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Abstract

The success of new therapies hinges on our ability to understand their molecular and cellular
mechanisms of action. We modified BET bromodomain inhibitors, an epigenetic-based therapy, to
create functionally conserved compounds that are amenable to click chemistry and can be used as
molecular probes in vitro and in vivo. We used click proteomics and click sequencing to explore
the gene regulatory function of BRD4 (bromodomain containing protein 4) and the transcriptional
changes induced by BET inhibitors. In our studies of mouse models of acute leukemia, we used
high-resolution microscopy and flow cytometry to highlight the heterogeneity of drug activity
within tumor cells located in different tissue compartments. We also demonstrate the differential
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distribution and effects of BET inhibitors in normal and malignant cells in vivo. This study
provides a potential framework for the preclinical assessment of a wide range of drugs.

Investment and progress in medicinal chemistry has led to the promise of personalized
medicine with targeted therapies (1). Although these efforts have seen several novel
therapeutic classes emerge and show early promise in the research laboratory, very few of
these drugs ultimately make a sustained transition into the clinical arena (1). Underpinning
this failure in the clinical domain is a lack of knowledge of the molecular and cellular effects
of these therapies. When assessing a newly synthesized small molecule, it is desirable to
visualize the cellular localization of the compound (2—4); identify the protein targets that the
molecule engages within a cell; and, for drugs that target nuclear proteins, understand where
in the genome the drug is located. Similarly, when assessing cancer therapies in animal
models, it would be advantageous to assess differential effects of the drug in cancer cells and
normal cells within different organs involved in disease.

BET bromodomain inhibitors are drugs that target chromatin-associated proteins. Although
they have shown promise in both malignant and nonmalignant conditions (5), the
mechanisms that govern sensitivity or resistance to these drugs are poorly understood. We
sought to modify chemically distinct BET inhibitors so that they could be used as molecular
probes in a manner similar to the way in which antibodies are used in cell and molecular
biology research. We and others have previously used small molecules, including BET
inhibitors, as an affinity matrix for chemoproteomics (6, 7) and chemical sequencing (4, 8).
These approaches, which included coupling of the small molecule to a biotinylated
polyethylene glycol, can compromise cellular uptake and intracellular drug-target
interactions, thus limiting the ability to accurately delineate mechanisms of action (fig. S1).
To preserve the functional integrity of the small molecules, we repurposed the biologically
active BET inhibitors to contain distinct chemically reactive moieties amenable to
bioorthogonal chemical ligation by click chemistry. This approach allows fluorochromes
and/or affinity tags to react with the functionalized drugs in a cellular context (Fig. 1A).
Click reactions used in biological applications include the copper-catalyzed and the inverse
electron-demand Diels—Alder cycloadditions involving azide-alkyne and tetrazines-trans-
cyclooctenes partners, respectively (9-11). Thus, we synthesized derivatives of the BET
inhibitors JQ1 and IBET-762—namely, JQ1-propargyl amide (JQ1-PA), JQ1-trans-
cyclooctene (JQ1-TCO), and IBET-762-TCO, along with a biotinylated derivative of JQ1
(JQ1-BTN)—for comparison (Fig. 1A and materials and methods).

We compared the effects of the clickable compounds with those of the parental compounds
by assessing in vitro cell proliferation, apoptosis, and cell cycle progression (Fig. 1, B to D,
and fig. S1), as these are the major cellular phenotypes altered by BET inhibitors (7, 12). In
each of these assays, the clickable derivatives phenocopied their unmodified counterparts.
The clickable inhibitors also engaged their bromodomain targets and displaced the BET
proteins from chromatin, as assessed by chromatin immunoprecipitation (ChIP)—quantitative
polymerase chain reaction (QPCR) (Fig. 1E and fig. S1C). In addition, the gene expression
programs altered by the clickable inhibitors were virtually identical to those of the parental
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drugs (Fig. 1F and fig. S1, D and E), thus confirming that the moderate structural alterations
we introduced did not affect the functional integrity of the BET inhibitors.

We next explored the molecular activity of the clickable compounds by localizing their
chromatin occupancy (Fig. 2A). We used a method we termed “click sequencing” (click-
seq), which allowed us to identify specific drug—chromatin target interactions in different
cell lines (Fig. 2, B and C, and fig. S2). Although BRD4 occupancy and the influence of
BET inhibitors on gene regulation have been studied extensively, it is unclear why only a
subset of putative gene targets are down-regulated upon BET bromodomain inhibition. We
found that upon BET bromodomain inhibition, chromatin-bound BRD4 was more
substantially displaced from enhancer elements compared with the transcriptional start site
(TSS) of actively transcribed genes (fig. S3A). Chromatin occupancy of BRD4 around the
TSS did not differ between genes that are responsive and unresponsive to BET inhibitors
(fig. S3B). As BRD4 can be localized to cis-regulatory elements at chromatin via its tandem
bromodomains or in a bromodomain-independent manner via interaction with other
chromatin-associated proteins (13), this result prompted us to investigate whether local drug
concentration within the transcriptional unit would be a better indicator of BET inhibitor
response. Using click-seq, we found that genes that are immediately down-regulated upon
BET inhibition have a markedly higher chromatin occupancy of the drug across the
transcription unit (Fig. 2D and fig. S3, B and C). Thus, by directly assessing the levels of
drug localized across the transcriptional unit, we are able to identify the BET inhibitor—
responsive genes by means of a single click-seq experiment.

Together, these findings suggested distinct modes of binding of BRD4 at the BET inhibitor—
responsive and —unresponsive genes. It has previously been established that BRD4
associates with chromatin most avidly by binding acetylated (ac) lysines (K), primarily K5ac
and K8ac on the tail of histone H4 (14, 15). Consistent with this, we observed increased
levels of H4K5ac and H4K8ac spanning the TSS of the down-regulated genes (fig. S3D). To
explain the increased drug localization at the down-regulated genes, we hypothesized that
chromatin binding at these sites is principally mediated via the first bromodomain (BD1) of
BRD4 (16, 17), which would leave the second bromodomain (BD2) free to engage and
localize the drug in click-seq studies. In line with this premise, we found that a point
mutation that compromises the acetyl-lysine binding ability of BD1 [Tyr®”—Ala%" (Y97A)]
was sufficient to impair the functional activity of BRD4 in acute myeloid leukemia (AML)
cells. In contrast, functional impairment of BD2 (Y390A) was less deleterious (fig. S4). To
demonstrate that the clickable compounds primarily localize at chromatin by binding to
BD2, we used the BD2-selective drug RVX-208 (18). Although RVX-208 did not displace
BRD4 from chromatin or result in functional impairment, the compound’s preferential
occupancy of BD2 selectively impaired the ability of the clickable JQ1 to engage BRD4 at
chromatin (figs. S5 and S6). These findings demonstrate that at the BET inhibitor—
responsive genes, BRDA4 is bound to H4K5ac or H4K8ac by its first bromodomain, and these
sites can be identified with click-seq as the compound engages its second bromodomain.
Binding of BRD4 at the unresponsive genes is not only bromodomain independent but may
occur in a manner that precludes access of the drug to either BD1 or BD2. These data also
highlight the therapeutic potential of domain-specific inhibitors targeted to BD1 of BRDA4.
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Next we examined the modes of BRD4 binding at enhancer elements where BRD4 binding
is more broadly regulated by bromodomain inhibition (fig. S3A). A direct comparison of
JQ1 click-seq with BRD4 ChIP sequencing (ChlP-seq) data suggested that relative to BRD4
binding, some enhancers had greater drug occupancy than others (Fig. 2E and fig. S3E). In
contrast to the events at the TSS, BRD4 was equally displaced from chromatin at regions
with the highest and lowest drug occupancy, suggesting that at enhancers, BRD4 is localized
to chromatin primarily in a bromodomain-dependent manner (fig. S3F). Enhancers with high
drug occupancy contained high levels of acetylated histone H4 (fig. S3G) to which BD1 was
bound; BD2 was free to engage the clickable compound (fig. S6). In comparison, at regions
of low drug occupancy, the inaccessibility of the drug at these sites suggested that either
BD2 was also bound to an acetylated lysine residue or was sterically hindered as a result of
interactions with a chromatin-associated protein. To further investigate the mode of BRD4
binding at the enhancer elements with low drug occupancy, we performed transcription
factor binding site analyses, as BRD4 has recently been shown to associate with
transcription factors at chromatin (19, 20). These regions were enriched for binding sites of
transcription factors C/EBPa and C/EBP, which directly bind BRD4 (19) (fig. S3H). ChlIP-
seq analyses confirmed that C/EBPa and C/EBPp colocalized with BRD4 at chromatin and
were flanked by acetylated histones (Fig. 2E).

An often unresolved mechanistic issue concerning preclinical assessment of distinct
compounds used against the same protein targets is whether their selectivity for the target
and associated protein complexes varies, thus conferring differential efficacy. To address
this, we performed quantitative click proteomics with IBET-151 and JQ1 and showed that
these chemically distinct compounds associated with the same intracellular protein
complexes (Fig. 2F and fig. S7), thereby explaining the identical cellular and molecular
activity of these compounds and why resistance to one chemical class confers cross
resistance (21).

We next assessed the clickable BET inhibitors in cultured cells by immunofluorescence and
flow cytometry (fig. S8). Using different clickable BET inhibitors, we demonstrated
colocalization of the clickable drugs with their target BRD4 in the nuclei of both
hematopoietic and honhematopoietic cells (Fig. 3, A and B, and fig. S8D). We also used
flow cytometry to accurately quantify the intracellular amount of clickable surrogate drugs
(Fig. 3C) and showed that we could easily identify the population of cells exposed to the
highest amount of drug in mixing experiments (fig. S8E). Furthermore, we also noted that
intracellular levels of the drug were not influenced by cell cycle progression or proliferative
capacity (fig. S8C).

An assumption sometimes made in preclinical and clinical cancer studies is that drug
distribution and efficacy are equal across different tissues involved with the malignancy.
Using the same preclinical model in which the efficacy of the BET inhibitors in AML was
established (7, 12) (Fig. 4A), we found that these drugs displayed marked differences in
tumor cell activity that were dependent on tumor location (fig. S9). These results are
consistent with the previous observation that BET inhibitors rapidly clear AML cells
circulating in the peripheral blood or localized within the spleen but not those within the
bone marrow (7). These findings are potentially clinically important, as they reflect features
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of tumor cell clearance observed in some patients enrolled on the ongoing clinical trials with
BET inhibitors.

To evaluate whether drug access correlated with the observed tumor cell activity, we
assessed the intracellular concentration of BET inhibitors within AML cells localized in the
spleen compared with those resident in the bone marrow of animals dosed with a clickable
BET inhibitor. Using JQ1-TCO, which had a log Pvalue similar to that of JQ1 (fig. S9A),
we found that drug levels and, consequently, repression of BRD4 target genes were
significantly higher within the AML cells contained in the spleen of the animals (Fig. 4B
and fig. S9, C and E). To show that the clickable compounds accurately reflect the
pharmacokinetic properties of the parent drug, we harvested hematopoietic cells from the
spleen and bone marrow of mice dosed with JQ1 and analyzed these samples by quantitative
intracellular mass spectrometry. These data confirmed that drug concentrations are
significantly higher in the spleen compared with the bone marrow (fig. S9C). These findings
may help to explain why, when exposed to sustained subtherapeutic levels of BET inhibitors,
leukemia stem cells resident within the bone marrow become refractory to treatment (21).
They also raise the possibility that compounds with greater bone marrow penetration may
improve the efficacy of BET inhibitors.

To further highlight the power of chemically tagging functionally identical small molecules
and to address the important preclinical issue of therapeutic window, we next quantitated in
vivo the level of drug within normal and malignant hematopoietic cells within the same
tissue (Fig. 4C). We found that the relative levels of intracellular drug were greater in AML
cells compared with normal hematopoietic cells. Consistent with these data, we found that
repression of gene targets of BET inhibitors correlated with intracellular drug levels (fig.
S9E). These findings may help to explain why marked cytopenias were not observed in
healthy animals treated at drug concentrations that had shown significant therapeutic
efficacy (7).

Understanding drug distribution within the architecture of a tissue represents an important
asset in evaluating new therapies. We therefore developed the methodology to assess levels
of drug at a cellular resolution within any tissue compartment (Fig. 4D). With this
technology, one can evaluate drug distribution in various niches, compartments, and cells of
interest by costaining cells with the appropriate immunophenotypic markers.

The success of personalized medicine rests on characterizing the mechanisms of action of
targeted therapies. We have established an experimental framework that allows clickable
drug surrogates to be used as versatile molecular probes. These compounds can be used to
examine the benefits and limitations of newly synthesized drugs at the molecular level.
Moreover, these probes can be used in model organisms to critically evaluate efficacy,
toxicity, and resistance. Together, this knowledge may ultimately improve clinical outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Clickable compounds phenocopy the parental compounds.
(A) Molecular structures of BET inhibitors and clickable and biotinylated surrogates. (B)

Proliferation of MV4;11 cells after 72 hours of treatment, comparing JQ1 versus JQ1-PA.
Mean + SD (error bars) (/7= 3 xxXxxxxxxxxx). 1Csq, median inhibitory concentration. (C)
Apoptosis assessed by FACS (fluorescence-activated cell sorting) analysis after 72 hours of
incubation with dimethyl sulfoxide (DMSO), JQ1 (1 pM), or JQ1-PA (1 uM). PI, propidium
iodide. (D) Cell cycle profile of MV4;11 cells after 48 hours of treatment with DMSO, JQ1,
JQ1-PA, or JQ1-TCO (all compounds used at 500 nM). Mean * SD (error bars) (7= 3). (E)
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gPCR analysis of BRD4 ChIP from MV4;11 cells treated with JQ1 (1 uM) compared with
JQ1-PA (1 uM) or JQ1-TCO (1 uM), with primers against MYC. Mean + SD (error bars),
representative graph from three independent experiments. (F) RNA sequencing (RNA-seq)
performed in MV4;11 cells treated with JQ1 or JQ1-PA compared with DMSO control.
Correlation of log2 fold change of JQ1-PA with log2 fold change of JQ1 is shown.
Significantly up- and down-regulated genes are depicted in red and blue, respectively. LFC,
XHHXXXXXXXXXXXXXXKX.
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Fig. 2. Click chemistry revealsinsightsinto the binding of BRD4 to chromatin.
(A) Schematic illustration of click-seq and click-proteomics experiments with modified JQ1

and IBET molecules. (B) Heat map of BRD4 ChIP-seq and JQ1-PA click-seq sequencing
reads in the 5 kb around the TSS. JQ1 is included as a negative control. (C) Genome
browser view of the MYC enhancer, comparing BRD4 ChlIP-seq with click-seq using
IBET-762-TCO and JQ1-TCO molecules, with competition from unmodified IBET-151 and
JQ1. (D) Genes down-regulated or up-regulated after BET inhibitor treatment for 6 hours,
assessed for drug occupancy with JQ1-PA click-seq. RPM, reads per million. (E) Genome

Science. Author manuscript; available in PMC 2018 March 23.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Tyler et al.

Page 10

browser view of two genomic regions with low and high levels of JQ1-PA relative to BRD4
with C/EBPa and C/EBPB ChiIP-seq. (F) Quantitative mass spectrometry of proteins from
the lysate of K562 cells captured by click-probes (IBET-762-TCO and JQ1-TCO) in the
presence or absence of the respective competitor (IBET-151 and JQ1). Correlation of log2
fold change of abundance of protein captured in the presence of inhibitor relative to vehicle.
Circle size represents the quantity of protein from the mass spectrometer.
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Fig. 3. Clickable compounds can be visualized and quantified in vitro.

(A) Schematic illustration of the methodology for click fluorescence and flow cytometry. (B)
Confocal microscopy of HelL a cells treated with IBET-762-TCO or JQ1-TCO. Nuclei were
stained with 4”,6-diamidino-2-phenylindole (DAPI), drug was labeled with Cy5-tetrazine,
and BRD4 was stained with an anti-BRD4 antibody. Scale bars, 20 um. (C) MV4;11 cells
treated with JQ1 or increasing concentrations of JQ1-PA, followed by click labeling with
488-azide. Flow cytometry analysis is represented as a histogram.
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Fig. 4. Preclinical assessment of clickable compoundsin vivo.
(A) Schematic illustration of the methodology to detect the clickable small molecules in

vivo. (B) Flow cytometry analysis of Venus™ sorted cells from the bone marrow and spleen
of a mouse treated with JQ1-TCO for 3.5 hours. (C) Flow cytometry analysis of drug levels
within normal hematopoietic cells (Venus™) and leukemia cells (Venus™). (D) Confocal
microscopy of mouse femur tissue treated with 100 mg/kg of JQ1-TCO. Leukemia cells
(LC) are identified by Venus reporter. The high magnification of the merged image (at right)
reveals the ability to discern individual leukemia cells containing drug in situ. Scale bars,
187 um. All data demonstrated here are representative examples of experiments performed

in biological duplicate.
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