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Teaser: Small molecule probes have now been developed for exploration of the role and therapeutic
potential of the BRD7 and BRD9 bromodomain epigenetic readers.



Abstract

The bromodomain family of proteins are “readers” of acetylated lysines of histones, a key mark in the
epigenetic code of gene regulation. Without high quality chemical probes with which to study these
proteins, their biological function, and potential use in therapeutics, remains unknown. Recently, a
number of chemical ligands were reported for the previously unprobed bromodomain proteins BRD7
and BRD9. Herein the development and characterisation of probes against these proteins is detailed,
including the preliminary biological activity of BRD7 and BRD9 assessed using these probes. Future
studies utilising these chemically-diverse compounds in parallel will allow for a confident assessment
of the role of BRD7/9, and give multiple entry points into any subsequent pharmaceutical programs.

Introduction

Post-translational modification of chromatin represents a constituent part of the epigenetic code.
Acetylated lysine residues (Kac) of histones are selectively recognised by a conserved protein
interaction module known as a bromodomain (BRD) [1,2]. BRD-containing proteins subsequently
induce changes to gene expression through catalytic domains or through anchoring other proteins to
the chromatin [3]. The BRD-proteins BRD7 and BRD9 have been implicated in the regulation of gene
expression [4] and control of the cell cycle [5-8], in addition to showing an empirical correlation with
numerous cancers [8—15]. However, to decipher their biological function and to stimulate the
discovery of new potential therapeutics requires the use of chemical probes — small molecules with
high affinity and selectivity for the target in vitro, a known mechanism of action and proven cellular
activity [16,17]. Herein, we summarise the development and application of chemical probes against
BRD7 or BRD9.

BRD7 and BRD9 Chemical Probes
BRD7/9 architecture

The BRD-binding pocket of BRD7/9 offers a number of opportunities for selective inhibition over
other BRDs. The BRD motif comprises four alpha-helixes joined by flexible loops, with the Kac
binding site located in one end of the bundle between the ZA and BC-loops [18]. Native Kac marks of
histones are recognised through hydrogen-bonds (H-bonds) between the acetyl carbonyl of the Kac
and both the terminal NH, of a conserved asparagine residue and the hydroxyl of a tyrosine, the latter
mediated through a constituent water molecule [19]; in BRD9, these residues are N216 and Y173.
When compared to BRD4(1), a key selectivity off-target, it can be observed that the lipophilic WPF
shelf characteristic of BRDs is inaccessible in BRD9 due to residue changes in the access channel.
There are also significant differences in the ZA channel, which, in conjunction with numerous
potential H-bond partners in the binding site, presents opportunities for the development of potent,
selective ligands. Although no crystal structure of BRD7 has been reported to date, a solution
structure has been determined by NMR [20], and the high sequence homology with BRD9 allows the
same observations to be reasonably applied.

[I-BRD9

A cross-screen performed at GlaxoSmithKline identified a lead molecule against BRD9. Screening
their internal library of compounds for BRD9 activity identified thienopyridone 1 with a pICso of 6.7



against BRD9 (measured by Time-resolved Forster resonance energy transfer (TR-FRET, [21]), but
only 4.7 against BRD4(1) (Box 1A) [22]. A co-crystal xray structure of BRD9 with compound 1 was
solved to identify the binding mode (PDB ID 4UIT). Pyridones are known structural analogues of Kac
[23], with the lactam carbonyl of 1 forming the distinctive H-bonds to both N216 and Y173, mediated
through a conserved water molecule. Additionally, the dimethoxyphenyl substituent was observed to
H-bond with a network of binding site water molecules, whilst the terminal sulfonamide H-bonded to
the backbone NH of R217.

An ensuing structure-based drug design program led to the development of [-BRD9 as a BRD9 probe.
As the amide carbonyl was believed to drive selectivity over BRD4(1), this position was derivatised
to optimise selectivity. Through Pinnick oxidations of aldehydes and subsequent HATU-couplings, a
range of amides were obtained; although the importance of the terminal sulfonamide for potency was
confirmed, no significant improvements in both potency and selectivity were obtained. Replacement
of the amide for a H-bond donor functional group was envisaged to form a new H-bond to 1169.
Negishi cyanations followed by Pinner reactions yielded substituted amidines that displayed increased
affinity for BRD9 (pICs 8.1). Optimisation of the exocyclic phenyl ring to a 3-CF; substituent led to
a small decrease in affinity but a marked increase in selectivity for BRD9 over BRD4(1) (160x
selectivity compared to 50x). Finally, extension of the N-methyl chain of the pyridone to an ethyl
substituent yielded I-BRD9, which displayed increased selectivity across other BRDs compared to the
methylated parent.

I-BRD9 was characterised and found to possess all the properties of a BRD9 chemical probe. A
BROMOscan assay [24] revealed a pKy of 8.7 for -BRD9 against BRD9, whilst profiling against 33
other BRDs showed a minimum of 70x selectivity over all tested BRDs, including 200x selectivity
over the closely-related BRD7 (Box 1B). A co-crystal structure of [-BRD9 with BRD9 revealed the
same interactions made by lead compound 1: the thienopyridone acted as a Kac mimic with H-bonds
to N216 and Y173 through a water molecule, in addition to H-bonds between the amidine and 1169,
and between the sulfone and R217 (Box 1C). Activity against the native protein was confirmed using
a chemoproteomic competition binding assay, with a pICsy of 7.1 measured. Cellular-activity was also
demonstrated using a NanoBRET assay [25] to assess disruption of BRD9-chromatin binding in cells,
with a pICsy of 6.8 for the BRD9-histone H3.3 interaction observed. [-BRD9 was further profiled to
evaluate the selectivity of the compound over a broad range of pharmacological targets, including
receptors, transporters, ion channels, kinases and other enzymes, for which no activity at
concentrations less than 5 uM was observed.

LP99

A fragment hit against BRD9 was identified during the development of ligands against the BRDs of
PCAF and ATAD?2 [26,27]. From an intial fragment library screen, the quinolone 2 was demonstrated
to mimic Kac in the binding site of the BRD protein ATAD2 (Box 1D), which belongs to the same
subfamily as BRD7/9. From a co-crystal structure (PDB ID 4QST), H-bonds between the quinolone
carbonyl and both N1064 and a conserved water molecule were observed. When the affinity of this
compound for BRD9 was assessed, a pK4 of 5.3 was observed (measured by isothermal titration
calorimetry (ITC), [28]). Overlaying BRD?9 to this co-crystal structure revealed a shallow
hydrophobic cleft at the C-4 position and a large hydrophobic cavity adjacent to the C-7 position that
could be targeted for selective binding to BRD9.

A structure-based optimisation program originating from compound 2 led to the development of a
BRD7/9 probe. Initially, addition of a methyl group at the C-4 position was found to benefit by
hydrophobic-interactions with the small hydrophobic cleft [29]. Next, a range of sp’-rich heterocycles,
which would allow for the incorporation of chirality to effectively fill the three-dimentional space of



the binding pocket [30], were attached to the C-7 position using a Buchwald-Hartwig coupling and
the equivalent bromoquinolone. A d-lactam was identified, by both differential scanning calorimetry
(DSF, [31]) and ITC (pK4 6.2), as the optimal scaffold to exploit the hydrophobic cavity. A co-crystal
structure with BRDO confirmed the same binding mode of the quinolone core as for ATAD2, with the
new ring occupying the large hydrophobic cavity, and the lactam carbonyl positioned near to Y106
(PDB ID 4Z6H). A range of substituted d-lactams were obtained through a nitro-
Mannich/lactamisation cascade for rapid SAR determination [32]: A C-5 NHBoc and a C-6 phenyl
group on the lactam were found to be optimal for BRD9 affinity. A co-crystal structure revealed the
phenyl ring occupied another hydrophobic groove and new H-bonds were formed between the lactam
carbonyl and Y222, and between the NHBoc group and G159 (PDB ID 4Z61). Optimisation of the
phenyl ring identified a para-chloro as giving the greastest selectivity, whilst optimisation of the
NHBoc to an isobutyl sulfonamide group was ideal for BRD9 affinity. The enantiomers were resolved
and screened, and LP99 was identified as the active enantiomer. An enantioenriched synthesis of
LP99 was then achieved starting from an asymmetric nitro-Mannich reaction using cinchona alkaloid-
derived phase transfer catalysts [33].

Analysis of LP99 resulted in a confirmation of utility as a dual BRD7/9 chemical probe. LP99 was
found to have a pKy of 7.0 against BRD9 and a lower pK, of 6.0 against BRD7 (ITC). Binding to
BRD9 was driven by enthalpy (AH —10.7 kcal mol ") with a net loss in entropy observed (TAS —1.32
kcal mol™"). To assess the selectivity of LP99, a DSF screen against the 48 expressible BRDs
revealved no significant stabilisation other than for BRD7 and BRD9 (Box 1E). A co-crystal structure
of LP99 with BRD?9, in addition to confirming the absolute stereochemistry, revealed all the binding
elements as previously described (Box 1F): the conserved H-bonds of Kac recognition between the
quinolone and N216/Y173; an H-bond between the lactone carbonyl and Y222; and an H-bond
between the sulfonamide NH and G159. Cellular activity of LP99 was evidenced through a
fluorescence recovery after photobleaching assay (FRAP, [34]), where inhibition of BRD9-chromatin
interactions were observed at 0.8 uM. This cellular activity was further confirmed by NanoBRET
assays between BRD7 and BRD9 with histones H3.3 and H4.4 (pICsy 5.2-5.5). As a point of
difference from the achiral probe [-BRD9, the importance of chirality to LP99 was evidenced through
the alternate enantiomer having no measureable activity against BRD9, readily providing a negative
control for use in bioassays.

Indolizine 3

A lead for BRD9 was obtained as part of the development of a probe for alternative BRDs. GSK2801
is an indolizine-based chemical probe for the BAZ2A and BAZ2B BRDs (Box 1G) [35]. Activity for
BRD9 during development prompted the design of a negative control compound that lacked activity
for the desired targets: GSK8573 had no activity for BAZ2A/B but significant affinity for BRD9 (pK4
6.0, ITC). Reviewing the SAR available, replacement of the methoxyphenyl ring with pyridine was
observed to convey a high-affinity for BRD9, and spurred investigation into the development of a
probe compound.

Guided by biophysical assays, a new BRD7/9 inhibitor was developed. Through a two-step synthesis
consisting of quaternisation of substituted pyridines followed by base-promoted [3+2] cycloaddition
reactions with substituted alkynes, a range of substituted indolizines were obtained for screening [36].
Initially, replacement of the propoxy substituent for a morpholine residue boosted affinity for BRD9
without increasing affinity for other BRDs. Simple substitutions of the pyridine ring were detrimental
to BRD9 binding, however, extension to an imidazopyridine increased affinity. Finally, extension of
the alkyl chain of the ketone, or even replacement with a trifluorinated analogue, was found to be



poorly tolerated. Of the compounds screened, indolizine 3 was identifed as the best ligand against
BRD9 and BRD?7 for potency whilst minimising off-target binding.

Characterisation of indolizine 3 revealed fulfilment of the requirements for a dual BRD7/9 chemical
probe. A high affinity for BRD9 was observed by both an AlphaScreen assay (pICso 6.9, [37]) and
ITC (pK4 7.2), a five-fold stronger affinity than for BRD7 (pK4 6.4, ITC). The thermodynamics of the
binding to these two proteins revealed binding to BRD9 was largely enthalpically driven (AH —10.7
kcal mol™', TAS —1.32 kcal mol™") whereas entropic contributions dominated with BRD7 (AH —2.64
kcal mol™", TAS 5.99 kcal mol ™). Wider selectivity of the compound was assessed by a DSF assay,
where only limited activity against other BRDs was observed [Box 1H]. To identify the binding mode
and confirm the mechanism of action, a BRD9/indolizine 3 co-crystal structure was solved [Box 11]:
The ketone moiety was identified as the Kac mimic, with H-bonds to N216 and Y173 (via a water
molecule). Additionally, the indolizine scaffold shared a n-m interaction with Y222. Cellular activity
of compound 3 was confirmed by a FRAP assay, with dose-dependent inhibition of interaction with
chromatin observed at sub-uM concentrations.

BI-7273 & BI-9564

Two further potent BRD7/BRD9Y ligands have been recently reported with limited off-target BRD
activity. Through parallel screening of fragment libraries by biophysical assays and compound
libraries by docking studies, a dimethylpyridinone-based lead was identified [38]; a structure-based
drug discovery program originating from this lead led to the development of the napthyridinone-based
ligands BI-7273 and BI-9564. BI-7273 showed a strong affinity for both BRD7 (pICs 6.9,
AlphaScreen; pKg4 9.5, BROMOscan) and BRD9 (pICsy 7.7, AlphaScreen; pKy 7.8, ITC; 9.1,
BROMOscan), whereas BI-9564 showed improved selectivity for BRD9 (pICsy 7.1, AlphaScreen;
pK4 7.9, ITC; 8.2, BROMOscan) over BRD7 (pICsq 5.5, AlphaScreen; pKq4 6.6, ITC), 7.1
(BROMOscan)). Cellular activity against these targets was confirmed through a FRAP assay, with
both compounds showing complete inhibition of BRD7/9 association with chromatin at or below 1
uM. Significant in vitro activity against the BRD protein CECR2 was observed with both BI-7273
(pK46.7, ITC; 8.1, BROMOscan) and BI-9564 (pK46.7, ITC; 7.1, BROMOscan); the latter,
however, showed no activity in a cellular CECR2 FRAP assay at 1 uM. This affinity aside, both
compounds showed no activity amongst other BRDs at 10 uM in a number of assays. Further
profiling of selectivity against a wider range of biological targets showed minimal activity against a
range of kinases and G-protein coupled receptors. Kac recognition is mediated through the
napthyridinone, with the carbonyl oxygen replicating the key H-bonds to N216 and Y173 (PDB ID
5F1H), in a similar mode to the binding of [-BRD9 and LP99.

Other BRD7/9 ligands

A number of other ligands for BRD7/9 have been described, however affinity for other BRDs,
especially the BET family of proteins, is common. The 1,2,4-triazole bromosporine has been reported
by the SGC as a pan-BRD ligand, with activity against atleast 14 BRDs documented by DSF,
including BRD9 (AT, 3.9 °C, http://www.thesgc.org/chemical-probes/Bromosporine). A platform
discovery approach targeting the 1,2,4-triazole motif led to the development of compound 4 [39]. This
ligand demonstrated a high affinity for BRD9 (pICsy 6.7, AlphaScreen) in addition to other
structurally-unrelated BRDs. A co-crystal structure with BRD9 demonstrated the adjacent triazole
nitrogen atoms forming the conserved H-bonds of Kac recognition. Alternatively, a structure-based
drug discovery program based around a purine as a Kac mimic resulted in the development of
compound 5, which had a high affinity for BRD9 (pK4 6.6, ITC) and also the BET family of proteins



(pK4 5.7-5.9) [40]. A co-crystal structure with BRD9 could not be obtained to confirm the binding
mode, however cellular activity of this compound against BRD9 was confirmed with a NanoBRET
assay (pICsg of 6.3). Finally, a patent from Constellation Pharmaceuticals and Genentech claims the
use of BRD7/9 inhibitors in Th2-mediated inflammatory disease [41]. The patent claims at least one
selective compound exists with some supporting data, however the structure was not disclosed and the
compounds that are displayed are from an earlier patent detailing potent BET inhibitors [42].

Use of probes to study BRD7 and BRD9 function

BRD7/9 probes have only shown limited application to date, however, some promising results have
been identified. The effect of -BRD9 compared to the BET inhibitor I-BET151 on gene expression
was assessed in Kasumi-1 cells [22]. The microarray identified a total of 700 genes differentially up-
or down-regulated by [-BRD9, with subsequent confirmation by qPCR identifying four genes
involved in immunological and cancer pathways that were downregulated by I-BRD9 (Figure 2A).
Support for the role of BRD7/9 in inflammatory pathways was provided through the use of LP99. The
expression of pro-inflammatory cytokines by a human THP-1 monocytic cell line stimulated with
lipopolysaccharide was assessed by an ELISA assay [29]; secretion of interleukin-6, a key pro-
inflammatory cytokine, was found to be inhibited in a dose-dependent manner by LP99 (Figure 2B).
These two studies represent the first demonstration of a role for BRD7/9 in the regulation of
inflammation, potentially through their role in the major chromatin remodelling SWI/SNF complex
[43]. These preliminary studies highlight the potential to develop novel anti-inflammatory treatments
based on BRD7/9 inhibition.

The implication in cancer pathways was confirmed with evidence of efficacy in a murine leukemia
study. BI-7273 and BI-9564 both demonstrated antiproliferative effects against a panel of cancer cell
lines: ECsps of 1.4 uM and 0.8 puM, respectively, were measured against the most susceptible cell line,
human acute myeloid eosinophilic leukemia cell line EOL-1 [38]. Further investigation revealed that
BI-7273 resulted in partial inhibition of MYC expression in these cells. BRD9 was confirmed as the
biological target through a domain-swap experiment, wherein the BRD of BRD9 was replaced with
that of BRD4, resulting in a loss of antiproliferative activity. The pharmacokinetic profiles of the
compounds were then assessed and found to be conducive to in vivo studies. Treatment of BI-9564 in
a disseminated mouse model of human acute myeloid eosinophilic leukemia resulted in a median
tumor growth inhibition of 52%. This treatment also resulted in a small improvement in the median
survival of the animals, which increased from 20 days to 22 days. Although the effects of treatment
were modest, this confirmed targeting BRD7/9 as a means to modulate some forms of cancer, in
addition to confirming the use of BI-9564 in in vivo studies of BRD7/9.

Discussion

In target discovery, the use of high quality chemical probes is pivotal to the correct validation, or
invalidation, of pharmaceutically-relevant biomolecules. Probes that selectively modulate one
function of often multifunctional proteins are important, as the phenotype of inhibiting all functions,
through knock-downs or genetic mutants, does not always correlate with that of inhibiting the one
[44]. Further, the development of a single probe is insufficient as it is impossible to interrogate, from
the biological data, false positives from off-target effects or false negatives from a deficiency in the
probe [45]. The development of numerous probes with different chemotypes is of high importance, as
the off-target affinity of one chemotype is unlikely to be reproduced with other motifs. Towards this,
I-BRD9, LP99 and indolizine 3 can all be seen to feature different chemical scaffolds that individually
complement the binding site of BRD9 but do not significantly overlap amongst themselves (Figure 3).
Additionally, the presence of different architectures presents multiple entry points into any subsequent



pharmaceutical development process. The results obtained to date through the use of a single probe
should be confirmed with the other probes now available, to confirm the effects on gene expression,
inflammation and the proliferation of cancer cell lines are indeed a result of modulation of BRD7 and
BRDO. Further, all available probes should be used concurrently in future investigations into the
activities of BRD7/9 to ensure the reliability of the data. Towards this, inactive probes, such as the
opposite enatiomer of LP99, should also be incorporated in these studies as control compounds to add
confidence to any resulting conclusions.

Conclusions

Through a number of discovery programs originating from different leads, a range of chemical probes
for the selective inhibition of BRD9 (I-BRD9) or BRD7 and BRD9 (LP99, indolizine 3, BI-7273, BI-
9564) have been developed. These probes have all been confirmed to be potent, selective, active in
cells and had their mechanism confirmed through co-crystal structures. Initial testing has implicated
BRD7/9 in the regulation of inflammatory and cancer-related genes, in cytokine expression and in the
modulation of some forms of cancer. Future experimentation with these probes in parallel will reliably
expose the roles of BRD7/9, and give multiple entry points to any ensuing drug discovery program.
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Box 1. Discovery and Characterization of BRD7/9 Bromodomain Probes. A. [-BRD9 and the lead
molecule, with affinity assessed by BROMOscan and NanoBRET assays [21]. B. Selectivity screen
of I-BRD9 amongst BRD proteins (BROMOscan). C. Co-crystal structure of [-BRD9 with BRD9
(PDB ID 4UIW). D. LP99 and the fragment lead, with affinity assessed by ITC and NanoBRET assays
[28]. E. Selectivity screen of LP99 amongst BRD proteins (DSF). F. Co-crystal structure of LP99 with
BRD9 (PDB ID 5IGN). G. Indolizine 3 and the lead molecule, with the affinity assessed by ITC [35].
H. Selectivity screen of indolizine 3 amongst BRD proteins (DSF). 1. Co-crystal structure of indolizine

3 with BRD9 (PDB ID 5E9V).
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Figure 1. Other potent BRD7 and BRD9 ligands.
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Figure 2. Biological activity. A. Downregulation of selected genes in Kasumi cells by I-BRD9
compared to a BET inhibitor (I-BET151) as assessed by qPCR [21]. B. Inhibition of interleukin-6
secretion (IL-6) from THP-1 cells stimulated with lipopolysaccharide (LPS) [28].

Figure 3. Overlay of I-BRD?9 (pale sticks), LP99 (pink sticks), and indolizine 3 (lime sticks)
complexes with BRD9 (green ribbon and sticks from complex with 3, PDB ID SE9V). All ligands



orient a small alkyl (I-BRD9: Et; LP99, 3: Me) in the pocket and make H-bonds with N216 and the
first water molecule in a network of four at the base of the Kac pocket (blue box). The ZA-loop shifts
slightly between the structures and 1169 is flexible to accommodate the 4-chlorophenyl group of LP99

(grey box).



