondly, a
previously reported immunofluorescence-based (B3ap whereby cellular KDM4A and
KDMS5B inhibition is determined by monitoring thevids of H3K9Mg and H3K4Meg
histone marks, respectively [38]. Testing of thewn selective KDM5-subfamily inhibitcs

in both the INCELL Hunter™ and IF assays providddM&B ECsp values of 0.3 and 0.6
MM, respectively, entirely consistent with previgustported KDM5 EGy value of 0.34uM,

based on assessment of H3K4N&vels in PC9 cells [31].

We initially tested compounds in the INCELL Hunterd¥say for KDM4B and KDM5B
cellular target engagement with several compouredsotstrating E€ values close to iM
(Table 6). Interestingly, compound$h, 16m and 17f (Tables 1 and 2), that display low
permeability in the Caco-2 assay, showed celldaget engagement suggesting cellular
internalisation under the assay conditions. We alsifiled compounds in the cellular IF
assay (Table 6). Both9a and 19d inhibited KDM4A demethylase activity in cells (B£=
4.7 and 5.9uM, respectively), slightly more potently in compamn to KDM5B inhibition
(ECso = 13.4 and 20.8M, respectively; Table 6). Consistent with aarvitro biochemical

20G competition experiments, we observe a 1175dadg in KDM4A biochemical potency
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to IF cell-based activity foi9a a trend that is replicated across all compouastet (Table
6). Of note, the cellular KDM4A and KDM4B Egvalues forl9a (Table 6) are similar to
the KDM4A and KDM4B biochemical 1§ values obtained at a physiologically relevant
20G concentration (approximately 1 mNB9], [40], [41]] (ICsp = 2.21uM, and 0.79uM,
respectively, Figure 11). As a further confirmatioincell-based activityl9a was tested in
the IF assay alongside its matched pair inactiverob41l (KDM4A, KDM4B and KDM5B

in vitro biochemical 1G, > 15uM) (Scheme 6, Figure 12). In this assay formatcveated an
assay window through overexpression of the catallyi active protein since were unable to
measure changes in endogenous methyl marks. Thantmptotein used in the assay is
catalytically dead; as such, addition of an inlmbghould have no effect on the methyl marks
providing that no modulation of endogenous methgkka occurs. Pleasingly, compoutl
did not alter levels of H3K9Menor H3K4Meg histone methyl marks (Figure 12) suggesting
that elevation of these marks upon incubation ef ¢ells with19a is due to cell-based

inhibition of KDM4 or KDM5 subfamily enzymes by cqoundl19a

Taken together, these studies suggest that the 2d@dpetitive inhibition mode of the C8-
substituted pyrido[3,4pyrimidin-4(3H)-one series is the major contributing factor te th
drop off betweenn vitro biochemical and cell-based potency, and that atgrehan 10-fold

improvement in biochemical KDM4 inhibitory activityould likely be required to achieve
sub-micromolar cellular KDM4 inhibition. In additig if the observed tentative selectivity
trends regarding cellular target inhibition are mained, then a 10-fold KDM4 over KDM5
in vitro biochemical selectivity window may be sufficierd provide a 30-fold KDM4

selective inhibitor in cells.
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Figure 12 KDM4A and KDM5B target engagement in HeLa celis1®a and its matched
pair inactive controt1 based on modulation of the relevant histone matiatk (IF assay).
Constructs encoding FLAG-tagged wild type KDM4A oatalytically inactive mutant
(H188A/E190A) KDM4A, and wild type KDMS5B or catalgally inactive mutant

(H499A/E501A) KDM5B were used.

We have previously reported that aldehyde oxidA€g){mediated metabolism at C2 of the
pyridopyrimidinone scaffold leads to high vivo clearance for this class of compounds,
precluding their use im vivo settings [44]. Given these findings, we invesegethe stability

of the pyridopyrimidinone derivatives in cellulanlwresin vitro, and found no evidence of
cell-based metabolism. For example, incubatiod9# and its inactive controd1 in human
prostate carcinoma LNCaP cells for up to 120 h #ltbuptake of the parent compounds in a
time-dependent manner and stable concentratiomsesia with no metabolites detected in
cells or media culture. We further characterisdh by measuring its kinetic agueous

solubility (93.3uM), human plasma protein binding (89%), anditro intrinsic microsomal

clearance in mouse, rat, and human (7.5, 19.824rtuL/min/mg, respectively).

4. Conclusion
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Following our discovery of C8-pyridopyrimidinoned® analogue4 andl16aas selective,
dual KDM4 and KDM5 subfamily inhibitors [29], we &mined the crystal structuresifa

in complex with both KDM4A and KDM5B. Both struces reveal that the C8-substituent
extends towards the histone substrate bindingasite the solvent exposed surface of the
enzymes. We identified residues in close proxirtotthem-Cl phenyl moiety ofl6athat are
conserved within, but differ between the KDM4 an®M5 subfamilies. Targeting these
residues, in particular E169 and V313 (KDM4A nunibg), did not elicit the desired KDM4
over KDM5 selectivity profile inin vitro biochemical assays; likely due to mobility of the
histone peptide binding region of both the KDM4A darKDM5B proteins, and
conformational flexibility of the synthesised liglm Nevertheless, many compounds
displayed a potent and selective KDM4/KDM5 dualiloiion. Conformational constraint of
the pyrazole C4-substituent by direct attachmentanfN-methylpiperidin-4-yl moiety
provided34a a KDM5-subfamily preferring inhibitor. Subsequestitucture-based design to
increase KDM4 potency for this subseriga optimising lipophilic interactions with V313
(KDM4A numbering) proved unsuccessful. In an alatine approach, we rigidified the
distal part of the flexible pyrazole C4-substityesmd optimised interactions with V313 by
introducing a spirocyclic ring system which led1i@g a potent, cell-penetrant and selective
KDM4/KDM5 dual inhibitor. A crystal structure of9a bound to KDM4A confirmed a
binding mode broadly similar to that d6a and revealed distinct features including an
induced-fit movement of loop 308-313 of KDM4A whiéblds over the phenyl ring of the
spirocyclic system to create a hydrophobic stackmegraction with both the main chain and
CB of D311. Compound cellular profiling in two orthmgal target-engagement assays
revealed a significant drop from biochemical td-balsed activity across multiple analogues.
Compoundsl9a and 19d showed single digiuM KDM4A/KDM4B cellular inhibitory

activity in the two orthogonal cell-based assayrfats. Detailed characterisation X#a and
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additional analogues suggests that the signifidaop in potency fromn vitro biochemical
to cell-based target engagement assays can beynainbuted to the 20G-competitive
mode of inhibition. Taken together, our data sutgéisat sub-1nMn vitro biochemical
affinity will be required with this C8-substituteplyridopyrimidinone series in order to
achieve suluM target inhibition in cells. Achieving sub-1nM KDMbiochemical potency,
together with KDM5-subfamily selectivitwia pyridopyrimidinone C8-derivatisation, is
likely to be challenging. The lessons learned magjbplied to a different scaffold to achieve

potent and selective KDM4 inhibition.

5. Experimental Section

KDM4A and KDM4B AlphaScreen™ biochemical assaysKkDM4A and KDM4B 1G5
values were determined as previously described. [EO]these assays 20G co-substrate

concentrations were as follows: KDM4A: uM; KDM4B 2 uM.

KDM5B and KDM5C AlphaScreen™ biochemical assaysKDM5B and KDM5C 1Gg
values were determined as previously described. [EO]these assays 20G co-substrate

concentrations were as follows: KDM5BuM; KDM5C: 5 uM.

KDM2A, KDM3A and KDM6B AlphaScreen™ biochemical assys. ICsy values were
determined as previously described [29] and ref@erited therein. In these assays 20G co-
substrate concentrations were as follows: KDM2A:\0; KDM3A: 5 uM; KDM6B: 10

UM.

Cell-based assays for KDM4A/B and KDM5B target enggement
IF assay: Mammalian overexpression constructs encoding &ngth 1*FLAG-tagged wild

type, or catalytically inactive mutant (H188A/E190AKDM4A were obtained from the
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Structural Genomics Consortium. Constructs encoduld type or catalytically inactive
mutant (H499A/E501A) KDM5B have been previouslyaédsed [38].

HelLa cells (ATCC) were routinely cultured at 37°%% CQ in DMEM (Sigma-Aldrich,
UK) supplemented with 10% FBS (Gibco, UK), 1% L4glmine (Gibco, UK) and 1% non-
essential amino acids (Sigma-Aldrich, UK), and pgssl regularly using 0.25 % Trypsin-
EDTA (Sigma-Aldrich, UK) before reaching confluence

For IF, 6000 cells/well were seeded into a 96-ve&dlar bottom ViewPlate (PerkinElmer,
UK) and incubated overnight. DNA overexpressionteecwere transfected into cells using
HelLaFect transfection reagent (OZBIOSCIENCES, Fean8riefly, 0.1 ug/well plasmid
DNA and 0.15ul/well HeLaFect were diluted in separate tubes ammg 25 uL/well
OptiMEM (Gibco, UK). The two solutions were genttyxed in a 1:1 ratio and incubated for
20 min at room temperature. Following aspirationtleé culture medium, the DNA-lipid
complex was added to cells and incubated for 4ahr87°C, 5% C@ Compounds were
prepared in culture medium supplemented with 209 FEBd an appropriate volume of
DMSO (Sigma-Aldrich, UK) to maintain solvent cont@tion. Compounds were serially
diluted at a 1:3 to 1:5 dilution ratio to 5X finaoncentration in a 96-well plate
(ThermoFisher Scientific, UK). Compound was themext to cells and incubated for a
further 24 hrs at 37°C, 5% GOAfter 24 hrs compound incubation, cells wererstdifor
immunofluorescence and analysed as previously itbest Immunofluorescence images of
10 fields of view per well were captured througRQGx objective on the PerkinElmer IN Cell
2200 instrument. High-content analysis was perfarm&ng INCell Analyzer software (GE
Healthcare, UK), and concentration-response curgeserated in GraphPad Prism 6
(GraphPad, USA) and Dotmatics (Dotmatics, UK).

INCELL Hunter™ assay: KDM4B and KDM5B cellular target engagement assagsevset

up using the InCell Hunter Target Engagement KitrfrDiscoverX (DiscoverX 2018) [43].
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For the KDM4B assay, the expressed protein comgribe N-terminal region of KDM4B
(aa’s 1-348) fused upstream of the F24 mutant (EBRYGG-K105E) of FKBP1A [45] with
an ePL tag (enhanced ProLabel, DiscoverX) appemdetie C-terminus. In the KDM5B
assay, the N-terminal region (aa’s 26-772) of ttegin fused with a C-terminal ePL tag was
used. Constructs were transfected over 24 h in HBKZ2cells using Lipofectamine 3000
(ThermoFisher Scientific). 2.5 x 1€ransfected cells / well were re-plated in 384gssates
before treating with compounds over 6 h. To congptee assay, cells were incubated over
30 min at RT with the InCell Hunter assay reagemig following the manufacturer’s

instructions before reading the chemiluminescegnai
Crystal structure determinations:

KDM4A structures. A previously established 6His-TEV-KDM4A constru¢tesidues
1-359) [46] was produced inEscherichia coli and purified by nickel affinity
chromatography, followed by tag removal with TE\O{giase, reverse nickel affinity, and gel
filtration. The protein was stored at —80 °C at h@/mL in a buffer containing 10 mM
HEPES pH 7.5 and 200 mM NacCl. Purified KDM4A wagstallized in the apo form at 18
°C using the hanging-drop vapor-diffusion metholde Erystallization drops were composed
of 1.5 uL of protein (7 mg/mL) and 1.mL of reservoir solution containing 14% (w/v)
PEG4000 and 0.1 M BTP pH 7.5, placed over BD@f reservoir solution. Plate-like crystals
typically grew in a week at 1% and were soaked by addition of 05 of compound at
50-200 mM in DMSO directly to the drops, followey 4-48 h incubation at 18 °C. Crystals
were briefly transferred to cryoprotectant solutmontaining 14% (w/v) PEG4000, 75 mM

BTP pH 7.5, and 25% (v/v) glycerol prior to freegim liquid nitrogen.

KDM5B structures. A previously established 6His-TEV-KDM5B construcegidues 26-

771A101-374) [47] was produced in Sf9 cells and pulifidy nickel affinity
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chromatography, followed by tag removal with TEVotgase, gel filtration and reverse
nickel affinity. Protein was concentrated to 8 mp/orystallized at 4 °C using the sitting
drop vapor diffusion method. KDM5B was preincubatsdh 4 mM MnCL before the
protein was transferred to crystallization platésystals were obtained in drops consisting of
100 nL of protein (8 mg/mL), 200 nL of a precipitaonsisting of 1.6 M Na/K phosphate,
0.1 M HEPES pH 7.5, and 20 nL of KDM5B seeds frorystals obtained from the same
condition. Crystals were grown at 4 °C, then conmuisuwere soaked into apo crystals for 5
min at a final concentration of 5 mM. Crystals wemgoprotected with mother liquor

supplemented with 25% ethylene glycol prior to fiag in liquid nitrogen.

Data collection, processing and refinementX-ray data were collected in-house at the
Institute of Cancer Research, London, UK, on a RigeRX-AFC11-VariMax Cu-VHF-
Pilatus300K, and at Diamond Light Source, OxfordshUK, on beamlines 102, 103, and
104-1. Crystals of KDM4A belonged to the space gréul 2 1 and diffracted to a resolution
between 2.14 and 2.81 A. KDM5B crystals belongedht® space group Ps® 2 and
diffracted to a resolution between of 2.14 and&.B®atasets were integrated with XDS [48]
and scaled and merged with AIMLESS [49]. Structusesre solved by molecular
replacement using PHASER [[50], [51]] with the palyl available KDM4A and KDM5B
structures (PDB codes 20Q7 and 5A1F, respectivi@d], [47]] with ligand and water
molecules removed used as molecular replacementlmoAll protein—ligand structures
were manually corrected and rebuilt in COOT [&24 refined with BUSTER [534 iterative
cycles. Ligand restraints were generated with GRA®H and MOGUL [55]. The quality of
the structures was assessed with MOLPROBITY [[§6F]]. The data collection and

refinement statistics are presented in Supportifgrination Table S1.
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Caco-2 permeability: Caco-2 cellular permeability was determined as iptesty described

[29].

Cell uptake experiment and stability of 19a in ceillar culture:

LNCaP cells (ATCC) were routinely cultured at 37, % CQ in RPMI-1640 (Sigma-
Aldrich, UK) supplemented with 10 % FBS (Gibco, Ulhd passaged regularly using 0.25
% Trypsin-EDTA (Sigma-Aldrich, UK) before reachingnfluence.

For cell uptake and stability experiments, 1.5 X délls/well were seeded into 6-well plates
(Corning, UK) and incubated for 48 h at 37 °C, 82,, before treatment with either 10/
compound or 0.1 % DMSO (Sigma-Aldrich, UK) as véicontrol. Following 1, 6, 24, 48,
72 and 120 h incubation, media was collected frefits @nd immediately frozen at —80 °C.
Cells were trypsinised, pelleted and then frozer8&t °C until analysis.

Cell and tissue culture media extracts were andlyseng a Dionex Ultimate 3000 UHPLC
system coupled to a Thermo Scientific Q ExactivesRirbitrap mass spectrometer (Thermo
Fisher Scientific Inc., Waltham, USA). Separatidranalytes was achieved using an Acquity
UPLC HSS T3 column (1.8m, 100 x 2.1 mm) (Waters, Elstree, UK) at a temjpeeaof
50°C and a binary mobile phase gradient at a fla@ of 0.4 mL/min. Initial LC conditions
comprised 10% solvent A (0.1% formic acid in wat®&)% solvent B (methanol); this was
ramped to 95% A at 12 min, immediately returnednitial conditions and held for the
remaining three minutes of the method. Sample arsalyas by electrospray atmospheric
pressure ionization combined with full scan acdusiin positive ion mode. The capillary
voltage was 3.5 kV; desolvation gas and capill@ygeratures were 450°C and 275°C
respectively; sheath, aux and sweep gas flow nawe 55, 15 and 3 respectively. Full
MS/dd-MS (full MS scan followed by data dependent MS/MSY &ull MS/AIF (full MS
scan followed by all ion fragmentation) workflows e used in combination.

Identification/presence of metabolites was undenakith the aid of the software Compound
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Discoverer (v2.0.0.303, Thermo Fisher Scientific. IiWaltham, USA). Raw data files of the
incubation time course generated in the acquisgmitware Chromeleon (v7.2 SR3 (7553)),

Thermo Fisher Scientific Inc., Waltham, USA) wemput into the targeted workflow.

Chemistry: Commercially available starting materials, reagami$ anhydrous solvents were
used as supplied. Flash column chromatography wdsrmed using Merck silica gel 60
(0.025 — 0.04 mm). Thin layer chromatography wasopmed using Merck Millipore TLC
silica gel 60 Es4 aluminium sheets and visualised by UV (254 & 288)niodine and
KMnQO,. Column chromatography was also performed on shiMaster personal unit using
isolute Flash silica columns or a Biotage Isolasafjzation system using Biotage KP-SNAP
cartridges. lon exchange chromatography was peddraosing acidic Isolute Flash SCX-II
cartridges or basic Isolute Flash Neartridges™H NMR spectra were recorded on either a
Bruker Avance-500 or Bruker Avance-400 NMR machisamples were prepared as
solutions in a deuterated solvent and referencetthéoappropriate internal non-deuterated
solvent peak or tetramethylsilane. Chemical shifese recorded in ppnd) downfield of

tetramethylsilane.

LC-MS Analysis. Analysis was performed using an Agilent 1200 seH&.C and diode
array detector coupled to a 6210 time of flight snapectrometer with dual multimode

APCI/ESI source.

Method A: Analytical separation was carried out at 4D on a Merck Chromolith Flash
column (RP-18e, 25 x 2 mm) using a flow rate of rhl¥min in a 2 minute gradient elution
with detection at 254 nm. The mobile phase wasxure of methanol (solvent A) and water

(solvent B), both containing formic acid at 0.1%a@ient elution was as follows: 5:95 (A/B)
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to 100:0 (A/B) over 1.25 min, 100:0 (A/B) for 0.5nmand then reversion back to 5:95 (A/B)

over 0.05 min, finally 5:95 (A/B) for 0.2 min.

Method B: Analytical separation was carried out at ® on a Merck Chromolith Flash

column (RP-18e, 25 x 2 mm) using a flow rate o601ML/min in a 4 minute gradient elution
with detection at 254 nm. The mobile phase wasxura of methanol (solvent A) and water
(solvent B), both containing formic acid at 0.1%a@ent elution was as follows: 5:95 (A/B)
to 100:0 (A/B) over 2.5 min, 100:0 (A/B) for 1 miand then reversion back to 5:95 (A/B)

over 0.1 min, finally 5:95 (A/B) for 0.4 min.

Analysis was also performed on a Waters Acquity ORInd diode array detector coupled to

a Waters G2 QToF mass spectrometer fitted with limmde ESI/APCI source.

Method C: Analytical separation was carried out at ‘8 on a Phenomenex Kinetex C18
column (30 x 2.1 mm, 2.6u, 100A) using a flow rafed.5 mL/min in a 2 minute gradient
elution with detection at 254 nm. The mobile phass a mixture of methanol (solvent A)
and water (solvent B), both containing formic aatd.1%. Gradient elution was as follows:
10:90 (A/B) to 90:10 (A/B) over 1.25 min, 90:10 &/for 0.5 min, and then reversion back

to 10:90 (A/B) over 0.15 min, finally 10:90 (A/Bdif 0.1 min.

Method D: Analytical separation was carried out af@0on a Phenomenex Kinetex C18
column (30 x 2.1 mm, 2.6u, 100A) using a flow rafed.3 mL/min in a 4 minute gradient
elution with detection at 254 nm. The mobile phass a mixture of methanol (solvent A)
and water (solvent B), both containing formic aatd.1%. Gradient elution was as follows:
10:90 (A/B) to 90:10 (A/B) over 3 min, 90:10 (A/B)r 0.5 min, and then reversion back to

10:90 (A/B) over 0.3 min, finally 10:90 (A/B) for.® min.
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Analysis was also performed on a Waters systempeqdi with a Waters 2545 binary
gradient module, a Waters SQ Detector 2, Water® 24/visible detector, and a Waters

2424 ELS detector.

Method E: Analytical separation was carried out on a Kiredet EVO C18 column (100
mm x 3.0 mm, 100 A) using a flow rate of 2 mL/mma 3 min gradient elution. The mobile
phase was a mixture of 93%,®, 5% acetonitrile, and 2% of 0.5 M ammonium aeetat
adjusted to pH 6 with glacial acetic acid (solvahtand 18% HO, 80% acetonitrile, and 2%
of 0.5 M ammonium acetate adjusted to pH 6 witttiglaacetic acid (solvent B). Gradient
elution was as follows: 95:5 (A/B) 0.35 min, 954B) to 5:95 (A/B) over 1 min, 5:95 (A/B)
over 0.75 min, and then reversion back to 95:5 jAdter 0.1 min and 95:5 (A/B) over 0.8

min.

LC-HRMS analysis was performed using either an Agilent 1200 seH&.C and diode
array detector coupled to a 6210 time of flight snapectrometer with dual multimode
APCI/ESI source (method B) or a Waters Acquity UPAi@l diode array detector coupled to
a Waters G2 QToF mass spectrometer fitted with kinmde ESI/APCI source (method D).
LC-HRMS method B referenced to caffeine [M+H] 195.087652 or hexakis (2,2-
difluroethoxy)phosphazene [M+H] 622.02896 or hexakisl,1H,3H-
tetrafluoropentoxy)phosphazene [M+H$22.009798. LC-HRMS method Eeferenced to

Leucine Enkephalin fragment ion [M+H}97.1876.

Preparative HPLC (for the purification 8#4a) purification was carried out using a Merck
Chromolith column (RP18-e 10 x 100 mm) at ambienmgerature using a gradient program,;
detection was by UV-MS; the flow rate was 10 mL/miline mobile phase used was A:
acetonitrile/water = 5/95 with 0.1% NHCO;, B: acetonitrile/water = 80/20 with 0.1%

NH4HCO:;.
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General Procedure 1 — Suzuki couplingThe boronic acid pinacol ester (1 equiv.), aryl
halide (1 equiv.) and Pd(dppfCH.CI, adduct (0.1 equiv.) were dissolved in a mixture of
DME and aqueous sodium carbonate (1 M) in a micvewaial. The vial was sealed,
evacuated and backfilled with,NThe reaction mixture was heated in the microwave
120 °C for 45 min and monitored by LCMS. The reactmixture was concentrat@a vacuo

to give the crude material which was purified byotge column chromatography (see

individual compounds for details of the eluent ysed

General Procedure 2 — Dihydropyridine hydrogenationand Boc deprotection:Pd(OH)

on carbon (0.4 equiv.) was added to a solutioniloydiopyridine (1 equiv.) in EtOH and
hydrochloric acid (1 M) under an atmosphere gf Rhe reaction mixture was then flushed
with H, and stirred at room temperature under an atmospbierH, (2 atm) for 1 h. The
reaction mixture was monitored by LCMS. On completiof the reduction, the reaction
mixture was filtered through celite to remove cgglnd concentrated vacuo to obtain the
crude product. The crude material was taken upHR @&nd hydrochloric acid (1 M), stirred
at 50 °C for 2 h and monitored by LCMS. On completdf the reaction, the reaction mixture
was concentrateish vacuo and the residue redissolved in MeOH/4/CH. The crude material
was passed through an SCX-2 cartridge eluting WitM NHz in MeOH/CHCl,. The

ammoniacal solution was concentratedacuo to yield the product.

General Procedure 3 — Amine displacement of mesykat using trimethylamine:
Triethylamine (2 equiv.) was added to a solutionfreishly made (from compountO)
mesylate intermediate (1 equiv.) and amine (1.2vegin anhydrous DMF under N The
reaction mixture was heated at 50 °C for 15 h awditared by LCMS. When the reaction
had reached completion, the reaction mixture wagedl in HO and extracted three times
with EtOAc. The combined organic layers were washeéth saturated LiCl solution,

saturated brine solution, dried over MgSénd concentratech vacuo to give the crude
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material which was purified by Biotage column chetagraphy (see individual compounds

for details of the eluent used).

General Procedure 4 — SEM Deprotection with 6 M HGQITHF: Hydrochloric acid (6 M,
60-90 equiv.) was added to a solution of SEM ptegbenaterial (1 equiv.) in THF (0.1 M).
The reaction mixture was stirred at 50 to 60 °C ldetween 3 and 8 h and monitored by
LCMS. Following completion of the reaction, theagan mixture was concentratéa vacuo
and purified by Biotage column chromatography dfPaNH snap column unless otherwise
stated (see individual compounds for details oféheent used). The product obtained from

column chromatography was triturated with@to give the pure product.

General Procedure 5 — Reductive amination:To a microwave vial was added the required
aldehyde (1 equiv.) and corresponding amine (1ibvegand the flask purged with argon.
Anhydrous 1,2-dichloroethane (4 mL) or dichloronzeté was then added, the mixture
stirred to allow dissolution followed by the addrii of sodium triacetoxyborohydride (1.6
equiv.), the vial was capped and the mixture sti@eroom temperature. Once the reaction
was deemed complete by LCMS analysis, the mixtuas directly absorbed onto silica gel
and purified by flash column chromatography to wmffdhe requisite amine (workup
procedure A). Alternatively, the mixture was cortcated to afford an amorphous solid and
passed through a plug of silica eluting with 40%0WECH,CI, to afford an oil which was

used without further purification (workup proced@e

General Procedure 6 — SEM deprotection with HCI/1,4lioxane: To a microwave vial

was added the SEM protected starting material (liviggl,4-dioxane (3 mL) and distilled
water (1 mL) followed by the dropwise addition o€Hn dioxane (4M, 25 equiv.). The vial
was capped and the mixture stirred at 60until analysis by LCMS indicated complete

conversion to the product. The mixture was therceotrated and passed through an SCX-2
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cartridge washing initially with MeOH and then BIMIeOH. The basic wash was
concentrated and triturated with,8tto afford a solid. If necessary the solid wagher
purified by flash column chromatography on a SNAP-KH column eluting with 0-40%

EtOH/CH.CI,.

General Procedure 7 — Synthesis of pyrazole-piperides: 4-(1H-pyrazol-4-yl)piperidine

(1 equiv.) was dissolved in NMP or DMF over 4 A ns@ve in an oven-dried flask under a
flow of N,. Appropriate aldehyde (3-4 equiv.) was added &dgblution in one portion and
the reaction mixture stirred for 10 min - 6 h (se@ividual compounds for reaction time) at
room temperature. Sodium triacetoxyborohydride (2guiv.) was then added and the
reaction mixture was stirred at room temperaturdgenm, for 2 h and monitored by LCMS.
On completion of the reaction, the reaction mixtwas concentrateéh vacuo and the
residue redissolved in MeOH/GEl,. The crude material was passed through an SCX-2
cartridge eluting with 1 M NkK in MeOH/CHCIl,. The ammoniacal solution was

concentratedn vacuo to yield the product.

General Procedure 8 — QAr displacement: Cesium carbonate (1.5 equiv.) and the requisite
pyrazole (1.1 equiv.) were added to a microwavé etmipped with a stirrer bar. This was
sealed, evacuated and flushed with Mnhydrous MeCN was added to the vial and the
reaction mixture stirred for 20 min undeg &t room temperature. The cap was then removed,
8-chloro-3-((2-(trimethylsilyl)ethoxy)methyl)pyrid8,4-d]pyrimidin-4(3H)-one (1 equiv.)
was added, the vial resealed, evacuated and flustited\,. The reaction mixture was then
stirred at reflux for 18 h. Solids were removedflilyation and rinsed with CkCl, three
times. The filtrate was concentratiedvacuo to give the crude material which was purified by

Biotage column chromatography (see individual coomats for details of the eluent used).

tert-Butyl 4-(3-(pyridin-3-yl)phenyl)-3,6-dihydropyridi ne-1(2H)-carboxylate (22h)
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According to General Proceduretért-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolary}-
5,6-dihydropyridine-1(B)-carboxylate (300 mg, 0.970 mmol), 3-(3-bromopHhgawyidine
(227 mg, 0.970 mmol) and Pd(dppf@H,Cl, adduct (79 mg, 0.097 mmol) were reacted
together in DME (3 mL) and aqueous sodium carbo(iatd, 2 mL). Purification on a KP-
Sil snap cartridge (9% [0.2 M NHn MeOH] in CHCI,) gave the product as a brown oll
(324 mg, quant.)*H NMR (500 MHz, CDC}) 1.48 (s, 9H), 2.55 (br s, 2H), 3.64 Jt= 5.3
Hz, 2H), 4.08 (s, 2H), 6.08 (br s, 1H), 7.33 (d& 7.9, 4.9 Hz, 1H), 7.36-7.45 (m, 3H), 7.53
(s, 1H), 7.84 (dt) = 7.9, 1.9 Hz, 1H), 8.57 (dd,= 4.8, 1.3 Hz, 1H), 8.82 (br d,= 2.0 Hz,
1H); LC - MS (method C; ESkvZ) tg = 1.40 min — 337 [(M+H)]; HRMS (method D):

found 337.1917; calculated fopEl,5N,0, (M+H)" 337.1916.
3-(3-(Piperidin-4-yl)phenyl)pyridine (25h)

According to General Procedure 2, Pd(@8B carbon (134 mg, 0.191 mmol) atedt-butyl
4-(3-(pyridin-3-yl)phenyl)-5,6-dihydropyridine-1kD-carboxylate (161 mg, 0.479 mmol)
were reacted together in EtOH (3 mL) and hydrodtlacid (1 M, 1 mL). The crude material
from this reaction was then stirred in THF (3 mindahydrochloric acid (1 M, 3 mL) and
purified by passing through an SCX-2 cartridgeistptvith 1 M NH; in MeOH/DCM. The
ammoniacal solution was concentraiedvacuo to yield the product as an off white solid
(61.6 mg, 54%)*H NMR (500 MHz, CDC}) 1.69 (qd,J = 12.4, 3.7 Hz, 2H), 1.87 (br d=
12.7 Hz, 2H), 2.08 (br s, 1H), 2.69 @t= 12.4, 3.7 Hz, 1H), 2.76 (td,= 12.2, 2.2 Hz, 2H),
3.20 (br d,J = 12.3 Hz, 2H), 7.24-7.29 (m, 1H), 7.34 (ddds 7.9, 4.9, 0.8 Hz, 1H), 7.39-
7.44 (m, 3H), 7.85 (ddd} = 7.9, 2.2, 1.7 Hz, 1H), 8.57 (ddi= 4.9, 1.7 Hz, 1H), 8.83 (dd,

= 2.2, 0.8 Hz, 1H); LC - MS (method C; E®W2) tr = 0.46 min — 239 [(M+H]; HRMS

method D): found 239.1555; calculated fagldioN, (M+H)* 239.1548.
(
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8-(4-(2-(4-(3-(Pyridin-3-yl)phenyl)piperidin-1-yl)ethyl)-1 H-pyrazol-1-yl)-3-((2-

(trimethylsilyl)ethoxy)methyl)pyrido[3,4- d]pyrimidin-4(3 H)-one (12h)

According to General Procedure 3, triethylamin®@30mL, 0.215 mmol), 2-(1-(4-oxo-3-((2-
(trimethylsilyl)ethoxy)methyl)-3,4-dihydropyrido[&;d]pyrimidin-8-yl)-1H-pyrazol-4-yl)-

ethyl methanesulfonate (50 mg, 0.107 mmol) and-@i{3eridin-4-yl)phenyl)pyridine (38.4
mg, 0.161 mmol) were reacted together in anhydaMd$& (1 mL). Purification on a KP-Sil
snap cartridge (9% [0.2 M NHn MeOH] in CHCI,) gave the product as a pale yellow oil
(25.4 mg, 39%)*H NMR (500 MHz, CDCJ) 0.01 (s, 9H), 0.95-1.01 (m, 2H), 1.86-1.97 (m,
4H), 2.17-2.26 (m, 2H), 2.59-2.67 (m, 1H), 2.69&2(ih, 2H), 2.82-2.89 (m, 2H), 3.19 (br d,
J=11.2 Hz, 2H), 3.67-3.72 (m, 2H), 5.46 (s, 2HRI7.32 (m, 1H), 7.36 (dd,= 4.7, 0.7
Hz, 1H), 7.41-7.45 (m, 2H), 7.46 (br s, 1H), 7.8t §, 1H), 7.87 (ddd] = 7.9, 2.2, 1.7 Hz,
1H), 8.07 (dJ = 5.1 Hz, 1H), 8.31 (s, 1H), 8.57-8.60 (m, 2H),3(6,J = 5.1 Hz, 1H), 8.84
(br d,J = 2.5 Hz, 1H); LC - MS (method C; ESlY2) tg = 1.14 min — 608 [(M+H]; HRMS

(method D): found 608.3162; calculated faulds,N;0,Si (M+H)" 608.3169.

8-(4-(2-(4-(3-(Pyridin-3-yl)phenyl)piperidin-1-yl)ethyl)-1 H-pyrazol-1-yl)pyrido[3,4-

d]pyrimidin-4(3 H)-one (16h)

According to General Procedure 4, 8-(4-(2-(4-(3rigin-3-yl)phenyl)piperidin-1-yl)ethyl)-
1H-pyrazol-1-yl)-3-((2-(trimethylsilyl)ethoxy)methydyrido[3,4-d]pyrimidin-4(3H)-one (16
mg, 0.026 mmol) and hydrochloric acid (6 M, 1 mLgre reacted together in THF (1 mL).
Purification on a KP-NH snap cartridge (40% EtOHOR,Cl,) gave the title product as a
white solid (7.8 mg, 62%)H NMR (500 MHz, DMSO€g) 1.72-1.86 (m, 4H), 2.10 (td,=
11.5, 2.5 Hz, 2H), 2.57-2.65 (m, 3H), 2.73Jt 7.3 Hz, 2H), 3.10 (br dl = 11.5 Hz, 2H),
7.33 (br d,J = 7.7 Hz, 1H), 7.43 (t) = 7.7 Hz, 1H), 7.47 (ddd] = 7.9, 4.7, 0.8 Hz, 1H),

7.53-7.56 (m, 1H), 7.60 (br §,= 1.6 Hz, 1H), 7.73 (s, 1H), 7.97 (@= 5.1 Hz, 1H), 8.08
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(ddd,J=7.9, 2.3, 1.6 Hz, 1H), 8.29 (s, 1H), 8.44 (s),13454 (d,J = 5.1 Hz, 1H), 8.56 (dd}
=4.8, 1.6 Hz, 1H), 8.89 (dd,= 2.3, 0.8 Hz, 1H), 12.80 (br s, 1H); LC - MS (imed C; ESI,
m/z) tr = 0.69 min (purity: 100%) — 478 [(M+H) HRMS (method D): found 478.2373;

calculated for GgH2gN7O (M+H)" 478.2355.
tert-Butyl 4-(4-(pyridin-2-yl)phenyl)-3,6-dihydropyridi ne-1(2H)-carboxylate (23a)

According to General Proceduretért-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolary}-
5,6-dihydropyridine-1(B)-carboxylate (300 mg, 0.970 mmol), 2-(4-bromopHhgayidine
(227 mg, 0.970 mmol) and Pd(dppf@H,Cl, adduct (79 mg, 0.097 mmol) were reacted
together in DME (3 mL) and aqueous sodium carbo(iatd, 2 mL). Purification on a KP-
Sil snap cartridge (5% [0.2 M NHn MeOH] in CHCI,) gave the product as a pale brown
solid (96 mg, 29%)*H NMR (500 MHz, CDC}) 1.50 (s, 9H), 2.57 (br s, 2H), 3.66 (bdt
4.9 Hz, 2H), 4.10 (br s, 2H), 6.13 (br s, 1H), 77123 (m, 1H), 7.48 (dJ = 8.3 Hz, 2H),
7.71-7.74 (m, 2H), 7.96-7.99 (m, 2H), 8.69 (@t 4.9, 1.3 Hz, 1H); LC - MS (method C;
ESI, mV2) tg = 1.44 min — 337 [(M+H); HRMS (method D): found 337.1916; calculated for

C21H25N20, (M+H)" 337.1916.
2-(4-(Piperidin-4-yl)phenyl)pyridine (26a)

According to General Procedure 2, Pd(@bl) carbon (15.2 mg, 0.108 mmol) aed-butyl
4-(4-(pyridin-2-yl)phenyl)-5,6-dihydropyridine-1¥B-carboxylate (91 mg, 0.271 mmol) were
reacted together in EtOH (3 mL) and hydrochloridgd@ M, 0.5 mL). The crude material
from this reaction was then stirred in THF (2 miodahydrochloric acid (1 M, 2 mL) and
then purified by passing through an SCX-2 cartridigging with 1 M NH in MeOH/CH.ClI..
The ammoniacal solution was concentrategacuo to yield the product as pale yellow oil
(46.9 mg, 73%)*H NMR (500 MHz, CDCJ) 1.68 (qdJ = 12.5, 3.8 Hz, 2H), 1.87 (br d=

12.8 Hz, 2H), 1.99 (br s, 1H), 2.68 @t= 12.1, 3.6 Hz, 1H), 2.76 (td,= 12.1, 2.4 Hz, 2H),
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3.21 (br d,J = 12.1 Hz, 2H), 7.20 (ddd, = 6.7, 4.8, 1.9 Hz, 1H), 7.32-7.35 (m, 2H), 7.69-
7.75 (m, 2H), 7.91-7.96 (m, 2H), 8.66-8.69 (m, 1K}, - MS (method C; EShvz) tr = 0.47
min — 239 [(M+H])]; HRMS (method D): found 239.1545; calculated @gH:oN> (M+H)”

239.1548.

8-(4-(2-(4-(4-(Pyridin-2-yl)phenyl)piperidin-1-yl)ethyl)-1H-pyrazol-1-yl)-3-((2-

(trimethylsilyl)ethoxy)methyl)pyrido[3,4- d]pyrimidin-4(3 H)-one (13a)

According to General Procedure 3, triethylamin®@%0mL, 0.367 mmol), 2-(1-(4-oxo-3-((2-
(trimethylsilyl)ethoxy)methyl)-3,4-dihydropyrido[&;d]pyrimidin-8-yl)-1H-pyrazol-4-yl)-

ethyl methanesulfonate (85 mg, 0.183 mmol) and-gi@eridin-4-yl)phenyl)pyridine (43.7
mg, 0.183 mmol) were reacted together in anhydMd$& (1 mL). Purification on a KP-Sil
snap cartridge (8% [0.2 M NHn MeOH] in CHCI;) gave the product as a pale yellow oil
(65 mg, 58%)H NMR (500 MHz, CDC}) 0.01 (s, 9H), 0.96-1.01 (m, 2H), 1.86-1.98 (m,
4H), 2.16-2.27 (m, 2H), 2.57-2.66 (m, 1H), 2.708(#h, 2H), 2.83-2.90 (m, 2H), 3.20 (br d,
J=11.1 Hz, 2H), 3.67-3.72 (m, 2H), 5.46 (s, 2HR17(ddd,J = 6.7, 4.8, 1.6 Hz, 1H), 7.63
(br d,J = 8.2 Hz, 2H), 7.70-7.76 (m, 2H), 7.82 (s, 1HR47(d,J = 8.2 Hz, 2H), 8.07 (d] =
5.0 Hz, 1H), 8.31 (s, 1H), 8.60 (s, 1H), 8.63Jd; 5.0 Hz, 1H), 8.67-8.69 (m, 1H); LC - MS
(method C; ESIM2) tg = 1.17 min — 478 [(M-SEM+H); HRMS (method D): found

478.2351; calculated forsg,gN,O (M—SEM+H)" 478.2355.

8-(4-(2-(4-(4-(Pyridin-2-yl)phenyl)piperidin-1-yl)ethyl)-1H-pyrazol-1-yl)pyrido[3,4-

d]pyrimidin-4(3 H)-one (17a)

According to general procedure 4, 8-(4-(2-(4-(4f(giyn-2-yl)phenyl)piperidin-1-yl)ethyl)-
1H-pyrazol-1-yl)-3-((2-(trimethylsilyl)ethoxy)methybyrido[3,4-d]pyrimidin-4(3H)-one
(25.4 mg, 0.042 mmol) and hydrochloric acid (6 Mnl) were reacted together in THF (1

mL). Purification on a KP-NH snap cartridge (40%0Htin CH,CI,) gave the title product as
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a white solid (19.2 mg, 96%JH NMR (500 MHz, DMSOdg) 1.72 (qd,J = 12.3, 3.3 Hz,
2H), 1.78-1.84 (m, 2H), 2.07-2.14 (m, 2H), 2.54@(f, 3H), 2.70-2.75 (m, 2H), 3.10 (br d,
J = 11.0 Hz, 2H), 7.32 (ddd, = 7.4, 4.8, 1.1 Hz, 1H), 7.38 (br di= 8.3 Hz, 2H), 7.73 (s,
1H), 7.86 (tdJ = 7.6, 1.8 Hz, 1H), 7.91-7.94 (m, 1H), 7.98 J¢; 5.1 Hz, 1H), 8.01 (d] =
8.3 Hz, 2H), 8.29 (s, 1H), 8.45 (s, 1H), 8.54J¢; 5.1 Hz, 1H), 8.63-8.66 (m, 1H), 12.80 (br
s, 1H); LC - MS (method C; ESiy2) tg = 0.72 min (purity: >98%) — 478 [(M+H) HRMS

metho . Toun . ; calculated fogldysN+~ + . .
(method D): found 478.2356; calculated fogi@sN;O (M+H)* 478.2355

8-(4-(2-(2,3-Dihydrospiro[indene-1,4'-piperidin]-1-yl)ethyl)-1H-pyrazol-1-yl)-3-((2-

(trimethylsilyl)ethoxy)methyl)pyrido[3,4- d]pyrimidin-4(3 H)-one

According to general procedure 3, triethylamin®30mL, 0.237 mmol), 2-(1-(4-oxo-3-((2-
(trimethylsilyl)ethoxy)methyl)-3,4-dihydropyrido[&;d]pyrimidin-8-yl)-1H-pyrazol-4-yl)-

ethyl methanesulfonate (80 mg, 0.172 mmol) anddih$drospiro[indene-1,4'-piperidine]
(38.6 mg, 0.206 mmol) were reacted together in drdys DMF (1 mL). Purification on a
silica column eluting with 3% [7 M Niin MeOH] in CHCI, gave the product as a pale
yellow oil (42 mg, 44%)*H NMR (500 MHz, CDC}) 0.02 (s, 9H), 0.96-1.01 (m, 2H), 1.63
(d, J = 12.4 Hz, 2H), 1.99-2.03 (m, 4H), 2.34 (br s)2Ri78 (br s, 2H), 2.87-2.95 (m, 4H),
3.09 (br s, 2H), 3.68-3.74 (m, 2H), 5.48 (s, 2H)67— 7.26 (m, 4H), 7.82 (s, 1H), 8.07 {d,
= 5.1 Hz, 1H), 8.32 (s, 1H), 8.61 (s, 1H), 8.64Jd; 5.1 Hz, 1H); LC - MS (method C; ESI,

m/z) tg = 1.25 min — 557 (M+H)
8-(4-(2-(2,3-Dihydrospiro[indene-1,4'-piperidin]-1-yl)ethyl)-1H-pyrazol-1-
ylpyrido[3,4-d]pyrimidin-4(3 H)-one (19a)

According to general procedure 4, 8-(4-(2-(2,3-diogpiro[indene-1,4'-piperidin]-1'-

yhethyl)-1H-pyrazol-1-yl)-3-((2-(trimethylsilyl)ethoxy)methydyrido[3,4-d]pyrimidin-

4(3H)-one (42 mg, 0.075 mmol) and hydrochloric acidV{61 mL) were reacted together in
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THF (1 mL) for 4 h. Purification was achieved bysgiag the crude product through an SCX-
2 cartridge eluting first with methanol and then &hmonia in methanol. Fractions
containing the product were combined, concentrate@cuo, and the residue triturated with
Et,0. The beige precipitate was obtained by filtratiand dried (31mg, 96%)H NMR (500
MHz, DMSO-<g): 1.48 (d,J = 12.5 Hz, 2H), 1.86 (td] = 13.2, 4.3 Hz, 2H), 1.98 3,= 7.3
Hz, 2H), 2.31 (br s, 2H), 2.65 — 2.80 (m, 4H), 2(85) =7.3 Hz, 2H), 2.95-3.06 (m, 2H),
7.11-7.21 (m, 4H), 7.75 (s, 1H), 7.99 {ck 5.1 Hz, 1H), 8.29 (s, 1H), 8.44 (s, 1H), 8.561d,
= 5.1 Hz, 1H), 12.59 (br s, 1H); HRMS (method E):= 1.83 min (purity:100%) — found:

427.2233; calculated forsgH,/NgO (M+H)" 427.2246.
1-Ethyl-4-(1H-pyrazol-4-yl)piperidine (32b)

According to General Procedure 7, H(pyrazol-4-yl)piperidine
(81 mg, 0.536 mmol) and acetaldehyde (0.1 mL, tn&ol) were reacted together in DMF
(5 mL) for 10 min. Sodium triacetoxyborohydride &g, 2.14 mmol) was then added. On
completion of the reaction, the reaction mixturesveancentratedh vacuo and the residue
redissolved in MeOH/CKCl,. The crude material was passed through an SCXtBdzpe
eluting with 1 M NH in MeOH/CHCl,. The ammoniacal solution was concentrate¢acuo

to yield the crude product that was used in the s@p without further purification.

8-(4-(1-Ethylpiperidin-4-yl)-1H-pyrazol-1-yl)-3-((2-

(trimethylsilyl)ethoxy)methyl)pyrido[3,4- d]pyrimidin-4(3 H)-one (33b)

According to General Procedure 8, 8-chloro-3-(&thylsilylethoxymethyl)pyrido[3,4-
d]pyrimidin-4-one (125 mg, 0.401 mmol), 1-ethyl-4-pyrazol-4-yl)piperidine (77.4 mg,
0.432 mmol) and cesium carbonate (211 mg, 0.648 Ijnwere reacted together in
anhydrous MeCN (3 mL). Purification on a KP-Sil gneartridge (15% [0.2 M NKin

MeOH] in CH,Cl,) gave the product as a pale yellow oil (76.8 m@8 'H NMR (500
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MHz, CDCk) 0.00 (s, 9H), 0.95-1.00 (m, 2H), 1.19Jt 7.4 Hz, 3H), 1.90 (qd} = 12.3, 2.8
Hz, 2H), 2.02-2.10 (m, 2H), 2.20 (t= 11.3 Hz, 2H), 2.57 (gl = 7.4 Hz, 2H), 2.63-2.71 (m,
1H), 3.14 (br dJ = 11.3 Hz, 2H), 3.66-3.71 (m, 2H), 5.46 (s, 2HY97(s, 1H), 8.06 (d] =
5.0 Hz, 1H), 8.30 (s, 1H), 8.54 (s, 1H), 8.61J& 5.0 Hz, 1H); LC - MS (method C; ESI,
m'z) tg = 1.12 min — 455 [(M+H); HRMS (method D): found 455.2590; calculated for

C23H3sNg0,Si (M+H)" 455.2591.
8-(4-(1-Ethylpiperidin-4-yl)-1H-pyrazol-1-yl)pyrido[3,4-d]pyrimidin-4(3 H)-one (34b)

According to General Procedure 4, 8-[4-(1-ethylidepdyl)pyrazol-1-yl]-3-(2-
trimethylsilylethoxymethyl)pyrido[3,4]pyrimidin-4-one (38.2 mg, 0.084 mmol) and
hydrochloric acid (6 M, 1 mL) were reacted togetimeTHF (1 mL). Purification on a KP-
NH snap cartridge (40% EtOH in GEl,) gave the title product as a white solid (23.8 mg,
87%); 'H NMR (500 MHz, DMSOdg) 1.02 (t,J = 7.2 Hz, 3H), 1.58 (qd] = 12.3, 3.4 Hz,
2H), 1.88-1.94 (m, 2H), 1.98 (§,= 11.6 Hz, 2H), 2.35 (g] = 7.2 Hz, 2H), 2.51-2.56 (m,
1H), 2.96 (br dJ = 11.6 Hz, 2H), 7.73 (s, 1H), 7.97 (0= 5.0 Hz, 1H), 8.28 (s, 1H), 8.37 (s,
1H), 8.52 (dJ = 5.0 Hz, 1H), 12.70 (br s, 1H); LC - MS (methodESI, m/z) tr = 0.57 min
(purity:>98%) — 325 [(M+H)]; HRMS (method D): found 325.1787; calculated for

C17H21NgO (M+H)" 325.1777.
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Legends for Figures:

Figure 1. Reported KDM inhibitors

Figure 2. Overlay of crystal structures @babound to KDM4A (light orange), and KDM5B
(cyan). Compound6ais shown in ball and stick representation and pmdbackbone chains
are represented as cartoon tubes, with key amind side-chains displayed in line
representation. Metal ions are shown as spherdeeld.dighlight residues that are different
between KDM4A (black) and KDM5B (cyan). KDM5B lo@i-100 is not displayed due to

its construct-derived artefactual position as disedl in Figure S1.

Figure 3. A) Overlay of crystal structures df (2,4-PDCA, blue, PDB 2VD7) and6a
(beige) bound to KDM4AB) Overlay of crystal structures df (2,4-PDCA, orange, PDB
5A3W) and 16a (cyan) bound to KDM5B. Metal ions are shown asespb. Protein
backbone chains are represented as cartoon tulegsrdsidues are displayed in line
representation. Compouniig2,4-PDCA) andL6aare shown in ball and stick representation.
KDM5B loop 91-100 is not displayed due to its const-derived artefactual position as

discussed in Figure S1.

Figure 4. Overlay of crystal structures abm (green) andl6a (beige) bound to KDM4A.
Protein backbone chains are represented as cabesn, key residues are displayed in line
representation. Compoun@&m and16aare shown in ball and stick representation. The tw
methyl groups inlém have not been modelled due to too weak densikedinto the high

mobility of the corresponding atoms. Metal ions sinewn as spheres.

Figure 5. Overlay of crystal structures df7b (pink), 17e (magenta) and.7f (light-green)
bound to KDM4A. Zn(ll) atoms are shown as grey spheProtein backbone chains are

represented as cartoon tubes, key residues arayldpin line representation. The pyridyl
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ring in 17b has not been modelled due to too weak densityjh@fcbrresponding atoms.

Compoundd.7b, 17eand17fare shown in ball and stick representation.

Figure 6. Overlay of crystal structures dBa (brown) andl6a (beige) bound to KDM4A.
Zn(Il) atoms are shown as grey spheres. Proteiokboaie chains are represented as cartoon
tubes, key residues are displayed in line repratient Compound48a andl6aare shown

in ball and stick representation.

Figure 7. Overlay of crystal structures dPa (grey) andl6a (beige) bound to KDM4A.
Zn(Il) atoms are shown as spheres. Protein backbloai@s are represented as cartoon tubes,
key residues are displayed in line representattmmpoundsl9a andl16aare shown in ball

and stick representation.

Figure 8. Overlay of crystal structures d0d (pink) and16a (beige) bound to KDM4A.
Zn(Il) are shown as spheres. Proteins backbon@slaae represented as a cartoon tubes, key
residues are displayed in line representation. @amgs19d and16aare shown in ball and

stick representation.

Figure 9: Overlay of crystal structures @&4a (blue) andl6a (beige) bound to KDM4A.
Zn(Il) atoms are shown as spheres. Protein backbloai@s are represented as cartoon tubes,
key residues are displayed in line representattmmpounds34a andl16aare shown in ball

and stick representation.

Figure 10 A: Overlay of crystal structures 8#a (blue) and34b (green) bound to KDM4A.

Chains A and B of the asymmetric unit are showrB#tr-KDM4A structure, as they do not
show exactly the same conformation for the ligand &s neighbouring protein residues. B:
Overlay of crystal structures 8#a (blue) and34g (pink) bound to KDM4A. Chains B and D

of the asymmetric unit are shown f&4gKDM4A structure, as they do not show exactly the
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same conformation of the protein. Zn(ll) atoms sttewn as grey spheres. Protein backbone
chains are represented as cartoon tubes, key essahe displayed in line representation.
Compounds are shown in ball and stick represemtafibe distal methyl group i84b has

not been modelled due to too weak density linkethéohigh mobility of the corresponding

atoms.

Figure 11 20G co-substrate competition studies¥6ain KDM4A, KDM4B and KDM5B

biochemical assays.

Figure 12 KDM4A and KDM5B target engagement in HeLa celis1®a and its matched
pair inactive contro1 based on modulation of the relevant histone matiaik (IF assay).
Constructs encoding FLAG-tagged wild type KDM4A oatalytically inactive mutant
(H188A/E190A) KDM4A, and wild type KDMS5B or catalghlly inactive mutant

(H499A/E501A) KDM5B were used.
Legends for Schemes:
Scheme 1

®Reagents and conditions: (a) (i) methanesulfonitydnde, anhydrous Ci&l,, 0 °C, 15
min, work-up, (ii) triethylamine, C4-substitutedppridine, anhydrous DMF, 50 °C, 15 h; (b)
C4-substituted piperidine, anhydrous 1,2-dichldreae or CHCI,, NaBH(OAc), room
temp.; (c) 6 M HCI, THF, 50 to 60 °C, 3 to 8 h oWMHCI in dioxane, HO, 50 °C.

Scheme 2

®Reagents and conditions: (a) aryl/heteroaryl haliBd(dppf)C4, DME, 1 M aqueous
NaCQO;s, microwave, 120 °C, 45 min; (b) (i) Pd(OH)n carbon, EtOH, 1 M HCI, £iroom

temp 1 h or 10% Pd/C, EtOH,;Hoom temp, 2 h, (ii)) when R = Boc: 4 M HCI in gane,

room temp, 2 h or when R = Cbz: AcOH, 10% Pd/g,rBlom temp, 4 to 6 h.
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Scheme 3
®Reagents and conditions: (a) (i) LiN(Sipe(1M solution in THF), THF, 0 °C, 45 min, (ii)
tert-butyl bis(2-chloroethyl)carbamate, 0 °C, 2 h; {86 Pd/C, EtOH, b room temp, 2 h;

(c) 4 M HCl in dioxane, room temp, 2 h.

Scheme 4

®Reagents and conditions: (a) aldehyde, NaBH(@ARMF, room temp, stirring up to 6 h;
(b) CsCO; anhydrous MeCN, 8-chloro-3-((2-(trimethylsilylhetxy)methyl)pyrido[3,4-
d]pyrimidin-4(3H)-one, reflux, 18 h; (c) 6 M HCI, THF, 50 to 60 °€to 8 h.

Scheme 5

®Reagents and conditions: (a) (i) 2.5rBuLi in hexane, THF, -78 °C to room temp (1.5 h)
then cool to -78 °C, (ii) 1-methylpiperidin-4-onearm up to room temp, 1.5 h, then
AcOH/TFA, 90 °C, 4 h; (b) 10% Pd/C, EtOH, 1 M HElL, 16 h.

Scheme 6

®Reagents and conditions: (a) triethylamine, anhysliDMF, 50 °C, 15 h; (b) 6 M HCI, THF,
50 °C, 3 h.
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Highlights

Targeting of KDM4A residues E169 and V313 to improve affinity for the KDM4-
subfamily.

Potent and cell-penetrant KDM4/5-subfamily inhibitors such as 19a were identified.
Significant drop from biochemical to cell-based activity was observed.

Lower potency in cellsislinked to competition with the 20G co-substrate.



