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Abstract

Lysine acetyltransferase (KAT) enzymes including the p300, MY ST, and GCN5 families play
major roles in modulating the structure of chromatin and regulating transcription. Because of their
dysregulation in various disease states including cancer, efforts to develop inhibitors of KATs have
steadily gained momentum. Here we provide an overview of recent progress on the development
of high quality chemical probes of the p300 and MYST family of KATs and how they are
emerging as useful tools for basic and translational investigation.

The reversible acetylation of Lys residues on histones and other proteins has emerged

over the past 25 years as a major mechanism of gene and cellular regulation.! Lysine
acetyltransferases (KATS), originally known as histone acetyltransferases (HATS), catalyze
the transfer of acetyl groups from acetyl-CoA to Lys side chains. This action is opposed

by Lys deacetylases (KDACS, HDACs) which include Zn metallohydrolase HDACS and
NAD-dependent sirtuins.! Acetylation of a Lys sidechain neutralizes its positive charge

and can create a binding surface for bromodomain containing proteins and proteins with
YEATS domains.1=3 Where this serves an epigenetic function these three activities have
been described as “writing” (acetylation), “erasing” (deacetylation), and “reading” (binding)
the epigenetic code. More than 38,000 protein Lys acetylation sites have been mapped

in mass spectrometry-based proteomics studies, making Lys acetylation among the most
prevalent post-translational modifications (PTMSs) in biology (https://www.phosphosite.org/
staticSiteStatistics).# Lys acetylation is mutually exclusive with other common PTMs,
including Lys ubiquitination and methylation, contributing to a broad spectrum of chemical
diversity. Despite its abundance, functional understanding of Lys acetylation is incomplete.
With several notable exceptions, such as Lys acetylation on histone H3 and histone H4,
defining the biological roles of protein Lys acetylation has been elusive.l
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For more than a decade, small molecule inhibitors of HDACs and bromodomains have been
extensively use as pharmacology tools for linking the general importance of Lys acetylation
to regulation of gene expression and cell proliferation.® There are at least six FDA-approved
HDAC inhibitors used to treat malignancies, and numerous bromodomain antagonists have
entered clinical trials for a range of conditions.? In contrast, development of high potency,
specific KAT inhibitors with desirable pharmacological properties has lagged.

Much of the effort in KAT inhibitor discovery has targeted three small families in

humans. These include the p300 family which is comprised of paralogs p300 (KAT3B)

and CBP (KAT3A), the MYST family which contains MOF (KAT8), MOZ (KAT6A),
MORF (KAT6B), HBO1 (KAT7), and Tip60 (KAT5), and the GCN5 family that includes
the paralogs GCN5 (KAT2A) and PCAF (KAT2B).5-8 Each of these KATs employs
acetyl-CoA cofactor to directly transfer the acetyl group from the cofactor to protein Lys
sidechains. The p300/CBP, MYST, and GCN5/PCAF family members are all predominantly
localized to the nucleus. Each of these KATSs are known to target Lys sites on histone
N-terminal tails, but p300/CBP have long been shown to acetylate many Lys residues in
non-histone proteins.5 The p300 and CBP enzymes have been implicated in a wide range of
physiological and disease processes involving the heart, immune system, hematopoiesis, and
endocrine function among others.® They are widely known as transcriptional coactivators
and prominent in chromatin regions associated with transcriptional enhancer activity. Loss
of function p300/CBP mutations are commonly observed in B cell lymphomas. The MYST
enzymes appear to play important roles in hematologic malignancies and GCN5 and PCAF
are key in developmental biology and suggested to play roles in cancer.? 10

Efforts to target p300/CBP and GCN5/PCAF KATs with small molecules date back more
than two decades, shortly after they were discovered. Potent bisubstrate peptide-CoA
conjugates were found to selectively block p300/CBP over GCN5/PCAF. These proved
effective as structural tools, but were not cell penetrant due to their large size and charge.1!
X-ray crystal structures of KATs in complex with CoA analogs revealed that the active

sites of these enzymes interact most intimately with the phosphate and pantetheine groups
of CoA, and minimally with the adenine moiety.12-14 Such molecular recognition contrasts
the highly druggable protein kinase family which engulf the adenosine moiety of ATP.1
Beyond bisubstrate analogs, a range of hydrophobic natural products were reported as low
potency KAT inhibitors between 2000 and 2010.5: 16 While cell permeable, most show
quite promiscuous pharmacology.1’ /n silico screening led to development of the moderately
potent and selective p300/CBP inhibitor C646 in 2010 (figure 1).18 It has shown some value
as a tool compound for p300/CBP inhibition, but has since been supplanted by the more
recently developed compounds.1®

P300/CBP inhibitor A-485

The discovery of A-485, a spiro-oxazolidinedione, stemmed from virtual ligand screening
and extensive medicinal chemistry (figure 1).20 A-485 showed low nanomolar potencies
against both 300 and CBP acetyltransferase activities and an X-ray structure of A-485

in complex with the p300 HAT domain revealed that it occupies an overlapping binding
site with the CoA phosphopantetheine moiety (figure 2).20 Kinetic studies confirm that
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A-485 is competitive with acetyl-CoA in p300 inhibition. Compared to prior p300/CBP
small molecule inhibitors, A-485 is much more potent in cellular studies with 1C50 for
histone acetylation in the sub-micromolar range versus >10 UM observed with earlier agents.
Notably, A-485 treatment shows clean blockade of histone H3 K18 and K27 acetylation,

but not H3 K9 acetylation, mimicking p300/CBP gene knockdowns.20 Validation of the
specificity of p300/CBP intracellular inhibition was also achieved using a closely related
structural analog of A-485, A-486, in which the methyl-urea substituent is shifted by

one carbon from its position in A-485. A-486 shows >100-fold reduced p300 affinity

and, as expected, minimal effects on cellular acetylation.20 A-485 also displays practical
pharmacokinetic properties permitting its applications in animal studies.20

A-485 and global effects on Lys acetylation

Tens of thousands of cellular protein Lys acetylation sites have been mapped across multiple
studies. In general, it has been difficult to assign an acetyltransferase to a specific Lys
acetylation event using genetic approaches because of the potential for indirect effects

of such knockdowns. A-485 and related analogs proved very useful in linking p300/CBP
catalytic activity to about 1000 Lys acetylations, ~10% of the total acetyl-Lys population.?!
Notably, the vast majority of the acetyl-Lys levels reduced by small molecule inhibition

of p300/CBP overlapped with p300/CBP genetic knockdowns but were largely unaffected
by p300/CBP bromodomain antagonism.21 Most of the A-485 modulated Lys acetylation
sites were nuclear, as expected for the well-established cellular localization of p300/CBP.21
Many of the presumed p300/CBP acetyl-Lys sites were mapped to transcriptional machinery
including RNA polymerase subunits, transcription factors, and epigenetic enzymes. Often
these acetyl-Lys sites were found in basic clusters on the same polypeptide, giving rise to the
description of p300/CBP activity as an “acetylspray.”?! Moreover, A-485 proved particularly
useful in defining site-specific acetylation half-lives, revealing rapidly and slowly turned
over acetyl-Lys sites, likely related to the accessibility of these positions to deacetylase
enzymes.2! There were several hundred Lys acetylations with cellular half-lives of less

than 1 hour following A-485 treatment. Several of these highly dynamic acetyl-Lys sites
were found on the N-terminal tail of histone H2B.2! Relative to the intensively studied

tails of histone H3 and H4, histone H2B tail PTMs have received little attention but

these acetylomic studies suggest that H2B Lys acetylation might play a significant role in
biology.22 Interestingly, using in vitro acetylated nucleosomes and HDAC complexes, it was
found that several of these H2B acetyl-Lys sites are efficiently removed by the MIDAC and
CoREST HDAC complexes.?3 Of note, careful analysis of transcriptional rates using A-485
showed a tight correlation with mMRNA synthesis and histone acetylation dynamics.2l: 24
These results are consistent with the model that rapidly reversible Lys acetylation may drive
transcription initiation and/or elongation as postulated.

P300/CBP inhibition effects in physiology and disease

The discovery of A-485 and next generation p300/CBP inhibitor analogs has enabled

a number of studies to characterize the roles of p300/CBP acetyltransferase activity in
development and disease mechanisms. In the context of endocrinology, p300/CBP has
been implicated in glucose homeostasis. The beta cell of pancreatic islets is responsible
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for insulin production. It has been shown that A-485 treatment impairs glucose-stimulated
insulin secretion from beta cells.2> Molecular studies revealed that this occurred through a
transcriptional network in which A-485 prevented the expression of glucose sensing genes
including the transcription factors Hnfla and Foxo01.25 As a result, beta cell maturation was
blocked. However, A-485 could also block lipogenesis in white adipose tissue and liver,
which would tend to have therapeutic value in metabolic disease.2® Moreover, A-485 was
also shown to limit inflammation in acute liver injury.2’

Osteoporosis involves a decrease in bone density that can increase fractures and is a
common affliction of the elderly, especially post-menopausal women. Bone density is
regulated in part by the reciprocal action of osteoclasts and osteoblasts, cells that resorb and
fortify bone tissue, respectively. It was found in a mouse model of osteoporosis that A-485
can block osteoclast differentiation by antagonizing the RANKL molecular program.28 In
this fashion, A-485 was found to prevent bone loss in this ovariectomized mouse model of
post-menopausal osteoporosis.28

A-485 has been shown to possess antineoplastic activity in a wide range of cancer

types. Among several melanoma cell lines, the strength of the anti-proliferative effects

of p300/CBP inhibitor A-485 was shown to correlate with high levels of expression of

the transcription factor MITF.2% 30 MITF is an established melanocyte and melanoma
transcriptional activator and has been linked to driving the growth a subset of melanomas.
A-485 treatment was shown to reduce MITF levels by blocking its transcription and this in
turn impeded the production of the growth-related forkhead box M1 (FOXM1) transcription
factor.30

Multiple myeloma proliferation has been shown to be especially sensitive to p300/CBP
inhibition.3 Interestingly, a determinant of multiple myeloma sensitivity was observed

to be the histone deacetylase complex HDAC3/NCOR1/SMRT. Genetic depletion of

the NCOR1 complex promoted resistance to A-485 mediated p300/CBP inhibition and
the pharmacological effects of HDAC3-selective inhibitor RGFP966 antagonized the
hypoacetylation induced by A-485. As H3K27 acetylation is an important acetylation sites
associated with p300/CBP, A-485 was shown to enhance H3K27me3 at the expense of
H3K27ac. Based on this H3K27 acetyl to methyl swapping, Hogg et al hypothesized

that A-485 treated multiple myeloma might be especially vulnerable to antagonism of

the H3K27me3 demethylase KDMB6A. Using genetic or pharmacological manipulation of
KDMB6A with GSK-J4, they validated this potential.31

Prostate cancer has also been shown to be sensitive to p300/CBP inhibition.2% This was
most clearly observed with androgen receptor-dependent prostate cancer. Unlike the anti-
androgen effects of androgen receptor splice variant prostate cancer which becomes anti-
androgen-resistant, A-485 maintains its potency in such splice variant prostate cancer.2°
Interestingly, combining A-485 with the p300/CBP bromodomain antagonist I-CBP112
was shown to be synergistic in slowing prostate cancer cell growth. This appeared to be
connected to the depletion of p300 from chromatin conferred by the combination of A-485
and I-CBP112, presumably because of the diminished histone acetylation conferred by
A-485.32
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Recent studies with A-485 and even newer potent and selective p300/CBP HAT inhibitors
have shown promise in blocking the growth of prostate cancer (B026 & B16-P2),33 34 breast
cancer,3® glioblastoma (CPI-1612),35: 37 mantle cell lymphoma,38 Myb-dependent acute
leukemia, NOTCH-dependent acute leukemia,3® NUT midline carcinoma,*® CIC-DUX4
sarcoma (iP300w),4! ovarian cancer (13f),%2 and pituitary adenoma (figure 1).43 On the
other hand, A-485 enhanced the proliferative capacity of Tet2 mutant leukemia.** It remains
to be seen whether the therapeutic window of even the high quality p300/CBP inhibitors is
sufficiently large to be effective for treating cancer in people, given the “on-target” toxicity
of such compounds. In addition, recent studies suggest that A-485 inhibition of cancer cell
proliferation may engender resistance by upregulating acetyl-CoA biosynthesis.*>

MYST family inhibitors

Recent advances have also been made in the development of MYST acetyltransferase
inhibitors. The human MYST enzymes Tip60 (KAT5), MOZ (KAT6A), MORF (KAT6B),
HBO1 (KAT7), and MOF (KAT8) have been shown to be embedded in specific and

large multi-protein complexes. Tip60 is part of the NuA4 complex, and KAT6A/B are
centerpieces of the MOZ/MORF complex, and KAT7 is a member of the HBO1 complex.
Each of these complexes acts are mostly in the nucleus and have multiple histone reader
domain containing proteins that helps recruit them to specific sites in chromatin. Loss

of function mutations in these enzymatic complexes have been linked to developmental
disorders. Recent genetic and biochemical studies have indicated that the NuA4 complex
is responsible for H4K 16 acetylation,*6 the MOZ/MORF complex is associated with
H3K9 and K23 acetylation,*’ the HBO1 complex primarily acetylates H3K1419, while the
KAT8/MOF complex appears to be responsible for acetylating H4K16.48

Based on a combination of high throughput screening, medicinal chemistry, and structure-
based design, the acyl-sulfonylhydrazides were shown to be broad spectrum MYST family
inhibitors.? The initial successful compounds including WM-8014 and WM-1119 were
especially potent against KAT6A/B with WM-1119 having in vivo bioavailability.® These
MYST family inhibitors compete against acetyl-CoA and X-ray structures have revealed
their detailed molecular recognition with the acetyltransferase domain active sites (figure
3). Various follow-up analogs of these compounds have been reported with heightened
selectivity for either KAT6A/B or KAT7 including PF-9363 which appears to be specific
for KAT6A/KAT6B.4% 50 These MYST small molecule inhibitors have helped establish
the histone Lys targeting of these enzyme complexes. These compounds have also shown
promise in the treatment in model systems of various hematologic malignancies including
leukemias, lymphomas, as well as hepatocellular carcinoma. In particular, KAT7 appears
to be critical for the maintenance of leukemic stem cells and KAT6A/KAT6B in ER+
breast cancer.10: 50 KAT6A is often involved in chromosomal translocations that lead to
KATG6A fusion proteins that can drive blood cancers rendering them sensitive to agents like
WM-1119.51 It has recently been shown that WM-1119 can upregulate cyclin dependent
kinase inhibitor 2A (p16) thereby blocking cyclin dependent kinases Cdk4 and Cdk6 in
acute myeloid leukemia and synergizing with chemotherapy to slow the growth of this
malignancy.>2
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Summary and outlook

The past 5 years have been a fertile time in the development of potent and selective
pharmacological inhibitors of several lysine acetyltransferase enzymes in the p300/CBP and
MYST family. These compounds have become powerful mechanistic probes to study the
basic functions of these enzymes and their potential as therapeutic targets. Next generation
p300/CBP inhibitors may offer even more exquisite specificity such as reported for the p300
degrader compound based on A-485 (JQAD-1).23 However, high quality pharmacological
probes are still lacking for PCAF/GCNS5 acetyltransferase enzymes. Current challenges
include how to achieve strong /7 vivo inhibition of the requisite acetyltransferase for
treating cancer and other disorders, understanding mechanisms of acquired resistance, and
identifying relevant biomarkers. It is likely that specific combinations of acetyltransferase
inhibitors and other epigenetic and non-epigenetic agents will be key elements of therapeutic
strategies for the treatment of cancers and other diseases.
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Figure 1. Small molecule KAT inhibitors.
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Representative small molecule inhibitors of p300/CBP (top) and MYST (bottom) family
acetyltransferases that have been linked to pharmacological studies described here. All
the depicted p300/CBP inhibitors are active site competitive, except where parenthetically
noted. MYST family member isoform selectivity is noted parenthetically.
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Figure 2. P300 catalytic domain substrate interactions and drug bound state.
Left. Catalytic interactions of the p300 HAT domain (white) including electrostatic

interactions between Arg1410 (yellow) and the phosphodiester and phosphate of CoA,
stabilizing proton donation from Tyr1467 (yellow) to the CoA thioester, and hydrogen
bonding between the carbonyl of Trp1436 (yellow) and the substrate lysine Ne (PDBID
3BIY, 4PZS).14. 54,55 Composite substrate-bound structure was energy minimized using
Rosetta 3.13 fast relax.50 Right. Occupancy of the acetyl-CoA binding site by competitive
ligand A-485 (pink) with hydrogen bonding interactions between the N-methyl urea and
carbonyl of GIn1455 (yellow), and hydrogen bonding between Ser1400 (yellow) and one
carbonyl of the spiroxazolidinedione illustrated. This binding is anchored by numerous
additional hydrophobic interactions that are not depicted here (PDBID 5KJ2).20
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Figure 3. KAT®6 catalytic domain substrate interactions and drug bound state.
Left. Catalytic interactions of the MYST1 HAT domain (white) including hydrogen bonding

between the phosphodiester and phosphate of CoA and the backbone amides of Arg655,
Gly657, Gly659 and R660 (yellow). Hydrogen bonding between the carbonyl of Glu680
Pro682 (yellow) direct the substrate lysine Ne (PDBID 6BA4, 6VO5).% 56 Composite
substrate-bound structure was energy minimized using Rosetta 3.13 fast relax.%9 Right.
Occupancy of the acetyl-CoA binding site by competitive ligand WM-8014 (pink) including
hydrogen bonding interactions between the acylsulfonylhydrazide core and the backbone
amides of Arg655, Gly657, Gly659 and R660 (yellow). This binding is anchored by
additional hydrophobic interactions that are not depicted here (PDBID 6CT2).°
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