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Abstract

Cellular signaling is often propagated by multivalent interactions. Multivalency creates avidity,
allowing stable biophysical recognition. Multivalency is an attractive strategy for achieving potent
binding to protein targets, as the affinity of bivalent ligands is often greater than the sum of
monovalent affinities. The BET family of transcriptional coactivators features tandem
bromodomains, through which BET proteins naturally bind acetylated histones and transcription
factors. All reported BRD4 antagonists bind in a monovalent fashion. Here, we report the first
bivalent BET bromodomain inhibitor, MT1 that has unprecedented potency. Biophysical and
biochemical studies suggest MT1 is an intramolecular bivalent BRD4 binder that is over 100-fold
more potent in cellular assays compared to the corresponding monovalent antagonist, JQ1. MT1
significantly delayed leukemia progression in mice (Mus musculus) compared to JQ1. These data
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qualify a powerful chemical probe for BET bromodomains and extensible rationale for further
development of multidomain epigenetic reader protein inhibitors.

INTRODUCTION

Cell-cell interactions and signal transduction often depend on multivalent interactions
between receptors and their corresponding ligands. As is often the case in binding of
carbohydrates (glycoproteins, glycolipids, polysaccharides or proteoglycans) to lectins that
have several binding sites, individual weak interactions can be enhanced more than 1,000-
fold through multivalent interactions, a phenomenon known as the avidity effect.
Multivalent ligands that have either homo- or hetero-binding motifs show avidity by several
mechanisms, such as interactions with oligomeric receptors, oligomerization of monomeric
receptors, or increasing effective molarity of binding ligands3. Further, multivalent ligands
can exhibit a prolonged residence time*®°. These historical observations from the natural
world establish a strong rationale for multivalent ligand discovery*-8.

Molecular recognition of chromatin by transcriptional or epigenetic complexes is often
mediated by proteins with single or multiple “reader” domains, which bind histone proteins,
DNA, or transcription factors in specific post-translational modification states. In the context
of transcriptional activation, recruitment of histone acetyltransferases leads to N-acetylation
(Kac) of lysine residues on histone proteins and transcription factors. Local hyperacetylation
leads to subsequent recruitment of co-activator proteins with acetyl-lysine recognition
domains, or bromodomains. A bromodomain is an antiparallel bundle of alpha helices that
recognizes mono- or di-acetylated peptides via a hydrophobic pocket with an adjacent,
conserved asparagine residue®. The BET (bromodomain and extra-terminal domain) family
of human bromodomains are transcriptional co-activators involved in cell cycle progression,
transcriptional activation, and elongation1911, BET bromodomains (BRD2, BRD3, BRD4
and BRDT) are critical mediators of chromatin-dependent signal transduction from master
regulatory transcription factors to RNA Polymerase Il. BRD4, in particular, has emerged as
a therapeutic target in cancer, as a co-activator protein for the prevalent oncoprotein,
MYC1213, Fyrther, BRD4 facilitates transcriptional elongation via recruitment or activation
of the positive transcription elongation factor (P-TEFb) and displacement of negative
regulators (HEXIM1 and 7SK snRNA)14.15,

In 2010, our laboratory collaboratively reported the first direct-acting bromodomain
antagonist, JQ1 (Fig. 1a)16. JQ1 is a potent and BET-selective thieno-1,4-diazepine which
binds the critical asparagine via a methyl-triazolo moiety. JQ1 has proven a valuable
chemical probe for mechanistic and translational research, providing pharmacologic target
validation in predictive models of solid tumors and hematological malignancies. Already,
more than eight BRD4 antagonists have advanced to human clinical investigation as cancer
therapyl’. To date, all validated BRD4 antagonists are monovalent inhibitors that interact
with either bromodomain 1 (BD1) or bromodomain 2 (BD2) in a selective or non-selective
fashion. The significance of the tandem BET bromodomains is not mechanistically
resolved!8, Chromatin binding is principally influenced by BD119, but genetic and chemical
genetic studies identify a role for both domains in transcriptional activation2C,
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Motivated by the tandem bromodomain primary structure of BRD4, and guided by our
structural data explaining the mode of molecular recognition of BD1 and BD2 by JQ1, we
pursued bivalent inhibitors of BET bromodomains. Here, we present structure—function
principles, biochemical, and biological data supporting bivalent inhibition of BET
bromodomains as a facile approach to highly potent inhibitors of epigenetic reader proteins.
Through iterative optimization of attachment and linker chemistry, we identified a series of
BET inhibitors with unprecedented potency, among which is MT1. While these compounds
maintained the relative selectivity profile of JQ1 against a panel of bromodomains and off-
target receptors, they induced stronger growth arrest in leukemia cells associated with MYC
downregulation and HEXIM1 upregulation. Biophysical and crystallographic experiments
revealed that these compounds bind to bromodomains in a bivalent fashion. Half an
equivalent of MT1 induced dimerization of tandem BRD4 constructs when there was a point
mutation at either key conserved asparagine, but failed to dimerize a wild type construct,
suggesting an intramolecular bivalent binding mode. Remarkably, MT1 possessed not only
the desirable properties of a chemical probe, but also tolerable pharmacokinetic (PK)
profiles for animal studies. MT1 reduced tumor burden in two experimental mouse leukemia
models, and showed greater efficacy compared to JQ1.

Potent and selective bivalent BET bromodomain inhibitors

To design bivalent inhibitors of BRD4, we selected our prototype bromodomain antagonist
JQ1 (1) as a lead scaffold to leverage our knowledge both in chemistry and pharmacology
(Fig. 1a). Our prior high-resolution structure of JQ1 bound to BD1 and BD216, and internal
structure—activity relationship (SAR) guidance, supports chemical substitution of the #butyl
ester on the diazepine ring and substitution of the methyl moiety at C2 on the thiophene ring,
as both are positioned toward solvent (Supplementary Results, Supplementary Fig. 1a). As
the BD1 and BD2 bromodomains are separated by a 280 residue linker region
(Supplementary Fig. 1b), and as binding may be intramolecular or intermolecular, we
considered the chemical spacer between monomeric ligands as a variable for focused library
synthesis. As limited biochemical data are available on full-length BRD4, owing to
challenges in active protein preparation, we further considered the mode of linker attachment
to monomeric ligands in index library design. Three series of dimeric JQ1 molecules were
first prepared, defined by conjugation of a variably spaced polyethylene glycol (PEG) linker
to either the C6 or C2 positions, hereafter referred to as (6+6), (2+2), and (6+2) (Fig. 1a).

We first synthesized (6+6) and (2+2) homodimers with a minimal PEG spacer (Fig. 1b and
1c), and compared these compounds to control ligands in biochemical and cell-based assays
of direct BRD4 inhibition. For the synthesis of (2+2) homodimers, the methyl ester analog
of JQ1 (MS417, 2)2! was adopted as an alternative scaffold due to synthetic compatibility
(Fig. 1a). To assess competitive binding with JQ1 to the BET bromodomains, we adapted a
luminescence homogeneous, hanomaterial-based proximity assay (AlphaScreen™) for BD1
of BRD4 (hereafter referred to as BRD4(1)) as the primary screening method?2:23, In this
assay system, the active (S)-enantiomer of JQ1 exhibited an 1Csq of 21 nM (Supplementary
Fig. 2a and 2b). In contrast, the 1Cgq for the inactive (/)-enantiomer (3) was >5 pM. Growth
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effects of BRD4 inhibition were evaluated using BRD4—-rearranged carcinoma cells (NUT
midline carcinoma; NMC797) and acute myeloid leukemia (AML) cell lines (MV4;11). (S)-
JQ1 attenuates proliferation of each cell line with ICsg values of 69 and 72 nM, respectively.
MS417 showed similar levels of inhibition in both AlphaScreen™ and in cells (Fig. 1a).

The (6+6) homo-dimer, which has a PEG1 linker (hereafter referred to as (6S+6S)-PEGL1, 4),
did not show improved activity in either the biochemical or cellular assays (Fig. 1b).
Interestingly, the (2+2) homo-dimer, (2S+2S)-PEG1, 5) had a 20-fold increase in
biochemical potency (IC5¢ = 1.17 nM) (Fig. 1c). However, this effect was not properly
reflected in cellular activity, perhaps because of decreased permeability or metabolic liability
arising from two appending ester moieties. In order to overcome these challenges, we turned
our focus to (6+2) hetero-dimers with various PEG linker lengths. These molecules feature a
single C6 position ester (Fig. 2a). Notably, all of the (6+2) heterodimers we synthesized (6—
11) showed profound improvements in potency (single-digit to sub-nanomolar 1Csq values)
in biochemical assays (Supplementary Fig. 3a and 3b). Importantly, the increased
biochemical potency was maintained in cellular assays (ICsgs = 0.22-2.6 nM). To rule out
non-specific assay interference from the compounds (e.g., aggregation)24, we synthesized all
of the (6+2)-PEGL diastereomers (7 and 12-14, Fig. 2b—d). Only the homo-combination of
active (S)-enantiomers of JQ1 ((6S+2S)-PEG1) retained single-digit to sub-nanomolar
activity in both the biochemical and cellular assays, while the homodimer of inactive (R)-
JQ1 ((6R+2R)-PEG1) showed much weaker activity (ICsg = 5,956 nM by AlphaScreen™).
The hetero-combinations of (S)- and (A)-JQ1 ((6S+2R)-PEG1 and (6R+2S)-PEG1) retained
almost the same level of activity as JQ1 in biochemical assays (IC5p = 59 and 103 nM,
respectively), suggesting a capacity for linker conjugation at either the C2 or C6 positions.
Similar results were obtained for another BET family protein BRDT(1) (Fig. 2¢). We also
synthesized a single warhead analog with a PEG1 linker (2S-PEG1, 15, Supplementary Fig.
3c). This compound and JQ1 demonstrated a similar level of activity (ICsg = 115 nM by
AlphaScreen™). Together, these data support dramatic enhancement of BRD4 inhibition by
bivalent molecules in both biochemical and cellular assays.

To further profile bivalent inhibitors, we utilized fluorescent polarization (FP) and phage-
based, multiplexed bromodomain displacement assays (BROMOscan™, DiscoverX). All
analogs showed a similar tendency in the FP assay (Fig. 2c), with somewhat increased
sensitivity of the BROMOscan™ assay to JQ1 compared to AlphaScreen™
(BROMOscan™, Ky = 8.0 nM; AlphaScreen™, I1Csq = 20.9 nM for BRD4(1)). This
tendency was more pronounced for (6S+2S)-PEG1 (Supplementary Fig. 4). The compound
exhibited picomolar displacement of phage expressing BRD4(1), BRD4(2), a tandem
bromodomain construct (BRD4(1,2)), and full length protein (BRD4(full)). These dramatic
increases in activities were confirmed to be selective for the BET family using a panel of 40
phage-displayed bromodomains (Supplementary Table 1). The (6S+2S)-PEG1 compound
did not show significant binding to non-BET family bromodomains at higher concentrations
(Ky =2.5 uM for CBP, 5.0 uM for EP300, 9.9 uM for WDR9(2), >10 uM for others). The
relative selectivity of the JQ1 scaffold is reflected in this JQ1 dimer.

To validate bivalent BET inhibition using an orthogonal chemical scaffold, we adapted the
more recently reported isoxazole BET inhibitor, I-BET151 (16, Supplementary Fig. 2a)2°, to
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a homodimeric strategy. I-BET151 exhibits comparable performance to JQ1 in biochemical
and cellular assays (Supplementary Fig. 2b). Guided by the reported cocrystal structure of -
BET151 bound to BRD4(1) (PDB: 3ZYU), the isoxazole ring binds to the conserved
asparagine, while an amino moiety within the cyclic urea is faced toward a solvent exposed
region. We therefore synthesized hetero- and homo-dimeric combinations of I-BET151 and
JQ1 again using a series of PEG linkers (17-34, Supplementary Fig. 5). Though the increase
in potency was not as dramatic as for JQ1 dimers, we observed a 5-fold increase in
biochemical inhibition for some combinations (Fig. 2¢, Supplementary Fig. 5). Differences
in geometry or substitution off of the nitrogen atom of the cyclic urea may hinder binding or
ability to effectively dimerize. Although further optimization for the 1-BET151 scaffold is
surely required, this result suggests that the dual warhead strategy may be versatile and thus
applied to other molecular recognition modules.

Bivalent inhibitors simultaneously bind two bromodomains

To determine whether the observed increase in potency is mediated by bivalent interaction
with two discrete bromodomains, we employed size-exclusion chromatography (SEC) and
isothermal titration calorimetry (ITC). SEC showed that the active (6S+2S)-PEG1 molecule
completely shifted the BRD4(1) monomeric peak to a more slowly migrating dimeric peak
when added in a 1:2 ratio to the protein, whereas excess JQ1 and the inactive (6R+2R)-
PEG1 molecule failed to shift the monomer peak (Fig. 3a). Experimentally, overt signs of
protein aggregation were not observed. ITC experiments revealed that JQ1 and (6S+2S)-
PEG1 bound with a similar range of Ky values (40 and 17 nM, respectively) to isolated
BRDA4(1), as expected. However, the stoichiometry of binding was divergent. JQ1 bound to
BRDA4(1) in a 1:1 ratio, whereas (6S+2S)-PEG1 bound to BRD4(1) in a 1:2 ratio (Fig. 3b).
Together, these findings support the possibility of an avidity effect via dimerization of
individual BET bromodomains.

Bivalent inhibitors induce growth arrest in AML cells

We next assessed the cellular consequences of bivalent BET inhibitors in a series of cancer
cell assays, previously credentialed for BRD4-specific biology using JQ1. To assess if cell
growth inhibition by (6S+2S)-PEG1 is mediated through downregulation of MYC
transcription as observed with JQ1 we measured expression levels of MYC and HEXIM1
after compound treatment by immunoblot. Within two hours of treatment with (6S+2S)-
PEG1 in MV4;11 cells, MYC was downregulated in a concentration-dependent manner at
concentrations as low as 10 nM (Fig. 3c). This effect was time-dependent and reversible
(Fig. 3d), with a maximum effect achieved at 2 hours. Consistent with an inhibitory effect on
transcriptional elongation, upregulation of the compensatory negative elongation factor
HEXIM1 was observed at later time points (4—-24 hours). Together, these data support on-
target BRD4 activity in cells?6:27. Recently, we and others reported highly potent
compounds capable of degrading BET bromodomain proteins, via chemical conjugation of
E3 ligase-recruiting moieties?8-30, To rule out enhanced potency via BET degradation, we
performed immunoblots following compound treatment. No effect on protein stability was
observed, suggesting that this effect is not likely due to oligomerization and subsequent
degradation of BRD4 in cells. (Fig. 3c and 3d) These findings support that the cell growth
inhibition by (6S+2S)-PEG1 was associated with specific BRD4 engagement.
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MT1: a bivalent chemical probe of BET bromodomains

Although JQ1 has acceptable PK properties for animal studies, the /n vivo plasma half-life
of the hetero-dimer (6S+2S) was extremely short, perhaps suggesting extensive metabolism
of the newly introduced linker section or the ester (Supplementary Fig. 6a and 6b)3L. We
therefore sought a biostable derivative to support use as a chemical probe /7 vivo. During
linker optimization, we learned that the homo-dimer (6S+6S) derivative with a long PEG7
linker (hereafter referred to as MT1, 35) has comparable activity (ICsg = 3.09 nM for
BRDA4(1)) to the hetero-dimer molecules explored earlier, but improved PK properties (Fig.
4a and Supplementary Fig. 7a). MT1 does not possess ester moieties, which are prone to
metabolism. We also note that the hetero-dimer (6S+2S) with a short “PEGO0” (ethylene
diamine) linker ((6S+2S)-PEGO) has comparable PK properties to MT1 (Supplementary Fig.
7b). The biochemical activity of MT1 translated well in cellular activities and the compound
was confirmed to be selective for the BET family (Fig. 4b and Supplementary Table 1). We
have also found MT1 to exhibit few off-target effects on cellular receptors and ion channels,
among more than 50 tested. As with the parent scaffold JQ1, only partial inhibition of
binding of a [Nleu-10]-NKA radioligand agonist for the neurokinin NK2 receptor was
observed (Supplementary Fig. 8)16. These data encouraged us to further profile the
molecule.

To assess whether MT1 dimerizes monomeric BET bromodomains, we adapted an
AlphaScreen™ assay to estimate ligand-induced proximity of two differentially tagged
BRDA4(1) constructs. Luminescence transfer was observed between GSH-donor beads and
nickel-acceptor beads when GST-BRD4(1) and His-BRD4(1) constructs were incubated
with MTL. Increase in signal over baseline levels was observed in the micromolar range,
similar to the previously described molecules above (Supplementary Fig. 9). The
luminescent signal deteriorated at higher concentrations, characteristic of the Hook effect
seen with multivalent inhibitors32,

To establish the binding mode of MT1, we attempted to solve cocrystal structures of the
ligand in complex with purified, recombinant BRD4(1) and BRD4(2). We successfully
obtained a cocrystal structure of BRD4(2) when excess MT1 was added (for data collection
and refinement statistics see Supplementary Table 2) (Fig. 4c, 4d, and Supplementary Fig.
10). A similarly high concentration of MT1 was not compatible with BRD4(1)
crystallization. The determined high-resolution structure clearly revealed one molecule of
MT1 simultaneously recognizing two bromodomains of BRD4(2) (Fig. 4c). MT1 binding
established a newly created hydrophobic pocket between the two bromodomain monomers
(Fig. 4d). Overall, the binding mode of each warhead is very close to that of JQ1 in
BRDA4(1) (Supplementary Fig. 10)16. Each triazole ring formed a hydrogen bond with the
evolutionarily conserved asparagine and exhibited great shape complementarity with the Kac
binding site, occupying the entire binding pocket. Again, these findings support a
bromodomain dimerization-based avidity effect for MT1 efficacy.

To address whether MT1 binds to BRD4 in an intramolecular or intermolecular fashion we
once again employed SEC, this time using tandem bromodomain constructs that are either
wild-type or have a point mutation at one of the key conserved asparagine residues in each
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bromodomain binding pocket (N140A in BRD4(1) and N433A in BRD4(2)), rendering them
unable to bind JQ1°. Complete dimerization was observed for the second bromodomain
mutant (BRD4(1,2N433A)) when half an equivalent of MT1 was added in contrast to the
absence of dimerization when the wild-type BRD4(1,2) protein was used. Likewise partial
dimerization was observed for the BRD4(1N140A 2) construct (Fig. 4e). These results
support a model whereby MT1 binds to tandem bromodomains in an intramolecular fashion
and that both BRD4(1) and BRDA4(2) are directly involved in this binding event.

To establish target engagement of MT1 in a cellular context we performed a cellular thermal
shift assay (CETSA)33. In the CETSA assay cells are treated with vehicle or drug, heated to
denature and precipitate proteins, and lysed. Cellular debris and aggregates are separated
from the soluble protein fraction by centrifugation. Whereas unbound proteins denature and
precipitate at elevated temperatures, ligand-bound proteins remain in solution. Stabilized
protein in the supernatant was measured by quantitative immunoblotting. Both JQ1 and MT1
stabilized BRD2, 3 and 4 in a concentration dependent manner although MT1 was able to
bind and stabilize BET proteins at lower concentrations (Fig. 5a and Supplementary Fig.
11). These results effectively demonstrate MT1 cellular target engagement of BET family
proteins.

Next, we assessed the effect of MT1 on cancer cell viability. Significant apoptosis was
observed by caspase-3 and PARP cleavage after treatment with MT1 (Fig. 5b). These
cellular events followed after HEXIM1 upregulation and MY C downregulation. Early and
late apoptosis were assessed with annexin-V and propidium iodide staining to compare
apoptosis induction between MT1 and JQ1 (Fig. 5¢ and Supplementary Fig. 12).
Importantly, MT1 induced a greater degree of apoptosis at 10-fold lower concentrations than

JOL

MT1 possesses all desirable qualities of a chemical probe34, such as high target potency in
homogeneous and cellular assays, a well-characterized profile of selectivity, and synthetic
accessibility (for synthetic schemes of MT1 see the Supplementary Note).

Antitumor efficacy of MT1 in leukemia xenograft models

To determine whether MT1 could attenuate the growth of BRD4-dependent leukemia as a
single agent /n vivo, we selected an aggressive disseminated leukemia model (mCherry*,
Luciferase®, MV4;11) and treated animals with established disease using equimolar (44.2
pumol/kg) and half an equivalent (22.1 pmol/kg) of MT1 compared to JQ1 for 14 days.
During the study, leukemic burden was monitored by non-invasive bioluminescence
imaging. Even half an equivalent of MT1 significantly reduced leukemic burden over the
course of the study compared to either vehicle or JQ1 (Fig. 6a). Post-mortem analysis of
leukemic burden in bone marrow by FACS also revealed significantly decreased mCherry™*
disease with MT1 administration at 22.1 pg/kg (Fig. 6b).

We performed a second study to assess the survival advantage endowed by MT1 over JQ1 or
vehicle using a similar xenograft model where mice were treated with equimolar
concentrations of JQ1 and MT1 for 12 days (44.2 pmol/kg). After a two-day drug holiday
we continued treatment for another 5 days. At this high dose of drug, two mice (of 11) in the
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MT1 group needed to be sacrificed due to emaciation from drug toxicity. Drug
administration was stopped after this point and survival of the remaining mice was
monitored. It is notable that those mice that had lost weight on MT1 recovered body weight
after drug was withdrawn (Supplementary Fig. 13). As previously, disease monitored by
bioluminescence was significantly reduced with MT1 treatment compared to JQ1 (Fig. 6¢
and 6d). Importantly MT1 significantly increased overall survival compared to vehicle or
JQ1 treated mice (Fig. 6e).

DISCUSSION

In this study, we tested a structural hypothesis regarding multivalent recognition of BET
family bromodomain proteins by bivalent organic ligands. Encouraged by the fact that both
intramolecular (e.g. PSD-95 PDZ domains) and intermolecular (e.g. CBFp-SMMHC)
bivalent inhibitions are successfully accomplished by linking two monomeric ligands via
PEG linkers*, we adopted PEG linkers to the monovalent BET antagonist JQ1 substituted
off two separate sites. Initial homodimeric derivatives failed to achieve increased
biochemical or cellular potency due to improper linker length, low permeability, or inability
to dimerize target protein. However, hetero-dimeric (6S+2S) derivatives showed greatly
improved activity both biochemically and in cells with little linker length dependence.
Inversion of either stereocenter reverted heterodimeric compounds to JQ1-like potency, and
the enantiomer (6R+2R) analog resulted in almost total loss of activity, suggesting a target
specific effect. A single warhead analog with a PEGL1 linker (2S-PEGL1) did not increase
activity, excluding the possibility that the newly introduced linker strongly interacts with the
protein. The efficacy of (6S+2S)-PEG1 extended to both BRD4(1) and BRD4(2) as well as
full length constructs. The combination between I-BET151 and JQ1 also increased potency,
although to a lesser extent, revealing feasibility of the dual warhead strategy.

Improved activity of dimeric compounds is likely due to their ability to dimerize
bromodomains as evidenced by SEC, ITC, and nanomaterial-based proximity assays. In
particular, SEC with bromodomain mutants supports binding of bivalent compounds avidly
via simultaneous intramolecular recognition of tandem bromodomains. Despite JQ1 and a
bivalent ligand having similar dissociation constants for a single bromodomain, bivalent
compounds had profoundly greater effects in cells (CETSA and cell proliferation), further
supporting the conclusion that there is a functional avidity effect in play in cellular contexts.
These bivalent inhibitors have pronounced efficacy and rapid kinetic downregulation of
MYC in cultivated human cancer cells, establishing a rationale for drug-like derivatives to be
advanced to human clinical investigation. Indeed, our best optimized bivalent inhibitor MT1
exhibits a 400-fold improvement in activity in AML compared to JQ1, and highly prolonged
exposure /n vivo. It is noteworthy that improvements of metabolic stability and PK
properties are accomplished by varying the linker length and the attachment points to create
a functional /n vivo probe, despite MT1’s rather large size in comparison to canonical small
molecule inhibitors (molecular weight 1134 Da). Significantly, although 44.2 umol
administration of JQ1 did not decrease leukemic burden in the mouse model, a half
equivalence of MT1 (22.1 pmol) profoundly reduced leukemic burden, supporting functional
avidity even in an /n vivo setting.
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A pressing need exists for the development of qualified probes of transcriptional and
epigenomic proteins. Among these compelling targets are epigenetic reader proteins, which
function through protein-protein interactions with post-translationally modified chromatin
and transcription factors. Inhibitors of individual protein-protein interactions are historically
difficult to realize, but epigenetic reader proteins commonly possess multivalent recognition
modules. Among the 46 bromodomain-containing proteins in the human proteome, some of
them outside the BET family (e.g. BRWD3, TAF1, and PB1) contain more than one
bromodomain32:36, Importantly, our work shows that only the potencies for the on-target
proteins of the parent monovalent scaffold were profoundly increased by bivalent inhibition,
while the activities for off-targets did not appreciably increase. It may be possible to apply
our strategy to promiscuous monovalent bromodomain inhibitors, such as bromosporine3” to
selectively improve the activities that are associated with only the muti-bromodomain-
containing proteins that it targets. We therefore anticipate the strategy taken herein for
bivalent BET inhibition to guide efforts in epigenetic drug discovery more broadly.

ONLINE METHODS

Cell culture

MV4;11 cells were purchased from ATCC (CRL-9591), and NMC 797 cells were a kind gift
from Dr. Christopher French (Brigham and Women’s Hospital), described previously38.
Cells matched their expected cell type morphology. Cells were cultured at 37°C with 5%
CO3, in either DMEM (NMC797) or RPM11640 (MV4;11) (both Gibco) supplemented with
10 % FBS (Sigma), 100 U/mL penicillin, 100 pg/mL streptomycin, and 2 mM glutamine
(Gibco). Cells tested negative for mycoplasma using the MycoAlert™ kit (Lonza). None of
the utilized cell lines are among those that are commonly misidentified as listed by ICLAC.

BRD4(1) and BRDT(1) AlphaScreen™

Assays were performed as previously described with the following modifications: final
concentrations of His-BRD4(1) or His-BRDT(1) (see protein expression section) were 20
nm39,

BRDA4(1) dimerization AlphaScreen™

Assays were performed as previously described with the following modifications: final
concentrations of His-BRD4(1) (see protein expression) and GST-BRD4(1) (see protein
expression) were 500 nM and were added in 5 pL to 384-well plates (AlphaPlate-384
ProxiPlate, PerkinElmer)3°. Following compound transfer, plates were allowed to incubate
for 30 minutes before addition of Ni-coated Acceptor and GSH-coated Donor Beads. Data
was analyzed using GraphPad PRISM.

BRDA4(1) fluorescence polarization assay

In 384-well black plates (Nunc), 250 nM His-BRD4(1) (see protein expression section) and
20 nM JQ1-FITC were diluted in 20 pL assay buffer (50 mM HEPES, 150 mM NacCl, 0.01%
w/v Tween20, pH 7.5) containing competitor compound or DMSO. Following 30 min
incubation at RT, fluorescence polarization (mP) was measured using Envision 2104
Multilabel Reader (FP FITC dual optical module; Excitation: 480 nm, Emission: 535 nm for
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both S- and P-channels). Normalized mP values were calculated by setting the average
background (no enzyme wells) to 0% the average DMSO wells to 100% activity. Standard
deviations were determined from four replicate measurements for each compound
concentration. Data were analyzed and plotted using GraphPad PRISM v6 and I1Csgq values
were determined using the ‘log(inhibitor) vs normalized response —variable slope’ analysis
module.

Analysis of cell viability by ATPLite

Cells were plated at 1000 cells/well in 50 pL/well of media in 384 well white culture plates
(Thermo). NMC797 cells were allowed to adhere overnight before adding 100 nL of
compound in DMSO from compound stock plates using a Janus Workstation pin tool
(PerkinElmer). After addition of compound, plates were incubated for 72 hours at 37°C. Cell
viability was read out using the ATPlite kit (PerkinElmer). Plates were brought to room
temperature prior to reagent addition. Lyophilized powder was resuspended in lysis buffer
and diluted 1:2 with DI water. 20 pL of this solution was added to each well and plates were
incubated for 15 min at room temperature before signal was read on an Envision 2104 plate
reader (Perkin Elmer).

Cellular Thermal Shift Assay (CETSA)

Compound or DMSO was incubated with 4x10% MV/411 cells for 1 hr at 37°C. Cells were
put on ice and washed with PBS and transferred to PCR tubes. Supernatant was aspirated to
leave ~5 pl in each tube and then cells were heat shocked in a thermocycler at 48.5°C for 3
min to denature proteins. Cells were then allowed to cool at RT for 3 min and then
resuspended in 35 pl lysis buffer (50 mM Tris-HCI pH 7.5, 5% glycerol, 100 mM NaCl, 1.5
mM MgCl, 0.2% NP-40 + halt protease inhibitor cocktail (Thermo)) and freeze-thawed 3
times with liquid nitrogen to lyse cells. Lysates were then spun at 20,000xg for 20 min to
clarify and pellet aggregated protein. Supernatant was boiled with LDS and split into three
samples for immunoblotting. Bands were quantified using Image Studio™ software and
plotted using GraphPad PRISM vé6 as triplicate means + SEM.

Xenograft experiments

MV4;11 human leukemia cells (mCherry+ and Luciferase+) were injected via tail-vein into
immunocompromised (NOD.Cg-PrkdcSei@ /[2rg"™IWiSz), NSG) 8 week old female mice
(2x10e6 cells/animal) purchased from The Jackson Laboratory (005557). Cells tested
negative for mycoplasma and rodent infectious agents at Charles River Laboratories (Mouse
Comprehensive Panel). Luminescence was utilized to monitor engraftment (evident 7 days
after injection), at which point mice were randomly assigned into four cohorts that received
MT1 at 44.2 umol/kg (n=8), MT1 at 22.1 umol/kg (n=9), JQ1 at 44.2 pmol/kg (n=8) or
vehicle (n =8) formulated in a 10% captisol, 10% DMSO solution in water. Mice that failed
to engraft were excluded from the study. Each group was dosed once daily for 14 days (day
7-21) and bioluminescence was monitored weekly at 7, 14 and 21 days post injection. At
day 21, mice were sacrificed, bone marrow was extracted from both femurs of each mouse
and leukemic burden was determined by measuring %mcherry* cells with an LSRFortessa
X-20 flow cytometer (Fig. 6b).
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A second experiment was performed as above using 12 week old female mice (NOD.Cg-
Prkdcse@ [2rgfmIWjljSz), NSG) with engraftment evident at 17 days after injection, at which
point mice were randomly assigned into three cohorts that received MT1 (n=11), JQ1 (n=11)
or vehicle (n=11) treatment once daily for 12 subsequent days. A drug holiday was given for
2 days (day 29-30), Treatment resumed for 5 more days (31-35) and then ended. Mice were
monitored and sacrificed when hind-limb paralysis was evident or body weight dropped by
15%. Both agents were dosed at equimolar concentrations of 44.2 pmol/kg (50 mg/kg and
20.2 mg/kg for MT1 and JQL1, respectively).

No statistical methods were used to predetermine sample size. The experiments were not
randomized, and the investigators were not blinded to allocation during experiments and
outcome assessment. Animal experiments were conducted following protocol 13-053
approved by the Dana-Farber Cancer Institute Animal Care and Use Committee and
adherent to DFCI institutional standards.

Flow cytometry

For analysis of apoptotic cells, cells were washed with Annexin V binding buffer (140 mM
NaCl, 10 mM HEPES, 2.5 mM CaCl,, pH 7.4) and then stained with 250 ng/mL FITC-
Annexin V and 500 ng/mL propidium iodide (Thermo, P1304MP) in Annexin V binding
buffer40, All centrifugation steps were performed at 400xg at 4°C for 5 minutes. Flow
cytometry analyses were performed on an LSRFortessa X-20 flow cytometer (BD
Biosciences) and all data analyzed with FlowJo software (v10, Tree Star).

Immunoblotting

Cells were lysed with RIPA buffer (Boston BioProducts) supplemented with halt protease
inhibitor cocktail (Thermo) and 0.1% benzonase (Novagen) on ice for 20 minutes. The
lysates were spun at 20,000xg for 15 minutes at 4°C. A BCA assay (Pierce) was used to
quantify protein concentration. The following antibodies were used in this study: BRD4
(Bethyl labs, A301-985A, 1:5000 dilution), BRD3 (abcam, ah56342, 1:1000), BRD2
(Bethyl labs, A302-582A, 1:1000), c-MYC (Santa Cruz, sc-764, 1:1000), actin (Santa Cruz,
sc-8432, 1:1000), HEXIML1 (Cell Signaling, 9064S, 1:1000), PARP (Cell Signaling, 9542S,
1:1000) and cleaved caspase 3 (Cell Signaling, 9579S, 1:1000). Blots were imaged after
incubating with fluorescence-labeled secondary antibodies anti-mouse-680 (LI-COR, 926—
68070, 1:7000) or anti-rabbit-800 (LI-COR, 926-32211, 1:7000) on the OdysseyCLxImager
(LI-COR).

Protein expression and purification

Human BRD4 covering residues 44-168 (His-BRD4(1)) or 333-460 (His-BRD4(2)) in the
pNIC28Bsa4 vector (Addgene) were overexpressed in E. coli BL21 (DE3) as previously
described?8. For His-BRD4(1) cell pellets were sonicated in buffer A (50mM HEPES pH
7.4, 400 nM NaCl, 1ImM BME, 10 mM imidazole) and for His-BRDA4(2) cell pellets were
sonicated in buffer B (50 mM HEPES pH 7.5, 300 mM NaCl, 10% glycerol, 10 mM
imidazole, 3 MM BME) and the resulting lysate was centrifuged at 30,000 xg for 30 min.
Ni-NTA beads (Qiagen) were mixed with lysate supernatant for 30 min and washed with
buffer A or B. Beads were transferred to an FPLC-compatible column and the bound protein
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was washed with 15% buffer C (50mM hepes pH 7.4, 400 nM NaCl, ImM BME, 500 mM
imidazole) or buffer D (50 mM HEPES pH 7.5, 300 mM NacCl, 10% glycerol, 300 mM
imidazole, and 3 mM BME) and eluted with 100% buffer C or D. His-BRD4(1) was
dialyzed against 20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM BME and frozen at -80°C
for use in AlphaSceen™ and FP assays. For crystallography studies of BRD4(2) TEV was
added to the eluted protein and incubated at 4°C overnight. The sample was then passed
through a desalting column (26/10 column) pre-equilibrated with buffer B without
imidazole, and the eluted protein was subjected to a second Ni-NTA step to remove the His-
tag and TEV site. The eluent was concentrated and passed through a Superdex 200 10/300
column (GE healthcare) in a buffer containing 20 mM HEPES 7.5, 150 mM NacCl, and 1
mM DTT. Fractions were pooled, concentrated to 14 mg/ml (BD1) or 48 mg/ml (BD2), and
frozen at —80°C. For tandem domain SEC assays a construct of human BRD4 covering
residues 1-463 (His-BRD4(1,2)) or similar constructs with N140A (His-BRD4(1N140A 2))
and N433A (His-BRD4(1,2N433A)) mutations in the pDEST17 vector (Invitrogen) was
overexpressed in E. coli BL21 (DE3) in LB medium in the presence of 50 mg/ml of
carbenicillin. Cells were grown at 37°C to an OD of 0.8, cooled to 17°C, induced with 200
UM isopropyl-1-thio-D-galactopyranoside (IPTG), incubated overnight at 17°C, collected by
centrifugation, and stored at —80°C. Cell pellets were resuspended in buffer E (50mM
HEPES pH 8.0, 300 mM NacCl, 10% glycerol) and then lysozyme was added to a
concentration of 0.33 mg/mL, and the pellet incubated at RT for 30 minutes and then
sonicated. The resulting lysate was centrifuged at 30,000 xg for 30 min. 4 mL of HIS-Select
HF nickel affinity beads (Sigma, H0537) were applied to a 14 x 1.5 cm Econo-Pac Column
(Bio-Rad, 9704652) and washed with buffer E + 20 mM imidazole. Lysate supernatant was
gravity filtered through the column at 4°C and washed with buffer A + 20 mM imidazole.
His-tagged proteins were eluted with 4mL of buffer A + 500 mM imidazole. Proteins were
further purified on a HiLoad 16/600 Superdex 200 (GE healthcare), and eluted with buffer E.
Fractions were pooled, concentrated to 2.4 mg/ml and frozen at —80°C.

For BRD4(1) dimerization AlphaSceen™ assays a construct of human BRD4 covering
residues 2-170 (GST-BRD4(1)) in a gateway compatible pgex-6p-1 vector (Amersham) was
overexpressed in E. coli BL21 (DE3) in LB medium in the presence of 50 mg/ml of
carbenicillin. Cells were grown at 37°C to an OD of 0.6, induced with 500 pM isopropyl-1-
thio-D-galactopyranoside (IPTG), incubated for 4 hr at 37°C, collected by centrifugation,
and stored at —80°C. Cell pellets were resuspended in buffer E (50mM HEPES pH 8.0, 300
mM NacCl, 10% glycerol) and then lysozyme was added to a concentration of 0.33 mg/mL,
and the pellet incubated at RT for 30 minutes and then sonicated. The resulting lysate was
centrifuged at 30,000 xg for 30 min. Supernatant was added to 2 mL of packed Glutathione
Sepharose® 4B (GE Healthcare, 17-0756-01) beads and incubated overnight at 4°C and then
purified in batch mode with buffer E + 16 mM glutathione. Batches were pooled and then
dialyzed against buffer E to get rid of contaminating glutathione and frozen at —-80°C at a
concentration of 3.23 mg/ml.

His-BRDT (1) was obtained as described previously®. An SDS page gel showing the purity
of each recombinant protein can be found in Supplementary Figure 14.
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Crystallization, data collection and structure determination

A half equivalence of MT1 (10 mM in DMSQ) was mixed with 500 uM protein and
crystallized by sitting-drop vapor diffusion at 20 °C in the following crystallization buffer: 2
M NH4S04 and 0.1 M BisTris pH 5.5. Crystals were transferred briefly into crystallization
buffer containing 25% glycerol prior to flash-freezing in liquid nitrogen. Diffraction data
from complex crystals were collected at beamline 241D-E of the NE-CAT at the Advanced
Photon Source (Argonne National Laboratory). Data sets were integrated and scaled using
XDS*L. Structures were solved by molecular replacement using the program Phaser and the
search model PDB entry 3MXF*2. The ligand was positioned and preliminarily refined using
Buster and Rhofit*3. Iterative manual model building and refinement using Phenix and Coot
led to a model with excellent statistics**4°. The solved structure has been submitted to the
PDB as 5JWM.

Size-Exclusion Chromatography

The oligomeric state of the BRD4(1) in solution was analyzed by gel filtration in a buffer
containing 20 mM Hepes pH 7.5, 150 mM NaCl using a Superdex 200 10/300GL column
(GE Healthcare) calibrated with globular proteins of known molecular weight (GE
Healthcare, 28-4038-41/42). Protein (50 uM) and ligands (6S+2S)-PEG1 (25 pM), (6R+2R)-
PEGL1 (100 uM), JQ1 (100 uM) or DMSO were mixed and incubated at 20°C for 20 min
before injection. Eluting peaks were monitored using ultraviolet absorbance at 280 nm.
BRD4(1,2) and domain mutants BRD4(1N140A 2) and BRD4(1,2N433A) corresponding to the
N140A and N433A mutants respectively were analyzed using the same method but 42 uyM
of protein was used with a half equivalence of MT1.

Isothermal Titration Calorimetry

Experiments were carried out on an Auto-1TC200 titration microcalorimeter (Malvern
Instruments). All experiments were carried out at 25 °C while stirring at 1000 rpm, in ITC
buffer (50 mM HEPES pH 7.4 at 25°C, 150 mM NacCl). The microsyringe was loaded with a
solution of the ligand sample. All titrations were conducted using an initial injection of 0.4
ul followed by 19 identical injections of 2.0 ul with a duration of 4 sec (per injection) and a
spacing of 120 sec between injections. The heat of dilution was determined by independent
titrations (ligand into buffer) and was subtracted from the experimental data. The collected
data were analyzed in the MicroCal™ Origin software supplied with the instrument to yield
enthalpies of binding (AH) and binding constants (KB) as previously described?6.
Thermodynamic parameters were calculated (AG = AH — TAS = -RTInKB, where AG, AH
and AS are the changes in free energy, enthalpy and entropy of binding respectively). In all
cases a single binding site model was employed.

Receptor Profiling Studies

Selectivity profiling (ExpresSProfile) was performed on MT1 at 1 uM against 55 ligand
receptors, ion channels, and transport proteins by CEREP (Eurofins) using manufacturer’s
protocols.
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Statistical Methods

No statistical methods were used to predetermine sample size. The experiments were not
randomized, and the investigators were not blinded to allocation during experiments and
outcome assessment. For all experiments, number of replicates (n), center values, error bars,
and p-value cutoffs are described in the respective figure legends. Error bars are shown for
all data points with replicates as a measure of variation within each data group. All t-tests
performed were Welch’s t-tests that allows for unequal variance and distributions assumed to
follow a Student’s t distribution. These assumptions are not contradicted by the data. All t-
tests were two-sided.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rational design of bivalent BET family bromodomain inhibitors
(a) Structure and activity of the prototype BET family bromodomain inhibitor JQ1 and its

close analog MS417. General chemical structure and design of dimeric JQ1-like molecules
are also shown. Linkage sites at the 6 position of the diazepine and the 2 position of the
thiophene are indicated. (b,c) BRD4(1) biochemical and MV4;11 cellular activity of the (b)
(6+6) homo-dimer and the (c) (2+2) homo-dimer. Biochemical and cellular data represent
the mean of at least 2 or 4 replicates, respectively + SD.
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Figure 2. Heterodimeric bivalent inhibitors and activity optimization
(a, b) The general chemical structure of heterodimeric bivalent inhibitors with changes in

both (a) linker length and (b) stereochemistry. (¢) Heat-map of dimeric compound activity
(pICsgps) in biochemical (BRD4(1) FP, BRD4(1) AlphaScreen, BRDT(1) AlphaScreen) and
cellular (MV4;11, NMC797) assays compared to the prototypical BRD4 inhibitor JQ1 or I-
BET151 (in black). All biochemical and cellular data represent the mean of at least 2 or 4
replicates respectively. (d) Biochemical and cellular activity of the different (6+2)-PEG1
diastereomers were measured by BRD4(1) AlphaScreen and ATPLite. Biochemical and
cellular data points represent the mean of at least 2 or 4 replicates, respectively = SD.
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Figure 3. Biochemical and biophysical properties of bivalent inhibitors
(a) (6S+2S)-PEG1, (6R+2R)-PEG1 or JQ1 were incubated with BRD4(1) and complex

formation was assayed by size exclusion chromatography. (b) Stoichiometry of (6S+2S)-
PEG1 or JQ1 binding to BRD4(1) as analyzed by Isothermal titration calorimetry. (c)
Immunoblot for BRD4, MYC, and actin after treatment of MV4;11 cells with (6S+2S)-
PEG1 or JQ1 at the indicated concentrations for 2 hours. (d) Immunoblot for BRD4, MYC,
HEXIM1, and actin after treatment of MV4;11 cells with (65+2S)-PEG1 at 10 nM at the
indicated time points. Full blots can be found in Supplementary Figure 15.
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Figure 4. MT1: an intramolecular bivalent chemical probe of BET bromodomains
(a) Chemical structure of MT1. (b) BRD4(1) biochemical and MV4;11 and NMC797

cellular activity of MT1. Biochemical and cellular data points represent the mean of at least
2 or 4 replicates respectively + SD. (c) Cocrystal structure of MT1 bound to two BRD4(2)
monomers (PDB: 5JWM).(d) Cocrystal structure illustrating the hydrophobic pocket where
MT1 binds between two bromodomain monomers. (e) Size-exclusion chromatography of
wild-type and mutant (N140A or N433A) tandem bromodomain constructs with MT1.
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Figure 5. Kinetic and anti-tumor advantage of dual-BET bromodomain inhibition
(a) Cellular thermal shift assay (CETSA) of MT1 and JQ1 in MV4;11 cells; technical

triplicates, mean = SEM. Blots can be found in Supplementary Figure 11. (b) Immunoblot
for BRD4, PARP-cleavage, cleaved caspase 3, MYC, HEXIM1 and actin from MV4;11 cells
treated with 100 nM of MT1 for the indicated times. Full blots can be found in
Supplementary Figure 15. (c) Percent early and late apoptotic and healthy MV4;11 cells
after treatment with either MT1, JQ1, or DMSO for 24 hours as analyzed by Annexin-V and
propidium iodide staining and flow cytometric analysis. Error bars represent the mean + SD
of three biological replicates.
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Figure 6. Efficacy of dual-BET bromodomain inhibition in vivo

(a) Luminal radiance (mean = SEM) of mice treated with either MT1 at 44.2 umol/kg (n=8),
22.1 pmol/kg (n=9), JQ1 at 44.2 umol/kg (n=8) or vehicle (n=8) from day 7 to day 21 after
initial leukemic cell injection of MV4;11 cells in a disseminated xenograft model. (b)
Percentage of mCherry+ leukemic cells (means + SEM) in flushed bone marrow from mice
in (a). (c) Images of luminal radiance of three representative cages before (day 11) and after
(day 45) treatment. MT1 (n = 11), JQ1 (n = 11), or vehicle (n = 11) was administered once
daily at 44.2 umol/kg from days 17-28 and days 31-35 after initial leukemia cell injection
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of MV4;11 cells in a disseminated xenograft model. (d) Luminescence (mean + SEM) of
MT1, JQ1 or vehicle treated mice from (c). (e) Kaplan—Meier survival summary plot for
MT1, JQ1 and vehicle-treated mice from (c). ns = not significant, *P = 0.01 to 0.05, **P =
0.001 to 0.01, ***P =0.0001 to 0.001, ****P <0.0001. (Kaplan-Meier: Mantel-Cox test. All
other comparisons: unpaired two-tailed Welch’s t test, no correction for multiple
comparisons).

Nat Chem Biol. Author manuscript; available in PMC 2017 April 24.



	Abstract
	INTRODUCTION
	RESULTS
	Potent and selective bivalent BET bromodomain inhibitors
	Bivalent inhibitors simultaneously bind two bromodomains
	Bivalent inhibitors induce growth arrest in AML cells
	MT1: a bivalent chemical probe of BET bromodomains
	Antitumor efficacy of MT1 in leukemia xenograft models

	DISCUSSION
	ONLINE METHODS
	Cell culture
	BRD4(1) and BRDT(1) AlphaScreen™
	BRD4(1) dimerization AlphaScreen™
	BRD4(1) fluorescence polarization assay
	Analysis of cell viability by ATPLite
	Cellular Thermal Shift Assay (CETSA)
	Xenograft experiments
	Flow cytometry
	Immunoblotting
	Protein expression and purification
	Crystallization, data collection and structure determination
	Size-Exclusion Chromatography
	Isothermal Titration Calorimetry
	Receptor Profiling Studies
	Statistical Methods

	References
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

