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Summary

Bromodomains (BRDs) are evolutionary conserved epigenetic protein interaction modules which
recognize (“read”) acetyl-lysine, however their role(s) in regulating cellular states and their potential
as targets for the development of targeted treatment strategies is poorly understood. Here we
present a set of 25 chemical probes, selective tool small molecule inhibitors, covering 29 human
bromodomain targets. We comprehensively evaluate the selectivity of this probe-set using
BROMOscan® and demonstrate the utility of the set using studies of muscle cell differentiation and
triple negative breast cancer (TNBC). We identified cross talk between histone acetylation and the
glycolytic pathway resulting in a vulnerability of TNBC cell lines to inhibition of BRPF2/3 BRDs under
conditions of glucose deprivation or GLUTL1 inhibition. This chemical probe set will serve as a
resource for future applications in the discovery of new physiological roles of bromodomain proteins

in normal and disease states, and as a toolset for bromodomain target validation.

Introduction

Genetic and epigenetic variation, as well as environmental and lifestyle factors, work in concert to
influence human health and disease. In recent years the essential role of epigenetic modifications in
regulating gene expression and cellular differentiation has emerged*?. Apart from changes in DNA
methylation, covalent post translational modifications (PTMs) of histones and other nuclear proteins
define a complex language, the epigenetic code, which regulates chromatin structure and dynamics.
Lysine acetylation (Kac) is a major epigenetic PTM occurring on histone proteins, which has been
studied broadly. Kac has generally been associated with activation of transcription through opening
of chromatin structure, although some recent studies have found some Kac marks to be responsible

for the compaction of chromatin, protein stability, and the regulation of protein-protein interactions®.
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Disruption of histone acetylation patterns has been linked to the development of disease, which
may occur through mutations that deregulate enzymes responsible for adding or removing these
histone acetyl marks, as well as the protein interaction modules that recognize and interpret this

important PTM*>.

Histone acetylation is a highly dynamic process that is regulated by histone acetyltransferase (HAT)
and histone deacetylases (HDACSs) that respectively “write” and “erase” acetylation marks. The
complex pattern of acetylation marks is interpreted (“read”) by reader domains of the bromodomain
(BRD) family of proteins. BRD-containing proteins are evolutionary conserved and of substantial
biological interest, as components of transcription factor and chromatin modifying complexes and
determinants of epigenetic memory. There are 61 BRDs expressed in the human proteome, present
in 46 diverse proteins. However, some atypical bromodomains, which lack essential residues have
little or no-activity towards Kac-containing histone sequences and may recognize other epigenetic
marks or unmodified peptide sequences, while canonical BRDs may also bind to complex patterns

of modification around a central Kac site that often contain other post translational modifications®”’.

The modular nature of many BRD-containing proteins, which typically harbour a number of diverse
reader domains in addition to enzymatic functionalities and role(s) as scaffolds in large chromatin
modifying complexes, makes their functional study a challenging task. However, the development of
highly selective inhibitors has provided versatile tools for functional studies on endogenous
BRD-containing proteins which can now be used to unravel the role of the epigenetic
Kac-dependent reading process in chromatin biology as well as in the development of disease. This
is exemplified by the development of highly potent inhibitors for BET (Bromo and extra-terminal;

BRD2, BRD3, BRD4, BRDT) BRDs®°, which has led to numerous translational and functional
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studies on this subfamily of bromodomain proteins'®*2,

Chemical probes, small molecule tool inhibitors with selectivity against similar proteins, have led to
the validation of many disease targets, making seminal contributions to our understanding of
complex cellular processes. However, chemical probes need to be highly selective, cell active and
therefore need to be comprehensively characterized in order to link observed phenotypic responses
to targeted proteins. Unfortunately, selectivity and potency of tool compounds are often insufficient
resulting in contradictory and erroneous results**??, Following the disclosure of potent BET BRD
inhibitors, other members of the BRD-family of interaction modules have been found to be highly
druggable?, resulting in the identification of chemical fragments that were subsequently developed
into potent and selective chemical probes®*3'. However, BRDs outside the BET family have not been
found to be major regulators of primary transcription control, posing challenges for the discovery of
functional roles of these conserved domains®. As a result, only a few studies have reported
phenotypic consequences inhibiting non-BET BRDs pointing to important roles in cellular

differentiation®334,

Here, we characterized a comprehensive set of BRD chemical probes covering all subfamilies
previously identified with good druggability scores®. Using a standardized commercial assay format
(BROMOscan®), based on a high throughput binding assay originally developed to assess the
selectivity of kinase inhibitors®, we evaluated the selectivity of this BRD chemical probe-set and
determined a total of 626 K values on all detected interactions. We present here an overview of the
binding modes of these inhibitors resulting in the excellent selectivity of these chemical probes. To
exemplify the use of this probe-set in biological systems, we further screened this probe collection on

a cellular model of muscle differentiation identifying BET BRDs as major regulators in this context.
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Furthermore, systematic investigations of all existing BRD inhibitors in triple negative breast cancer
(TNBC) cell lines have revealed an essential role of BRD inhibitors to target the metabolic
vulnerability of TNBC, demonstrating their utility as a collection to uncover previously unknown
crosstalk between epigenetic regulators and cell metabolism. Together, our study provides a
comprehensive structural and functional insight on BRD inhibitors, establishing a powerful resource
for future mechanistic studies of this family of epigenetic reader domains, and underscoring the
broad utility and immediate therapeutic potential of direct-acting inhibitors of human bromodomain

proteins.

Results
A set of highly selective bromodomain probes

BRDs have been grouped into eight major families based on sequence and structural homology®
(Figure 1). Potent chemical probes have now been developed for most of these families with the
notable exception for BRDs of the PML (promyelocytic leukemia)-SP100 nuclear bodies (family V),
which harbor a PHD-BRD tandem reader cassette. However, some families are still insufficiently
covered, including members of families VI and VII which also have atypical and shallow Kac-binding
pockets. In contrast, family | which contains the histone acetyltransferases PCAF and GCN5 as well
as CECR2 and FALZ is well covered by chemical probes. The dual PCAF/GCN5 chemical probe
L-Moses showed good potency for these two highly related bromodomains (Kp of 126 nM and 600
nM respectively, determined by ITC)*. GSK4027 offers an alternative chemotype to antagonize the
BRDs in these two targets with improved potency (Kp 1,4 nM determined by BROMOscan® for both

BRDs)*. Early lead molecules for bromodomains of CECR2 and FALZ were discovered by
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screening a series of triazolophthalazines®®. However, compounds of this series inhibited several
BRD family members and exhibited poor solubility, limiting further development. NVS-CECR2-1 was
the first potent chemical probe targeting CECR2 with good potency (80 nM, determined by ITC) and
selectivity. An alternative probe molecule, GNE-886, has recently been published showing however

some activity towards the BRDs of BRD9, BRD7 and TAF1/TAF1L%.

To date, the BET BRDs (Family Il) have had the greatest activity in inhibitor development,
undoubtedly due to the strong and clinically relevant phenotypes observed for these compounds.
This is an area that has rapidly evolved and has been previously reviewed in detail'®*. The first
published Kac competitive BRD inhibitors which now have been widely used are the thienodiazepine
(+)-JQ1, (henceforth, JQ1)® the related clinical compound OTX015, as well as the benzodiazepine
iIBET*. Inhibitors of this family show panBET activity primarily against the first BRD with slightly
lower binding affinity towards the second BRD in BET proteins. More recently, antagonists featuring
diverse Kac mimetics have been developed, including the isoxazole I-BET151 (GSK1210151A)%*3,
the tetrahydroquinazoline PFI-1** and the tetrahydroquinoline I-BET726 (GSK1324726A)%. Here

we included in our probe set JQ1, I-BET151 and PFI-1 as three structurally diverse and

unencumbered chemical probes for BET proteins.

Family 11l contains BRDs present in the histone acetyl-transferases (HATs) p300 and CBP, as well
as a number of diverse BRDs for which no potent inhibitors have been identified so far. The first
inhibitor developed for CBP/p300, SGC-CBP30, exhibited potent activity for BRDs in these two
HATs (Kp: 21 and 38 nM, respectively), retaining however significant BET activity, which needs to be
taken into account in cellular assays by using appropriate concentrations®*“®. An alternative

chemical probe is the benzoxazepine I-CBP112*. Recently, a highly potent antagonist, GNE-781,
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which has 650-fold selectivity over BRD4 for CBP/p300 became available®’.

Family IV contains BRDs participating in HAT scaffolding (BRPF1-3), and chromatin remodelling
complexes (BRD7, BRD9 and ATAD2A/B). Several chemical probes target BRD7 and BRD9,
including BI-9564*8, LP-99%°, as well as I-BRD9 which has good selectivity towards BRD9 over
BRD7%. The ATAD2 and ATAD2B BRDs have been targeted using the potent and selective
antagonist GSK8814>°, while the allosteric BRD antagonist BAY-850 was developed as a specific
probe against ATAD2'. BRPF BRD antagonists are well represented by the pan-BRPF chemical
probes OF-1 and NI-57, and the two related BRPF1B selective chemical probes PFI-4 and
GSK6853°%%3, |n addition, BAY-299, a dual activity chemical probe for BRPF2 and TAF1(2), has
also been developed providing the only currently available chemical tool for family VII**. Similarly,
compound 34, a dual activity antagonist of TRIM24 and BRPF1B represents the only chemical tool

currently developed for TRIM24%,

Family VI is divided into the RING-Type E3 Ubiquitin Transferase of the TRIM (Tripartite
Motif-Containing Protein) family and BAZ2 (Bromodomain Adjacent To Zinc Finger Domain) which
are components of chromatin remodeling complexes. As mentioned above the dual chemical probe
for the TRIM24 has recently been developed offering proof of principle that BRDs within this family
are also druggable®. Two high affinity probes have also been developed against the BRDs of
BAZ2A/B, GSK2801 and BAZ2-ICR?*%. Finally, BRDs in SMARCA2/4 (family VII) (SWI/SNF
related, Matrix associated, Actin dependent Regulator of Chromatin) and the scaffolding protein

polybromo (bromodomain domain 5) have been selectively targeted by PFI-3%,

The chemical probe set presented here comprises 25 tool compounds covering 29 (50%) of all

human BRD proteins (Supplemental Table S1). Each chemical probe interferes with the binding of
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its respective BRD(s) acetyl-lysine target sequences including the major acetylation sites described

as BRD binding sites on histone proteins (Figure 2)°.
Selectivity of bromodomain chemical probes

The selectivity of chemical probes targeting diverse BRDs has been previously evaluated against a
comprehensive set of recombinant human BRDs employing a temperature shift assay. This assay
format makes use of the increase in the melting temperature (AT,) of a protein domain when
complexed with a potent ligand®®. However, intrinsic stability and other properties of proteins
influence the magnitude of the observed temperature shift. Using bromosporine (BSP), a
promiscuous BRD inhibitor®? we evaluated selectivity screens against a panel of BRDs employing
the BROMOscan® ligand binding assay, as well as isothermal titration calorimetry (ITC) and thermal
melt assays (Figure 3). We used ITC as a standard for the accurate determination of binding
constants, given its capacity to directly measure ligand binding in solution. All three assays resulted
in comparable data (Figure 3B). However, while correlation between ITC and BROMOscan® data
was excellent (Figure 3D), some BRDs exhibited smaller than expected T, shifts based on their
binding constants determined by ITC (Figure 3E). In particular, BSP showed only modest T, shifts
against TAF1L(2) and BRD9 and a relatively large shift against CBP, compared to the directly
determined ITC dissociating constants (Kps). Encouraged by the accuracy of the BROMOscan®
assay, we screened 15 chemical BRD probes against all 42 BRD-containing proteins and
determined a total of 626 dose response curves (Supplemental Table S2). In addition to the
BRD-probe set, we included three closely related variants of chemical probes within our set,
CBP30-298 and CBP30-383 which are closely related to SGC-CBP30, as well as PFI-3 D1, a close

derivative of PFI-3 (Supplemental Figure S1)***’. However, while CBP30-related BET off-target
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effects were also apparent in the two additional CBP30 derivatives, the exclusive selectivity of PFI-3
towards SMARCA2/4 and PB1 was maintained in the derivative PFI-3 D1. Interestingly, the Kac
mimetic salicylic acid head group of PFI-3 and its derivatives showed selectivity for this
bromodomain subfamily. This striking observation has been rationalized by the unique binding mode
of family VIII inhibitors that penetrated deeper into the Kac binding site leading to displacement of

water molecules that are maintained in other BRD-inhibitor complexes®*°.

In summary,
BROMOscan® offers a robust platform for accurate Ky determination of BRD inhibitors, and chemical

probes screened here maintained at least a 30-fold selectivity window against BRD in other families.
BET chemical probes block muscle cell differentiation by down-regulation of myogenin

Several BRD-containing proteins are known to be essential for different types of cellular
differentiation, including myogenesis®**?**"®°, During myogenesis, differentiating myoblasts fuse to
form multinucleated myotubes/myofibers, a process that plays an important role in development
and regeneration, and BET proteins have recently been implicated in this process®. Given the
importance of muscle regeneration in human health, we were interested in determining whether
BRD inhibition would modulate the ability of muscle progenitor cells to undergo terminal
differentiation. To explore this, the muscle progenitor C2C12 cell line was cultured in conditions of
low serum to initiate differentiation in the presence of diverse BRD inhibitors from the chemical
probe-set described here. Strong inhibitory effects of myoblast differentiation were seen for the BET
inhibitor JQ1 as well as the pan-BRD inhibitor BSP, but not for other BRD inhibitors (Figure 4A and
B). To gain insight into the transcriptional effects resulting from BRD inhibition, we performed gene
expression analysis (Figure 4C). In agreement with our observations on myoblast differentiation,

treatment with JQ1 and BSP resulted in significant changes in gene expression levels. Importantly,
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promiscuous targeting of BRD-proteins using BSP resulted in almost identical changes in gene

expression compared to JQ1, strongly suggesting that the inhibition of differentiation is due to BET

BRDs and not due to inhibition of other BRD-containing proteins. In agreement with this observation,

expression changes resulting from targeting of other specific BRD-inhibitors outside the BET family

were negligible (Figure 4C). Most significantly, differential expression analysis identified several

anti-proliferative and anti-inflammatory genes downregulated including proteins modulating

interferon response such as IFIT3 (interferon induced protein with tetratricopeptide repeats 3),

interferon induced GTP hydrolases (GBPs) and USP18 (Ubiquitin Specific Peptidase 18) (Figure

5A and B). Gene-set enrichment analysis (GSEA) resulted in strong signatures for

anti-inflammatory pathways and cell cycle regulators as well as myogenesis (Figure 5C;

Supplemental Figure S2). Gene Ontology (GO) analysis corroborated these observations

identifying enriched biological processes relating to cell cycle and mitosis as well as immune

system processing and innate immune response (Figure 5D, Supplemental Figure S2). In

particular, transcription of genes regulating expression of myosin light- and heavy-chains as well as

regulators of myosin, such as myosin light chain kinase (MLCK) and myotonic dystrophy associated

protein kinase (DMPK) and the tintin-associates proteins myomesin 1 and 2, was strongly

suppressed. Key regulators of cellular fusion, important for the late stages of myogenesis, such as

the protease ADAM12 were also affected. Importantly, we observed strong down-regulation of the

muscle-specific basic-helix-loop-helix transcription factor myogenin (myogenic factor 4), a protein

whose induction acts as a “point-of-no-return” in myogenesis by inducing cell cycle exit and

62-65

activation of muscle-specific genes® ™. These observations suggest therefore that transient

inhibition of BET bromodomain-containing proteins may be a means to delaying myoblasts from
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undergoing terminal differentiation. Interestingly, we did not observe transcriptional regulation of
MYC and its target genes (Supplemental Figure S2), a gene expression response that is
frequently used as a marker for BET inhibition in cancer highlighting the context dependent effect of

BET inhibitors in different tissue types®®.

BRD chemical probes reveal a metabolic/epigenetic circuit involving HBO1 in TNBC

Triple negative breast cancer (TNBC) accounts for almost 20% of breast malignancies and is
characterized by lack of expression of the estrogen receptor (ER) and progesterone receptor (PR)
and absence of HER2 amplification®. Due to the lack of targeted therapies, patients with TNBC
have a poor survival rate and a larger likelihood of distant recurrence and death within five years of
diagnosis®"°. Recent studies showed that BET inhibitors such as JQ1 are effective against TNBC

by specifically downregulating genes required for tumor growth and progression’®™

. However,
systematic investigations of the effects of other BRDis have not been evaluated in TNBC. To
explore the potential anti-proliferation effects of BRDi, we profiled the viability of ten TNBC cell lines
in the presence or absence of our BRD probe set. In agreement with previous studies, BET
antagonists, including JQ1 and PFI-1, display strong antiproliferative effects on all the TNBC cell
15,16.

lines (Figure 6A), likely due to BETi effects on super enhancer-dependent transcription

However, no significant growth inhibitory effects were observed for the remaining BRDis.

Metabolism can directly impact cellular epigenetic landscapes and alter responses to
chemo-therapeutics’. In particular, acetylation of histones relies on the availability of the universal
acetyl donor metabolite acetyl-CoA, which is biosynthesized by breakdown of carbohydrates
through the glycolytic pathway. Many TNBC cell lines display a classical Warburg metabolism with

up-regulated glucose uptake to fuel their bioenergetics and biosynthetic demands™"*. We
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confirmed that the set of 10 TNBC cell lines investigated in this study had a range of metabolically
distinct states and variable global levels of histone acetylation (Supplemental Figure S3A-C).
Furthermore, compared to other breast cancer subtypes, TNBC cell lines have a higher glycolytic
gene-expression signature, especially for glucose transporter | (GLUT1) expression (Figure 6B),
and thus tend to be more sensitive to glucose depletion™. Accordingly, this led us to investigate

whether disruption of glycolysis in TNBC lines can give rise to epigenetic vulnerabilities to BRDis.

Using the selective GLUT1 inhibitor, BAY-876°, we first confirmed that exposure to BAY-876 inhibits
glucose uptake in TNBC lines (Figure 6C, S3D). We then assessed the impact of BAY-876
treatment on levels of metabolites related to glycolysis and relevant to histone acetylation level.
Acetyl-CoA is at the crossroads of glycolysis and TCA cycles and is the cofactor for histone
acetyltransferases (HATs)'"’®. Upon treatment with BAY-876, a decrease in absolute acetyl-CoA
level was observed, suggesting that HAT activity might be perturbed by BAY-876 treatment (Figure
6D). Another essential player involved in metabolism and acetylation is the NAD*/NADH ratio, which
is closely associated with energy status in cell and is thought to positively regulate the activity of
sirtuins’®. We observed an increase in the NAD*/NADH ratio which may lead to increased sirtuin
activity, possibly also contributing to histone hypo-acetylation (Figure 6E). Having observed a
change in metabolites known to be involved in protein acetylation in response to BAY-876, we next
investigated whether there are corresponding changes in histone acetylation levels. Interestingly,
we detected a reduction in the global levels of acetylated histone H3 (ac-H3), but not in the global
levels of acetylated histone H4 (ac-H4), in response to BAY-876 treatment (Figure 6F). These
results demonstrate that manipulating metabolic flux by inhibiting glucose uptake can specifically

impact the acetylation on individual histones.
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We next assessed whether altered histone acetylation induced by BAY-876 treatment could induce
sensitivity to BRDi in TNBC cell lines. We performed a combinatorial screen on three TNBC lines
with distinct glycolytic rates (Supplemental figure S3 C). BAY-876 treatment alone had no effect on
these three TNBC lines (Figure 6G), but in combination with the chemical probes PFI-1, OF-1 and
I-BRD9 we observed a significant decrease in viability (Figure 6H). The activity of OF-1 was of
particular interest due to the strong synergistic effect across all three cell lines, whereas JQ1 and
I-BRD9 combinations with BAY-876 showed efficacy in only one of the three tested TNBC lines

(Figure 6H).

To better understand the mechanism of the BAY-876/OF-1 combination, we determined the ICsg
values for OF-1 treatment in all three cell lines. In the presence of 3 uM BAY-876, we observed ICs
values for OF-1 in the range of 0.3-2 uM (Figure 7A). An increase of OF-1 sensitivity was also
observed in response to glucose deprivation mimicking the effect of BAY-876 treatment (Figure 7B).
The combinatorial effect of BAY-876 and OF-1 was more than additive because the BAY-876
concentration we used in this assay has no overt effect on cell growth based on colony formation
assay (Supplemental figure S3E). We next examined whether the observed synergy is due to the
induction of apoptosis by the combination. Indeed, apoptosis markers such as caspase 3/7 were
induced at a significantly higher level in combination-treated cells compared with cells treated with
either OF-1 or BAY-876 alone (Supplemental figure S3F). Thus, we conclude that OF-1 and

BAY-876 are synergistic in suppressing the growth of TNBCs by inducing apoptotic cell death.

OF-1 inhibits Kac binding of the BRDs of BRPF1, BRPF2 and BRPF3. In order to deconvolute
which BRD proteins are responsible for the observed phenotype with BAY-876, we compared the

combinational effect on TNBC cell viability with another potent pan BRPF inhibitor NI-57, and the
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selective BRPF1 inhibitor PFI-4. Co-treatment with BAY-876 and OF-1 led to the strongest reduction
on the cell viability, whereas other combinations were less effective (Figure 7C). Moreover, no
significant effect was observed in the PFI-4 combination, which excludes the role of BRPF1 in the
synergy effect. In agreement with these results, sSiRNA knockdown of BRPF1 did not change the cell
sensitivity to BAY-876 treatment (Figure 7D-F). Notably, compared to the single BRPF2 or BRPF3
knockdown, the cells with dual BRPF2/3 knockdown are more sensitive to BAY-876 treatment
(Figure 7F). Together, these results demonstrate that the observed synergy effects are due to the

inhibition of BRPF2 or/and BRFP3 by OF-1.

BRPF2 and BRPF3 are components of the HBO1 (KAT7) acetyltransferase complex, while BRPF1
preferentially participates in the MOZ/MOF complex®®®'. Furthermore, BRPF2/3/HBO1 complexes
were also shown to be important and specific for the HAT activity toward H3K14, whereas the
BRPF1 complexes have high specificity on H4 acetylation marks®*. To explore whether the inhibition
of BRPF2 or/and BRPF3 has any effect on histone acetylation, we measured the H3K14ac level
upon treatment with BRPF BRD chemical probes, or in BRPF knockdown cell lines. Compared to
NI-57 and PFI-4, the acetylation of H3K14 was significantly decreased in the presence of OF-1
(Figure 7G, S2G). Likewise, dual BRPF2/3 knockdown displayed the strongest reduction of
H3K14ac compared to BRPF2 or BRPF3 knockdown alone (Figure 7H, S2H). Taken together,
these data are consistent with a model in which inhibition of glucose up-take by BAY-876 and
antagonism of HBO1 subunits BRPF2/3 by OF-1, both converge on the same histone marks,

leading to synergistic cross talk between metabolic and epigenetic pathways (Figure 71).

Discussion

Recent effort by our laboratories and others established a comprehensive set of epigenetic probe
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molecules for selective targeting of acetyl-lysine dependent reader domains. We believe that this is
significant achievement considering that apart from a number of fragment-like small molecules, no
BRD had been targeted before the first potent BET inhibitors were disclosed in 2010%°. In particular,
BET inhibitors had a major impact on basic and translation research as demonstrated by the large
number of research papers that have been published using these reagents and more than 20
clinical trials that are currently registered'®. However, BRD inhibitors outside the BET family have
not been validated as potential drug targets. Here we provide data showing that inhibition of BRPF
BRDs in combination with selective inhibitors of glucose transport might be beneficial for the
treatment of TNBCs. Earlier studies demonstrated also synergies of BRD inhibitors with other drugs,
such as CBP/p300 inhibitors acting synergistically with BET inhibitors as well as cytotoxic agents
and dexamethasone in leukemia®*. In addition, BET inhibitors showed synergy in cancer models in
combination with HDAC inhibitors®®* as well as kinase and PARP inhibitors®*®’. The combination of
different inhibitors might also be important in overcoming drug resistance which has been observed
in cells treated with BET inhibitors'®. The reported surprising dual activity of kinase and BET
inhibitors suggests that potent activity for both bromodomain and kinases could be designed into a

single inhibitor®**,

The profiling data provided here offers a comparison of inhibitor potency and selectivity across the
BRD family. We found good correlation of BROMOscan® assay data with Kps determined in solution
by ITC, whereas the magnitude of T, shits across the BRD family may vary depending on the
intrinsic stability of each BRD. However, as an analytical tool the T, shift assay provides a good
platform for assessment of selectivity when hits are carefully followed up using orthogonal binding

assays. Some probe compounds were exclusively selective while others, such as the CBP/p300
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probes I-CBP112 and CBP30, showed significant BET activity (Supplemental Table S2). Thus,
care should be taken when these probes are used in cellular assays. We recommend that probe
concentration not higher than 3 uM for I-CBP112 and 2.5 uM for CBP30 are used in cell-based

assays and that BET inhibitors are included as controls.

Even though the coverage of the bromodomain family with chemical probes is now quite good, there
are still a number of BRDs for which no selective or even non-selective inhibitors are available. Many
of these BRDs have unusual Kac binding sites, for instance in some BRDs the conserved Asn is
replaced by Ser, Thr and Tyr residues®®. No specific Kac containing sequences have been reported
binding to these BRDs limiting the development of Kac competitive assays. Some of these BRDs
may also not recognize Kac-containing sequences at all. Other BRDs have less druggable binding
sites making the development of high affinity chemical probes challenging. There are now also
structurally diverse Kac-binding domains called YEATs domains that have not been targeted®.
Some of these domains recognize also crotonylated lysine residues in addition to Kac containing
sequences™. It is therefore likely that the arsenal of chemical probes for these reader domains will

continue to grow in the future.

Most bromodomain containing targets are complex multi-subunit containing molecules which also
contain histone- and chromatin-interacting proteins. For some BRD containing proteins, such as
BET proteins, chemical antagonism of Kac binding is sufficient to displace the target protein from its
intended chromatin loci®®. In other cases, such as for p300/CBP and SMARCA2/4 containing
complexes, it appears that BRD antagonism is insufficient to displace the entire complex from

33,34

chromatin®**". Thus, BRDi targeting complex chromatin proteins are not likely to replicate genetic

knock down studies deleting the full-length protein®°°. We believe that this chemical probe tool set
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will be an excellent resource for understanding the role of specifically targeted BRDs within larger

chromatin complexes and may unravel novel opportunities for translational research projects.
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Figure Legends

Figure 1. Chemical probes of the human bromodomain family. The set includes probes
developed by our laboratory and a selection of additional inhibitors that are available. For each BRD
family one example of a structure of chemical probe is shown. Additional probes are listed and a
summary showing all chemical structures is included in Supplemental Table S1. BRD family
members for which probes have been developed are highlighted in bold and by dark red lines in the

dendrogram.

Figure 2: Schematic representation of bromodomain mediated interaction on histone tails that can
be inhibited by the current set of chemical probes. Major sites of lysine acetylation histone H3 and

H4 are highlighted in red.

Figure 3: Selectivity of bromodomain chemical probes and assay comparison. A) Structure of
bromosporine (BSP). B) Structural/phylogenetic dendrograms quantifying binding affinities of BSP
to human BRDs measured by BROMOscan® (left), ITC (middle) and Tm assays (right). Affinities
and Tm shifts are mapped to the phylogenetic tree using sphere of variable size as indicated in the
inset. Screened targets are annotated on the dedrograms. C) Heatmap of measured BROMOscan®
Ko values. D) Correlation of dissociation constants (Kp) measured by ITC and BROMOscan®. E)

Correlation of T,, shifts and dissociation constants (Kp) measured by BROMOscan®.

Figure 4: Influence of bromodomain inhibition on C2C12 myoblast differentiation. A)
Fluorescent images of myotubes cultured in differentiation media (DMEM containing 2% horse
serum, 10 pg/ml insulin and 10 pg/ml Transferrin) in the presence and absence of bromodomain

chemical probes. Cells were allowed to differentiate for 48 hrs before they were processed for
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immunofluorescence staining with a-myosin heavy chain antibody (Red). Nuclei are stained blue
with DAPI.  B) Quantitation of differentiated cells after inhibitor treatment.
Post-immunofluorescence, differentiation index was calculated by counting the number of nuclei in
myosin heavy chain expressing myotubes divided by the total number of nuclei per field. C)
Heatmap of the top 50 statistically significant genes that were differentially expressed (using
Benjamini-Hochberg adjusted P-value < 0.001) following 12 h treatment with specific BRD

inhibitors.

Figure 5: Transcriptional response to BSP and JQ1 in C2C12 myoblasts. A) Volcano plot of
differentially expressed genes following 24 h treatment with BSP (left) or JQ1 (right) in C2C12
myoblasts. The top 10 genes are sorted by their fold-change and are highlighted and colored in red
(up-regulated) or blue (down-regulated). B) Heatmap of the top 50 up/down regulated genes in
C2C12 myoblasts following 12 h BSP treatment based on 2-sided signal to noise ratio (SNR) score
and P < 0.05. Dark blue indicates lowest expression; dark red indicates highest expression, with
intermediate values represented by lighter shades, as indicated in the inset. Data are
column-normalized. C) GSEA demonstrating strong association with mitotic cell cycle (from the
Gene Ontology MSigDB set, top left), G2M checkpoint (from hallmark MSigDB signatures, top-right),
myogenesis (from hallmark MSigDB signatures, bottom-left) and interferon gamma (from hallmark
MSigDB signatures, bottom-right) down-regulation signatures, following 12 h treatment of C2C12
cells with BSP. The plots show the running sum for the molecular signature database gene set
within the C2C12/BSP data including the maximum enrichment score and the leading edge subset
of enriched genes. Normalized Enrichment Scores (NES) and False Discovery Rates (FDR) are

annotated in the insets. D) Gene Ontology (GO) enrichment (biological processes) for differentially
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expressed genes following 12 h treatment with JQ1 or BSP (calculated from differentially expressed

genes with a Benjamini-Hochberg adjusted P-value < 0.001 and fold change > 1.5).

Figure 6: BRD inhibitors leverage metabolic adaptions induced by pharmacological
inhibition of GLUT1 with BAY-876 in TNBC. A) BRD inhibitor screening across ten TNBC lines.
Cells were treated with indicated BRD inhibitors at 3uM for 7 days. Confluency was measured using
IncuCyte ZOOM live cell imaging device. B) GLUT1 (SLC2A1) mRNA expression in PAM50 based
breast cancer subtypes. Gene expression data was downloaded from the publicly accessible TCGA
(The Cancer Genome Atlas) portal. C) Glucose uptake in MDA-MB-436 cells in response to
BAY-876 treatment relative to vehicle. MDA-MB-436 cells were treated with DMSO or 3uM BAY-876
for 5 days. Graph indicate mean and error bars denote standard deviation from three independent
assays and p value computed using Benjamini-Hochberg t test; *** p<0.001 D) Effects of BAY-876
treatment on intracellular acetyl-CoA level. Graph indicate mean and error bars denote s.d. from
three independent assays and p value computed using Benjamini-Hochberg t test; *** p<0.001 E)
Effects of BAY-876 treatment on intracellular NAD*/NADH level. Graph indicate mean and error
bars denote standard deviation from three independent assays and p value computed using
Benjamini-Hochberg t test; ** p<0.01 F) Immunoblot analysis of H3 and H4 acetylation in
MDA-MB-436 cells before and after BAY-876 treatment. p value computed using
Benjamini-Hochberg t test; *** p<0.001. G) Cell viability effects of BAY-876 treatment on three
representative cell lines. H) Combinatorial screening of BRD inhibitors with or without 3uM BAY-876
across ten TNBC lines. Cell viability was obtained from the endpoint Incucyte scanning (left).
Heatmap of the combinatorial screening results; (Right) Cell viability after treatment with three

potential BRDi candidates in the presence or absence of BAY-876 in three representative cell lines.
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Graph indicate mean and error bars denote standard deviation from three independent assays and

p value computed using Benjamini-Hochberg t test; ** p<0.01; *** p<0.001.

Figure 7: BRD chemical probes reveal a metabolic/epigenetic circuit involving HBO1 in

TNBC. A) Dose-dependent curves for cells lines treated with indicated concentrations of OF-1 with

or without 3uM BAY-876 for 7days. Graph indicate mean and error bars denote standard deviation

from eight wells (from two independent assays. B) ICso values of OF-1 in cells cultured under a

range of glucose concentrations. C) Viability of MDA-MB-436 cells treated with indicated 3uM BRPF

inhibitors: OF-1, NI-57 and PFI-4 for 7 days. Graph indicate mean and error bars denote standard

deviation from eight wells (from two independent assays) and p value computed using

Benjamini-Hochberg t test; *** p<0.001. D) Immunoblot validation of BRPF knockdown in

MDA-MB-436 cells. (E) RT-gPCR validation of BRPF knockdown in MDA-MB-436 cells. p value

computed using Benjamini-Hochberg t test; *** p<0.001. F) Dose-dependent response of BAY-876

in BRPF knockdown cell lines. G) Immunoblot analysis of H3K14 acetylation in MDA-MB-436 cells

following BAY-876 and BRPF inhibitor treatment for 5 days. H) Immunoblot analysis of H3K14

acetylation in MDA-MB-436 knockdown lines. 1) Schematic illustration of a metabolic/epigenetic

circuit involving glucose transporter 1 and HBO1.

21


https://doi.org/10.1101/391870

bioRxiv preprint doi: https://doi.org/10.1101/391870; this version posted August 14, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

1. Huang, B, Jiang, C. & Zhang, R. Epigenetics: the language of the cell? Epigenomics 6,
73-88 (2014).

2. Kanwal, R., Gupta, K. & Gupta, S. Cancer epigenetics: an introduction. Methods Mol Biol
1238, 3-25 (2015).

3. Eskeland, R, Freyer, E., Leeb, M., Wutz, A. & Bickmore, W.A. Histone acetylation and the
maintenance of chromatin compaction by Polycomb repressive complexes. Cold Spring
Harb Symp Quant Biol 75, 71-8 (2010).

4. Dawson, M.A. & Kouzarides, T. Cancer epigenetics: from mechanism to therapy. Cell 150,
12-27 (2012).

5. Pfister, S.X. & Ashworth, A. Marked for death: targeting epigenetic changes in cancer.
Nat Rev Drug Discov 16, 241-263 (2017).

6. Filippakopoulos, P. et al. Histone recognition and large-scale structural analysis of the

human bromodomain family. Cell 149, 214-31 (2012).

7. Filippakopoulos, P. & Knapp, S. The bromodomain interaction module. FEBS Lett 586,
2692-704 (2012).

8. Filippakopoulos, P. et al. Selective inhibition of BET bromodomains. Nature 468,
1067-73 (2010).

9. Nicodeme, E. et al. Suppression of inflammation by a synthetic histone mimic. Nature
468, 1119-23 (2010).

10.  Filippakopoulos, P. & Knapp, S. Targeting bromodomains: epigenetic readers of lysine
acetylation. Nat Rev Drug Discov 13, 337-56 (2014).

11.  Huston, A, Arrowsmith, C.H., Knapp, S. & Schapira, M. Probing the epigenome. Nat
Chem Biol 11, 542-5 (2015).

12.  Cheng, Z. et al. Inhibition of BET bromodomain targets genetically diverse glioblastoma.
Clin Cancer Res 19, 1748-59 (2013).

13.  Fong, CY. et al. BET inhibitor resistance emerges from leukaemia stem cells. Nature
525, 538-42 (2015).

14. Matzuk, M.M. et al. Small-molecule inhibition of BRDT for male contraception. Cell 150,
673-84 (2012).

15. Loven, ]. et al. Selective inhibition of tumor oncogenes by disruption of
super-enhancers. Cell 153, 320-34 (2013).

16.  Shuy, S. et al. Response and resistance to BET bromodomain inhibitors in triple-negative
breast cancer. Nature 529, 413-417 (2016).

17. Zhang, W. et al. Bromodomain-containing protein 4 (BRD4) regulates RNA polymerase
Il serine 2 phosphorylation in human CD4+ T cells. J Biol Chem 287, 43137-55 (2012).

18.  Zuber, J. et al. RNAi screen identifies Brd4 as a therapeutic target in acute myeloid
leukaemia. Nature 478, 524-8 (2011).

19.  Arrowsmith, C.H. et al. The promise and peril of chemical probes. Nat Chem Biol 11,
536-41 (2015).

20.  Bunnage, M.E,, Chekler, E.L. & Jones, L.H. Target validation using chemical probes. Nat
Chem Biol 9,195-9 (2013).

21.  Frye, S.V. The art of the chemical probe. Nat Chem Biol 6, 159-161 (2010).

22.  Muller S. et al. Donated chemical probes for open science. Elife 7(2018).

22


https://doi.org/10.1101/391870

bioRxiv preprint doi: https://doi.org/10.1101/391870; this version posted August 14, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

23.  Vidler, L.R,, Brown, N, Knapp, S. & Hoelder;, S. Druggability analysis and structural
classification of bromodomain acetyl-lysine binding sites. ] Med Chem 55, 7346-59
(2012).

24.  Hewings, D.S. et al. Progress in the development and application of small molecule
inhibitors of bromodomain-acetyl-lysine interactions. | Med Chem 55, 9393-413
(2012).

25. Chen, P. et al. Discovery and Characterization of GSK2801, a Selective Chemical Probe
for the Bromodomains BAZ2A and BAZ2B. | Med Chem 59, 1410-24 (2016).

26. Clark, P.G. et al. LP99: Discovery and Synthesis of the First Selective BRD7/9
Bromodomain Inhibitor. Angew Chem Int Ed Engl 54, 6217-21 (2015).

27.  Drouin, L. et al. Structure enabled design of BAZ2-ICR, a chemical probe targeting the
bromodomains of BAZ2A and BAZ2B. ] Med Chem 58, 2553-9 (2015).

28. Fish, P.V. et al. Identification of a chemical probe for bromo and extra C-terminal
bromodomain inhibition through optimization of a fragment-derived hit. | Med Chem
55,9831-7 (2012).

29.  Hay, D.A. et al. Discovery and optimization of small-molecule ligands for the CBP/p300
bromodomains. ] Am Chem Soc 136, 9308-19 (2014).

30. Popp, TA. et al. Development of Selective CBP/P300 Benzoxazepine Bromodomain
Inhibitors. ] Med Chem 59, 8889-8912 (2016).

31. Vazquez, R. et al. The bromodomain inhibitor OTX015 (MK-8628) exerts anti-tumor
activity in triple-negative breast cancer models as single agent and in combination with
everolimus. Oncotarget 8, 7598-7613 (2017).

32.  Picaud, S. et al. Promiscuous targeting of bromodomains by bromosporine identifies
BET proteins as master regulators of primary transcription response in leukemia. Sci
Adv 2,e1600760 (2016).

33.  Fedoroy, O. et al. Selective targeting of the BRG/PB1 bromodomains impairs embryonic
and trophoblast stem cell maintenance. Sci Adv 1, e1500723 (2015).

34.  Picaud, S. et al. Generation of a Selective Small Molecule Inhibitor of the CBP/p300
Bromodomain for Leukemia Therapy. Cancer Res 75, 5106-5119 (2015).

35. Jacoby, E. et al. Extending kinome coverage by analysis of kinase inhibitor broad
profiling data. Drug Discov Today 20, 652-8 (2015).

36. Moustakim, M. et al. Discovery of a PCAF Bromodomain Chemical Probe. Angew Chem
Int Ed Engl 56,827-831 (2017).

37. Humphreys, P.G. et al. Discovery of a Potent, Cell Penetrant, and Selective
p300/CBP-Associated Factor (PCAF)/General Control Nonderepressible 5 (GCNS5)
Bromodomain Chemical Probe. | Med Chem 60, 695-709 (2017).

38. Fedorov, 0. et al [1,24]triazolo[4,3-a]phthalazines: inhibitors of diverse
bromodomains. | Med Chem 57, 462-76 (2014).

39. Crawford, T.D. et al. GNE-886: A Potent and Selective Inhibitor of the Cat Eye Syndrome
Chromosome Region Candidate 2 Bromodomain (CECR2). ACS Med Chem Lett 8,
737-741 (2017).

40. Jung, M., Gelato, K.A.,, Fernandez-Montalvan, A., Siegel, S. & Haendler, B. Targeting BET
bromodomains for cancer treatment. Epigenomics 7,487-501 (2015).

41.  Amorim, S. et al. Bromodomain inhibitor OTX015 in patients with lymphoma or
multiple myeloma: a dose-escalation, open-label, pharmacokinetic, phase 1 study.

23


https://doi.org/10.1101/391870

bioRxiv preprint doi: https://doi.org/10.1101/391870; this version posted August 14, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Lancet Haematol 3, €196-204 (2016).

42. Mirguet, O. et al. From ApoA1l upregulation to BET family bromodomain inhibition:
discovery of I-BET151. Bioorg Med Chem Lett 22, 2963-7 (2012).

43. Seal, J. et al. Identification of a novel series of BET family bromodomain inhibitors:
binding mode and profile of I-BET151 (GSK1210151A). Bioorg Med Chem Lett 22,
2968-72 (2012).

44,  Picaud, S. et al. PFI-1, a highly selective protein interaction inhibitor, targeting BET
Bromodomains. Cancer Res 73, 3336-46 (2013).

45. Gosmini, R. et al. The discovery of I-BET726 (GSK1324726A), a potent
tetrahydroquinoline ApoA1l up-regulator and selective BET bromodomain inhibitor. J
Med Chem 57,8111-31 (2014).

46. Conery, AR. et al. Bromodomain inhibition of the transcriptional coactivators
CBP/EP300 as a therapeutic strategy to target the IRF4 network in multiple myeloma.
Elife 5(2016).

47, Romero, FA. et al. GNE-781, A Highly Advanced Potent and Selective Bromodomain
Inhibitor of Cyclic Adenosine Monophosphate Response Element Binding Protein,
Binding Protein (CBP). ] Med Chem 60, 9162-9183 (2017).

48.  Martin, L.]. et al. Structure-Based Design of an in Vivo Active Selective BRD9 Inhibitor. /
Med Chem 59, 4462-75 (2016).

49, Theodoulou, N.H. et al. Discovery of I-BRD9, a Selective Cell Active Chemical Probe for
Bromodomain Containing Protein 9 Inhibition. ] Med Chem 59, 1425-39 (2016).

50. Bamborough, P. et al. A Chemical Probe for the ATAD2 Bromodomain. Angew Chem Int
Ed Engl 55, 11382-6 (2016).

51. Fernandez-Montalvan, A.E. et al. Isoform-Selective ATAD2 Chemical Probe with Novel
Chemical Structure and Unusual Mode of Action. ACS Chem Biol 12, 2730-2736 (2017).

52.  Meier, ].C. et al. Selective Targeting of Bromodomains of the Bromodomain-PHD Fingers
Family Impairs Osteoclast Differentiation. ACS Chem Biol 12, 2619-2630 (2017).

53. Bamborough, P. et al. GSK6853, a Chemical Probe for Inhibition of the BRPF1
Bromodomain. ACS Med Chem Lett 7, 552-7 (2016).

54, Bouche, L. et al. Benzoisoquinolinediones as Potent and Selective Inhibitors of BRPF2
and TAF1/TAF1L Bromodomains. ] Med Chem 60, 4002-4022 (2017).

55.  Bennett, ]. et al. Discovery of a Chemical Tool Inhibitor Targeting the Bromodomains of
TRIM24 and BRPFE. ] Med Chem 59, 1642-7 (2016).

56. Fedorov, 0. Niesen, FH. & Knapp, S. Kinase inhibitor selectivity profiling using
differential scanning fluorimetry. Methods Mol Biol 795, 109-18 (2012).

57. Gerstenberger, B.S. et al. Identification of a Chemical Probe for Family VIII
Bromodomains through Optimization of a Fragment Hit. ] Med Chem 59, 4800-11
(2016).

58. Aldeghi, M., Bodkin, M.]., Knapp, S. & Biggin, P.C. Statistical Analysis on the Performance
of Molecular Mechanics Poisson-Boltzmann Surface Area versus Absolute Binding Free
Energy Calculations: Bromodomains as a Case Study. ] Chem Inf Model 57, 2203-2221
(2017).

59.  Aldeghi, M. et al. Large-scale analysis of water stability in bromodomain binding
pockets with grand canonical Monte Carlo. Commun Chem 1(2018).

60. Lee, J.E. et al. Brd4 binds to active enhancers to control cell identity gene induction in

24


https://doi.org/10.1101/391870

bioRxiv preprint doi: https://doi.org/10.1101/391870; this version posted August 14, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

adipogenesis and myogenesis. Nat Commun 8, 2217 (2017).

61. Roberts, T.C. et al. BRD3 and BRD4 BET Bromodomain Proteins Differentially Regulate
Skeletal Myogenesis. Sci Rep 7, 6153 (2017).

62.  Hasty, P. et al. Muscle deficiency and neonatal death in mice with a targeted mutation in
the myogenin gene. Nature 364, 501-6 (1993).

63. Nabeshima, Y. et al. Myogenin gene disruption results in perinatal lethality because of
severe muscle defect. Nature 364, 532-5 (1993).

64. Liu, Q.C. et al. Comparative expression profiling identifies differential roles for
Myogenin and p38alpha MAPK signaling in myogenesis. | Mol Cell Biol 4, 386-97
(2012).

65.  Singh, K. & Dilworth, E]. Differential modulation of cell cycle progression distinguishes
members of the myogenic regulatory factor family of transcription factors. FEBS ] 280,
3991-4003 (2013).

66.  Blows, EM. et al. Subtyping of breast cancer by immunohistochemistry to investigate a
relationship between subtype and short and long term survival: a collaborative
analysis of data for 10,159 cases from 12 studies. PLoS Med 7, 1000279 (2010).

67. Pal, S., Luchtenborg, M., Davies, E.A. & Jack, R.H. The treatment and survival of patients
with triple negative breast cancer in a London population. Springerplus 3, 553 (2014).

68.  Eralp, Y. etal. The Outcome of Patients with Triple Negative Breast Cancer: The Turkish
Oncology Group Experience. ] Breast Health 10, 209-215 (2014).

69. Budakoglu, B. et al. Outcome of 561 non-metastatic triple negative breast cancer
patients: multi-center experience from Turkey. ] BUON 19, 872-8 (2014).

70. Zhang, L., Hao, C.,, Dong, G. & Tong, Z. Analysis of Clinical Features and Outcome of 356
Triple-Negative Breast Cancer Patients in China. Breast Care (Basel) 7, 13-17 (2012).

71. da Motta, L.L. et al. The BET inhibitor JQ1 selectively impairs tumour response to
hypoxia and downregulates CA9 and angiogenesis in triple negative breast cancer.
Oncogene 36, 122-132 (2017).

72.  Lanning, N.J. et al. Metabolic profiling of triple-negative breast cancer cells reveals
metabolic vulnerabilities. Cancer Metab 5, 6 (2017).

73. Cao, M.D. et al. Metabolic characterization of triple negative breast cancer. BMC Cancer
14,941 (2014).

74.  Kim, S., Kim, D.H,, Jung, WH. & Koo, ].S. Metabolic phenotypes in triple-negative breast
cancer. Tumour Biol 34,1699-712 (2013).

75.  Jeon, HM,, Kim, D.H,, Jung, W.H. & Koo, ].S. Expression of cell metabolism-related genes
in different molecular subtypes of triple-negative breast cancer. Tumori 99, 555-64
(2013).

76.  Siebeneicher, H. et al. Identification and Optimization of the First Highly Selective
GLUT1 Inhibitor BAY-876. ChemMedChem 11, 2261-2271 (2016).

77. Lee, ].V. et al. Akt-dependent metabolic reprogramming regulates tumor cell histone
acetylation. Cell Metab 20, 306-319 (2014).

78.  Wellen, K.E. et al. ATP-citrate lyase links cellular metabolism to histone acetylation.
Science 324, 1076-80 (2009).

79. Li, X. & Kazgan, N. Mammalian sirtuins and energy metabolism. Int ] Biol Sci 7, 575-87
(2011).

80. Yan, K. et al. The Chromatin Regulator BRPF3 Preferentially Activates the HBO1

25


https://doi.org/10.1101/391870

bioRxiv preprint doi: https://doi.org/10.1101/391870; this version posted August 14, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Acetyltransferase but Is Dispensable for Mouse Development and Survival. | Biol Chem
291, 2647-63 (2016).

81. Lloyd, J.T. & Glass, K.C. Biological function and histone recognition of family IV
bromodomain-containing proteins. J Cell Physiol 233, 1877-1886 (2018).

82.  Mazur, PK. et al. Combined inhibition of BET family proteins and histone deacetylases
as a potential epigenetics-based therapy for pancreatic ductal adenocarcinoma. Nat
Med 21, 1163-71 (2015).

83.  Enssle, ].C. et al. Co-targeting of BET proteins and HDACs as a novel approach to trigger
apoptosis in rhabdomyosarcoma cells. Cancer Lett 428, 160-172 (2018).

84.  Bardini, M. et al. Anti-leukemic efficacy of BET inhibitor in a preclinical mouse model of
MLL-AF4+ infant ALL. Mol Cancer Ther (2018).

85. Bauer, K, Berger, D., Zielinski, C.C., Valent, P. & Grunt, TW. Hitting two oncogenic
machineries in cancer cells: cooperative effects of the multi-kinase inhibitor ponatinib
and the BET bromodomain blockers JQ1 or dBET1 on human carcinoma cells.
Oncotarget 9, 26491-26506 (2018).

86. Mao, FE et al. PIk1 Inhibition Enhances the Efficacy of BET Epigenetic Reader Blockade
in Castration-Resistant Prostate Cancer. Mol Cancer Ther 17, 1554-1565 (2018).

87.  Karakashey, S. et al. BET Bromodomain Inhibition Synergizes with PARP Inhibitor in
Epithelial Ovarian Cancer. Cell Rep 21, 3398-3405 (2017).

88. Ciceri, P et al. Dual kinase-bromodomain inhibitors for rationally designed
polypharmacology. Nat Chem Biol 10, 305-12 (2014).

89. Dittmann, A. et al. The commonly used PI3-kinase probe LY294002 is an inhibitor of
BET bromodomains. ACS Chem Biol 9,495-502 (2014).

90. Ember, SSW. et al. Acetyl-lysine binding site of bromodomain-containing protein 4
(BRD4) interacts with diverse kinase inhibitors. ACS Chem Biol 9, 1160-71 (2014).

91.  Chen, L. et al. BRD4 Structure-Activity Relationships of Dual PLK1 Kinase/BRD4
Bromodomain Inhibitor BI-2536. ACS Med Chem Lett 6, 764-9 (2015).

92.  Cox, 0.B. etal. A poised fragment library enables rapid synthetic expansion yielding the
first reported inhibitors of PHIP(2), an atypical bromodomain. Chem Sci 7, 2322-2330
(2016).

93. Li, Y, Zhao, D., Chen, Z. & Li, H. YEATS domain: Linking histone crotonylation to gene
regulation. Transcription 8, 9-14 (2017).

94.  Zhang, Q. et al. Structural Insights into Histone Crotonyl-Lysine Recognition by the AF9
YEATS Domain. Structure 24, 1606-12 (2016).

95.  Vangamudi, B. et al. The SMARCA2/4 ATPase Domain Surpasses the Bromodomain as a
Drug Target in SWI/SNF-Mutant Cancers: Insights from cDNA Rescue and PFI-3
Inhibitor Studies. Cancer Res 75, 3865-3878 (2015).

26


https://doi.org/10.1101/391870

bioRxiv preprint doi: https://doi.org/10.1101/391870; this version posted August 14, 2018. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 1
4 Family | N
0]
|
=
H
GSK4027
Probes:
L-Moses (PCAF,GCN5)
GSK4027 (PCAF,GCN5)
NVS-CECR2-1 (CECR2) | | ==
\ GNE-886 /|

(Family Il (BET) |
%0“{‘ \

Ccl
(+)-Ja1
Probes:

(+)Ja1
PFI-1

\ I-BET151 /
/_

Family V

Probes:
GSK2801 (BAZ2)
\ BAZ2-ICR (BAZ2)

HO
0

BAY-299 (TAF-BRPF2)

— //’ ==
L _cecRe

< L

—

%ge
52
\9#

— BRDBB(2)
"-\-\4——\—\_\_\:\:—\_\_
ﬁ::::;:;“—ﬁ:::-_ - BRDBB(Q)
S~ = EP3gy
: “Cre

Family VIII

0
=

¥ N

PFI-3

I-CBP112

{ Probes:
| | SGC-CBP30 (CBP/p300)
I-CBP112 (CBP/p300)

|\ GNE-781 (CBP/p300) /

Ve . N
f Family IV

!
/ |
/ 0

ot

PFI-4

Probes:
OF-1 (panBRPF)
NI-57 (panBRPF)
PFl-4 (BRPF1B)
GSK6853 (BRPF1B)
LP99 (BRDY/BRDT)
BI-9564 (BRD9/BRDT)
I-BRD9 (BRDY)
BAY-850 (ATAD2)

' GSK8814 (ATAD2/2B) /



https://doi.org/10.1101/391870

bioRxiv preprint doi: https://doi.org/10.1101/391870; this version posted August 14, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 2

CBP |

PFI-3 — N EBRPF3 o ey 1-cBP  —(Ei0n)
- SGC-CBP30

©

PHR...RRYQ STEL..

GSK2801
BAZ2-ICR

L-Moses

NVS-CECR2-14(8=e:7) (1%} — PCAF.""'

LP99
BI-0564 —{({z[1oL:]) (=i
-BRDY -
GSK8814

BRD © O O

Families

H2A

PFl-4
F— Gskess3

ATAD2A B
X BAY-850

BAY-299 H2B



https://doi.org/10.1101/391870

bioRxiv preprint doi: https://doi.org/10.1101/391870; this version posted August 14, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 3
A o ¢
S A ©
—nN__|, Bromosporine ?
L T (BSP)

N
o7y
5

BROMOs
v
N

K, <50 nM
100 > K, > 50 nM
500> K, > 100 nM
1000 > K, > 500 nM
e 10000 > K, > 1000 nM

AT, >6K

6K>AT >4K

© 4K>AT >2K
® 2K>AT_>0K

Salicylic Acid
-3

BROMOscan

K, Heatmap (nM)

[] =>10000
[] 1000 - 10000
[ 100- 1000
Bl 50-100

B <5

( * PHD+BRD )

ATm (K)

m
BRDS

BROMOscan
vs ATm

| CBP

11 TAFIL(2)

M
IS
o
o
Q@

o N w
o o o
o o o
o o o

BROMOscan (K,) (n

0 200 400 600 800 1000

BROMOscan (KD) (nM)

0
0

BROMOscan
vs ITC (KD)

1000 2000 3000 4000

ITC (K,) (M)


https://doi.org/10.1101/391870

bioRxiv preprint doi: https://doi.org/10.1101/391870; this version posted August 14, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 4
A IMHC JDAPI Y A: GSK2801 D:JQ1 “‘i"
-

B: BAZ2-ICR E:BSP
C:LP99

Control

BAZ2ICR

B

1 0 - I *kkk |

dedkde e |
x
3 084 |
c
k= Parp12
c
o 0.6-
© Clqtnf3
O
g 0.4 chmd
=
= | - Ranbp3l
o 02 | Mustn1
Spon2
0.0- | Hsd11b1
CTRL A B C D E
Bromodomain Inhibitors

CA: GSK2801 C:LP99 E: BSF)

B: BAZ2-ICR D:JQ1 | AUO18091



https://doi.org/10.1101/391870

bioRxiv preprint doi: https://doi.org/10.1101/391870; this version posted August 14, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 5
A it3  Oasl2 >
ol b ebpr i | JQ1
T e M2 - Histihic
Lé ® b
co-{ Iid4-—g Lo .
Uspi8s . o Gdc
a It I . : Sran
2 ©7 abp3 bl FamiTib
2 U1 s ¢, 9930011K11Rik
T < N Hist1hdi
| 13 e Fzd3
& : Dnm3
o
N B3galtt
o©- T T T T T
6 -4 -2 4 6

BSP
== Oasi2
a4 Gbp7?
coifit3b| | fbﬂ
w Hist1h1c
LA .
"‘é ©-Uspis = me
o i1 e 9930012K11Rik
o Cxcl1D s Fami71b
~ Phf11d ® o Hist1hdi
o Hifx
Y : Stmnd
o S M
Hif Abcail
©- T T T T T
6 4 2 4 6

__,, c

§§“§§§3ﬁ§§§

Enrichment Score

MITOTIC CELL CYCLE (GO)

Ll

FDR < 0.001
NES =-2.61

Looooooo
Nonkwh=o

L1

oLl

I NES =-1.91

1FDR <0005 ™

____________

1NES =-247

INTERFERON GAMMA (H)

1FDR <0.001

Ll

T

Gene Ontology (BP)

0
-log, ,(FDR-P-Value)

5 10 15


https://doi.org/10.1101/391870

bioRxiv preprint doi: https://doi.org/10.1101/391870; this version posted August 14, 2018. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 6
A

MB157

HCC70
BT549

MDA-MB-436
Hs578-T
HCC38
HCC1395
CAL-120
HCC3153

HCC1806

15000

10000

BAZ2-ICR

PFI-1
(+)-JQ1
(--JQ1

]

mRNA expression I
(RNA Seq RSEM)

I-BRD9

LP99

Bl-9564

PFl-4

OF-1

o

NI-57

1.5

SGC-CBP30

I-CBP112

1

L-Moses

D-Moses

PFI-3

Fold change

0.5

GSK6853

DMSO

0

Viability(%CTL ) NN [T T[]

0
F

50

IB:Ac-H3

IB: H3

IB: Ac-H4

Fold change

IB: H4

H

BAY-876

DMSQO BAY-876

+ +

15

1!

0.5

ol
Ac-H3/H3 Ac-H4/H4

100

*kk

+

BAZ2-ICR

PFI-1
(+)-JQ1
()-JQ1

i

I-BRD9

0 50 100

LP99

BI-9564

PF1-4
—>» OF-1
NI-57

SGC-CBP30

0 50 100

[-CBP112

L-Moses

D-Moses

PFI-3

GSK6853

DMSO

BT549 MDA-MB-436 HCC70

Viability

I ]
0 20 50 80100

Cell Viability % Cell Viability % Cell Viability %

0 50 100

BAY-876

BRDi

o
S
S
2

HlDMSO
BAY-876

o

~—

Glucose

P=2.8E-14 °

Fold change

0.5

TNBC HER2 ER DMSO BAY-876

Ac-CoA E ., NADY/NADH

1

2

1

Fold change

0

DMSO BAY-876 DMSO BAY-876

®

Il DMSO
BAY-876

MDA-MB-436 HCC70

100 150

Cell Viability %
50

BT549

BT549

HCC70

+

PFI-1 PFI-11-BRD9 I-BRD9 OF-1 OF-1

+ +


https://doi.org/10.1101/391870

bioRxiv preprint doi: https://doi.org/10.1101/391870; this version posted August 14, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 7

A B
Il 87549 IMMDA-MB-436 Bl HCC70
—+\ehicle o
+BAY-876|BT549 =
. =
5 o MDA—MB—4SGE
XG -#\ehicle O 0]
= =BAY-876 |HCC70 5
= O
© =
e 5 ] S
OF-1 Log,, (uM) [Glucose] (mM) 05 2 5 15 30 50
(2]
C MDA-MB-436 L TN ::E -
o o o [a
X o &
o _ % 3 o @ g
—_ [o]
& N fzzzzt
3 S & 3 @& & o
>3- IB: BRPF 1| s ——— O
= i)
S 0
> ol S IB: BRPF2| mw= o - &= o
DMSO OF-1 NI-57 PFI-4 IB: act &
D ACHN | —— — —— — o :
- WT : .
F _ Ze-SiRNA-BRPF1 siRNA: Luc BRPF3 BRPF2/3
RN EREES |
| -
— o |~-siRNA-BRPF2/3 GLUT1———BAY-876
.
X
2B
=
<
> 5 'Glycolysrs - X
2 1 0 17 | Glucose*—> — — [ TCACycle )
BAY-876 Log, (M) ' NAD* Nkph Citrate<”
(o LI LAl S 1
G @%o v:\;é\ Ql\ \,6\ Q\’b‘ TNADVNADH ACGt}%—COAl
| Q R O \X R I cytoplasm
IB: H3K14ac X lous |
: HAT| QF-1  ™*:
IB: HS-———l : N :
| : sirtuin :
- o o o : HBO1/BRPF2/3
H IR L L L ]
o o o o .
: 5 E § |
° <ZE' %' % <Z'c ; H3 H2A H3 H2A
T X I r :
S & & & ® : H4 H2B S e
IB: H3K14ac [a— | :
: ene Gene
|B: H3 F — — — — | LS h



https://doi.org/10.1101/391870

