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Abstract

The Nucleosome Remodeling Factor (NURF) alters chromatin accessibility through interactions 

with its largest subunit the Bromodomain PHD Finger Transcription Factor, BPTF. BPTF is 

overexpressed in several cancers and is an emerging anticancer target. Targeting the BPTF 

bromodomain presents a potential strategy for inhibition and evaluation of its functional 

significance; however, inhibitor development for BPTF has lagged behind other bromodomains. 

Here we describe the development of pyridazinone-based BPTF inhibitors. The lead compound, 

BZ1 possesses high potency (Kd = 6.3 nM) and >350-fold selectivity over BET bromodomains. 

We identify an acidic triad in the binding pocket to guide future designs. We show that our 

inhibitors sensitize 4T1 breast cancer cells to doxorubicin, but not BPTF knockdown cells, 

suggesting specificity to BPTF. Given the high potency and good physicochemical properties 

of these inhibitors, we anticipate that they will be useful starting points for chemical tool 

development to explore the biological roles of BPTF.
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INTRODUCTION

Epigenetic processes involve heritable changes in gene expression without altering the 

underlying DNA sequence.1 Gene accessibility leading to these changes occurs through 

mechanisms such as DNA methylation, covalent modifications of histones, chromatin 

remodeling, and exchange of histones.2 In the case of chromatin remodeling, ATP-
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dependent processes are catalyzed by multidomain protein complexes which include SWI/

SNF, ISWI, CHD and INO80.3 Of these, SWI/SNF has been extensively studied and 

is implicated in ~20% of human cancers.4 The mammalian SWI/SNF complexes, BAF 

and PBAF, have emerged as attractive epigenetic therapeutic targets, for which chemical 

inhibitors and catalytically degrading molecules of complex members BRD7 and BRD9 

have been developed.5,6 In contrast, the ISWI family is less well-studied for its potential 

role as a therapeutic target. Nucleosome Remodeling Factor (NURF) is one member of the 

ISWI family, consisting of an ATPase domain SNF2L, a WD-repeat protein RbAP46/48, 

and a chromatin-binding protein, BPTF (Figure 1A).7 Chemical probe development for these 

complex members remains at an early stage.8

BPTF (Bromodomain PHD Finger Transcription Factor) is the largest subunit of NURF 

and is considered essential for its function.9 BPTF contains a bromodomain, two PHD 

fingers, a DNA-association domain, three nuclear receptor binding motifs, and a glutamine-

rich domain.10 Both the bromodomain and C-terminal PHD domain are structurally 

well-characterized and are responsible for binding to acetylated and methylated histones 

respectively.12 While BPTF is known to be essential in normal cellular processes such as 

embryonic development,13 T-cell homeostasis14 and differentiation of mammary epithelial 

cells,15 the oncogenic effects of BPTF have been recently well-documented. BPTF is 

overexpressed in melanoma, where it impacts MAPK signaling, and is regulated by the 

melanocyte-inducing transcription factor, MITF.16,17 High BPTF levels correlate with c-

Myc expression in various cancers, regulation of Myc signaling, and Myc protein-protein 

intractions.18,19 Additional oncogenic roles for BPTF have been found in breast cancer,15 

non-small-cell lung cancer,20 colorectal cancer,21 and high-grade gliomas.22,23

BPTF also confers chemoresistance to cancer cells; overexpression of BPTF promotes 

resistance to BRAF inhibitors in melanoma16 and knockdown of BPTF sensitizes 

hepatocellular carcinoma cells to chemotherapeutic drugs.24 The implication of BPTF in 

cancer and its key role as a NURF subunit makes it a potential new therapeutic target for 

small-molecule inhibitor development. One attractive targeting element is the bromodomain, 

which is computationally predicted to be highly druggable.25 However, the role of the 

bromodomain in many of these disease states needs to be established.

While inhibitor development for class II bromodomain and extraterminal domain (BET) 

family proteins (Figure 1B) have resulted in translation of numerous inhibitors into the 

clinic,26 non-BET class I bromodomains such as BPTF have received less attention.27 To 

address this need, we reported AU1 as the first small-molecule inhibitor of the BPTF 

bromodomain (Kd = 2.8 μM, Figure 1C).28 Importantly this molecule was selective 

over the BET protein BRD4, given the strong phenotype of BRD4 in regulating cell 

cycle, proliferation, and inflammatory pathways.29 AU1 has since been used in mouse 

mammary epithelial cells showing decreased proliferation, cell cycle arrest, and reduced 

c-Myc-DNA occupancy;15 however in other cell lines, off-target activity was identified.30 

Most recently, AU1 showed enhancement of anti-cancer activity when used in combination 

with the chemotherapeutic drug doxorubicin in vitro and in vivo in 4T1 breast cancer 

models.31 Mechanistic studies showed these processes to be autophagy-dependent and AU1 

effects on topo2-isomerase-DNA crosslinks and DNA damage recapitulated the effects 
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from BPTF knockdown experiments. However, the off-target kinase activity of AU1, its 

poor physicochemical properties, and low ligand efficiency, posed significant challenges to 

inhibitor development and highlighted the need for new and more potent BPTF inhibitors. 

Recently, several inhibitors were disclosed online by the structural genomics consortium; 

TP-238, a dual CECR2/BPTF chemical probe (12-fold higher affinity for CECR2 over 

BPTF)32 and NVS-BPTF-1, a potent BPTF inhibitor in vitro but with poor solubility and 

ADME properties (Figure 1C).33,34 Encouragingly, TP-238 administration to cells was 

shown to reduce BPTF chromatin binding, supporting the importance of bromodomain 

inhibition.32 However, detailed reports and their characterization have yet to be described in 

the primary literature. Given the emerging role of BPTF in cancer, there is a significant need 

for improved potent and selective inhibitors.

Here we describe the development of BPTF bromodomain inhibitor BZ1 with nanomolar 

affinity (Kd = 6.3 nM) and > 350-fold selectivity over BET bromodomains. This inhibitor 

and analogues are obtained via a facile synthesis route with no more than 2–3 synthetic 

steps. The high affinity, aqueous solubility, and physicochemical properties of these 

inhibitors enabled us to obtain several cocrystal structures with BPTF for rationalizing our 

structure-activity-relationship data and to identify an acidic triad as a targetable feature of 

the binding site for future inhibitor development. Finally, we use the 4T1 breast cancer cell 

chemotherapeutic synergy model previously validated for BPTF on-target engagement,31 to 

show that our scaffolds are both generally well-tolerated by cells, and enhance doxorubicin 

cytotoxic effects to wild type breast cancer cells but not identical cells with BPTF 

knockdown, demonstrating specificity in their biological activity. The improved biochemical 

properties and cellular activity of BZ1 makes it a lead scaffold to further efforts in selective 

BPTF inhibitor discovery for developing new BPTF-specific chemical tools. Future work 

will focus on engineering selectivity for BPTF over other class I bromodomains and the 

BRD7/9 off-targets of this scaffold.

RESULTS AND DISCUSSION

As a first step towards BPTF inhibitor development, we recently cross-validated 

several biophysical assays for BPTF ligand screening including a competitive inhibition 

AlphaScreen assay using an acetylated histone peptide and SPR binding experiments. 

We used several compounds reported in the literature or online, including TP-238 and 

GSK4027, a PCAF/GCN5L2 inhibitor35 with off-target affinity for BPTF (Kd = 1.7 μM, 

Figure 1C). Using these inhibitors and new fragment compounds from our lab, we reported 

a number of small-molecule cocrystal structures with the BPTF bromodomain.36 From 

these studies, we chose GSK4027 for further analysis to establish design rules for inhibitor 

development.

From our cocrystal structure of GSK4027 with BPTF bromodomain (Figure 2), the carbonyl 

group acted as the acetyl lysine histone mimic, forming a hydrogen bond with N3007, and 

the bromine atom pointed into the binding pocket. The pyridazinone core formed π-stacking 

interactions with the gatekeeper residue F3013 (not shown here, see Figure 3). The WPF 

shelf was engaged by hydrogen bonding to the P2951 backbone and W2950 by an edge-to-

face interaction with the pendant phenyl ring, as previously shown with PCAF/GCN5L2.35 
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In addition, we identified the acidic patch residues D2957 and D2960 as key targets for 

inhibitor design (Figure 2 inset). We also showed that TP-238 could engage these side chains 

supporting this approach.36 Among class I bromodomains, BPTF is the only member with 

two acidic groups at this site so we hypothesized that interactions with these side chains 

could improve both affinity and potentially selectivity for BPTF. We anticipated that these 

interactions would provide multiple sites to fine-tune the potency and selectivity of our 

inhibitors.

We first tested 4,5-dichloropyridazinone, as a parent fragment of GSK4027 representing the 

acetylated lysine pharmacophore for the BPTF bromodomain. We used protein-observed 

fluorine (PrOF) NMR as a sensitive biophysical assay to quantify weak interactions with 

BPTF, using a fluorine-labeled tryptophan at W2950.37 In this experiment, the protein 

resonance showed a significant dose-dependent shift and broadening below 100 μM of the 

compound (Figure S1). A dose-dependent chemical shift perturbation at low concentrations 

was consistent with significant affinity of this pharmacophore for BPTF. Encouraged by 

the apparent potency of the starting fragment and the relatively facile synthesis towards 

elaborated compounds (Scheme 1), we generated a library of pyridazinone-containing 

aliphatic amines similar to GSK4027 (Table 1) and tested them with BPTF using PrOF 

NMR and a competitive inhibition AlphaScreen assay (See SI for AlphaScreen binding 

isotherms).36

Aliphatic pyridazinone series.

The initial synthesis started with a nucleophilic aromatic substitution reaction with various 

aliphatic amines, generating the desired compounds 1–5 as the major isomers (Table 1). 

Our initial characterization of the affinity of 1-3 was recently reported.36 The IC50 values 

ranged from 7.7–31 μM. Although we were unable to significantly increase the affinity of 

these analogues, we were encouraged by their ligand efficiency (0.38–0.49), which were 

a significant improvement over AU1 (0.22) and in agreement with the benchmarked value 

of ~0.3 for suitable drug candidates.38 To gain structural insight, we acquired cocrystal 

structures of compounds 1-4 with BPTF (Figure S6 and S7). These structures supported 

the importance of the exocyclic amine in maintaining the hydrogen bonding interaction 

with the backbone carbonyl of P2951, similar to GSK4027. However, the ring size and 

position of the endocyclic amine group did not significantly impact the affinity of the 

compounds and accessibility to the acidic D2957 and D2960 side chains. Interestingly, these 

crystal structure revealed a water-mediated hydrogen bond with E2954, an interaction not 

previously explored in BPTF inhibitor design.

Aromatic amine substituted pyridazinones.

Based on our hypothesis that the N-H interaction with P2951 was critical for the affinity 

of our pyridazinone inhibitors, we proposed that the more acidic aniline N-H could be a 

stronger H-bond donor compared to aliphatic amines.39 Therefore, in our second series of 

inhibitors, we investigated aromatic amine-substituted pyridazinones (Table 2). The aniline-

substituted compound 6 (previously reported as a PCAF and BRD9 inhibitor with affinities 

of 10 μM and 2.5 μM respectivley35) demonstrated a 10-fold improvement in affinity and 

higher ligand efficiency (L.E.) compared to our previous aliphatic amine analogues.
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We compared the effects of electron-donating and -withdrawing substituents on the aromatic 

ring and found that the para-fluoro group (8) led to an improved affinity compared to 

a para-amino group (7). This observation was consistent with the importance of the 

hydrogen-bonding interaction with the P2951 backbone, which would be assisted by an 

electron-withdrawing group on the ring and the more acidic character of the conjugate acid 

of the anilinic NH. In agreement with this data, compound 9, containing a benzylic amine 

group attached to the pyridazinone core, was also a weaker binder of BPTF compared to 6 
and 7. Interestingly, an analogue of 9 was also recently identified as the starting fragment for 

BRD9 inhibitors, with pIC50 = 5.7 and 6-fold selectivity over PCAF.40

Aromatic pyridazinones: Effect of basic group substitution.

In a further round of SAR, based on our acidic patch hypothesis, we investigated different 

amine substitutions on the aromatic ring for engaging D2957 and D2960 (Table 3). 

Encouragingly, extending the NH2 group by just one methylene (from compound 7 to 10) 

resulted in a ~10-fold improvement in potency, with IC50 values of 0.29 μM and 0.31 μM, 

and ligand efficiencies of 0.50 and 0.44 respectively for compounds 10 and 11. We attributed 

this gain in affinity to a potential electrostatic interaction between the amine group and 

the aspartate side chains of BPTF. Such an interaction was also consistent with the loss in 

affinity observed when the amine was removed (14) or the positive charge neutralized via 

acetylation (17).

We further looked at the effect of the position of the amine group, expecting to see 

significant differences based on which orientation of the group was more favorable for 

engaging D2957 and D2960. Surprisingly, the regioisomers 12 and 13 displayed similar 

affinities, which were comparable to 10. In this series, 15, where the amine was no longer 

restricted in a ring, was a weaker binder compared to 13. While compound 16 showed a high 

affinity, it was obtained in the lowest synthetic yield and was also previously reported to 

have affinity for an off-target bromodomain, BRD9.35

We turned to X-ray crystallography to obtain structural information that could account 

for the similar affinities of our amine analogues 10-13 (Figures 3, S8 and S9). Similar 

to our aliphatic amines, all cocrystal structures displayed the canonical hydrogen bonding 

with N3007 and water-mediated hydrogen bonding with Y2964 and a key hydrogen bond 

with P2951. The phenyl groups were 3.8–5.0 Å from W2950, which could contribute to 

the higher potency of our aromatic series over the aliphatics, forming a CH-π interaction. 

The amine group on compound 10 was 2.9 Å away from D2960, which could explain 

the improved affinity over compounds 7, 14, and 17. While compound 12 retained these 

interactions, to our surprise, the different orientation of the basic group in compound 13 led 

to an interaction with E2954. Therefore, we attribute the improved affinities of our aromatic 

pyridazinone series compared to the aliphatics, to an additional aromatic interaction with the 

WPF shelf, strengthened H-bonding interactions with P2951, and differential engagement 

of side chains in a potential acidic triad (D2960, D2957 and E2954), depending upon the 

relative orientations of the amine moieties.
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Based on this structural analysis, we proposed that extending the amine group could lead to 

a further improvement in potency as D2957 was 5.1–6.8 Å away from the basic group on 

our compounds. In support of this, compound 18, with just an additional methylene, showed 

a 4-fold improvement in affinity over 10, with an AlphaScreen IC50 of 67 nM and ligand 

efficiency 0.51 (Table 4). The N,N-dimethyl analogue, 19, was slightly less potent, but may 

improve cellular permeability due to fewer hydrogen bond donors.41 To test the importance 

of the H-bond with P2951, we also isolated the 4-position regioisomer 20. Supporting this 

interaction, we measured a significantly reduced potency (IC50 = 10 μM). For future cellular 

studies, 20 can serve as an important negative control compound (140-fold weaker affinity 

than 18).

To validate our designs, we obtained a cocrystal structure of BPTF with 19, a close analogue 

of our lead inhibitor 18 (Figure 3E). In this case, the amino group was now within 5 Å 

of D2957 and D2960, supporting the enhanced affinity for engaging either acidic group 

via electrostatic interactions. An overlay of the apo structure with 19 indicated very little 

movement of acidic residues (Figure S10).

Selectivity Profile of compound 18 (BZ1) with bromodomain families.

We next conducted a preliminary assessment of the selectivity of compound 18, referred 

to as BZ1 here onwards, using our PrOF NMR assay (Figure 4B–D). The tryptophan 

residue in the WPF shelf of three class I bromodomains, BPTF, PCAF, CECR2 and one 

class II bromodomain, BRD4(1) were fluorine-labelled (Figure 4A) and the chemical shift 

perturbation on titrating in BZ1 was observed. For both BPTF and PCAF, a slow exchange 

regime stoichiometric titration was observed, with the bound and unbound resonances 

resolved at sub-stoichiometric concentrations of BZ1. CECR2 showed intermediate 

chemical exchange, indicating that BZ1 was a weaker binder for CECR2 compared to BPTF 

and PCAF in this assay. Importantly, BRD4(1) demonstrated fast-intermediate exchange, 

showing qualitatively that BZ1 was the weakest inhibitor for BET bromodomains under 

study here. We further used our AlphaScreen assay to quantify the affinity for BRD4(1) as 

a representative member of the BET family (Figure 4E). In this experiment, BZ1 was found 

to be 400-fold selective for BPTF over BRD4(1), consistent with the PrOF NMR results. 

Selectivity over the BET family is important for non-BET chemical probes because BET 

inhibition shows a strong cellular phenotype which can mask any BPTF-dependent effects. 

In both BPTF and PCAF, an acidic residue is present in the acidic dyad, whereas in CECR2 

and BRD4(1) the 3D equivalent is a tyrosine or leucine, respectively, and may account for 

some of the apparent selectivity differences (Figure 2 and 5C). Moreover, our PrOF NMR 

data also demonstrated that BZ1 with a clogP = 1.6 can be titrated at high micromolar 

concentrations at 1% DMSO and shows dose dependence, indicating good solubility. The 

solubilities of BZ1, 19, and 20 were further confirmed up to 100 μM at 0.1% DMSO using 

UV-Vis spectroscopy (Figure S11).

Based on the preliminary assessment of BPTF selectivity and affinity of BZ1 by PrOF 

NMR and AlphaScreen competition assays, we next characterized our ligand using a 

commercial BROMOscan assay. Using this assay, the Kd of BZ1 for BPTF was determined 

to be 6.3 nM (Figure 5B). Given the low concentration of ligand and protein used, 
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AlphaScreen can be used to estimate Ki values as was previously the case for characterizing 

BRD4-ligand interactions,42 however our assay for BPTF may slightly underestimate the 

affinity. Given the high affinity of BZ1, we measured its selectivity against a panel of 

32 representative bromodomains with a one-point measurement in the same assay format 

(Table S1). We screened at 140 nM, approximately twenty times above the Kd of BZ1 for 

BPTF (Figure 5A). Encouragingly, consistent with our PrOF NMR and AlphaScreen results, 

the BET family proteins, were weakly inhibited with the highest estimated affinity for 

BRD4(1) (71% inhibition). For Class I, bromodomains, BPTF and PCAF were significantly 

inhibited as expected (100% inhibition), with lower levels of inhibition for CECR2 and 

GCN5L2. Although, BRD7 and BRD9 lack acidic residues corresponding to the acidic triad 

(Figure 5C), they were also strongly inhibited (99%). Recently reported pyridazinone-based 

inhibitors also bind to these proteins40 and BRD9 was reported as the closest off-target for 

TP-238.32 These studies supported good on target-BPTF inhibition, and identified several 

off-targets bromodomains for a more quantitative selectivity analysis.

Given that these measurements were only estimates of affinity, we carried out a full titration 

for five additional bromodomains (Figures 5B and S12). In this case, we obtained a 

350-fold selectivity over BRD4(1). However, our selectivity over class I bromodomains, 

PCAF, CECR2, and GCN5L2 was reduced. Surprisingly, the affinity for BRD7 and 9 was 

stronger than expected (Kd = 0.76 and 0.47 nM respectively) and represents an important 

off-targets for future inhibitor designs. During the course of preparing this manuscript, 

a new BPTF inhibitor was reported with the highest affinity of 428 nM.43 However 

selectivity studies against BRD9 and class I bromodomains were not conducted in this 

study to allow comparisons. Currently the ability to potently inhibit both the SWI/SNF and 

NURF nucleosome remodeling complexes have yet to be explored and may provide a novel 

mechanism for therapeutic applications.

As an initial evaluation of two additional analogs to improve activity, we synthesized and 

tested 21 and 22. 21 is an analogue of BZ1 which replaces the chloro group with a bromine 

atom, analogous to GSK4027. 22 is an analog of 19 which extends the amino group by 

one additional methylene to further engage D2957. In the case of 21, there was a small but 

significant improvement in affinity by AlphaScreen relative to BZ1 and a 3-fold increase 

in potency of 22 relative to 19 (Table 4). We further measured their affinity and selectivity 

by BROMOscan (Figures S13, S14). While the Kd of 22 was weaker (Kd = 70 nM), both 

BRD9 affinity and PCAF affinity were weakened more significantly and now result in a 

modest selectivity over BRD9 and further selectivity over PCAF. These results support our 

design strategy for targeting the two acidic residues of BPTF to enhance the selectivity of 

our inhibitor series.

Exploring the SAR at the pyridazinone N-CH3.

As a second attempt to improve selectivity and/or affinity, in our final SAR series, we 

investigated the N-CH3 position on the pyridazinone core. Using the cocrystal structure 

reported for NVS-BPTF-1,33 we hypothesized that the cyclopropyl-substituted pyrazole ring 

may contribute to the affinity and selectivity for BPTF. In our scaffold, the analogous 

position would be the R’ substituent in Table 5. We observed that small alkyl groups and 

Zahid et al. Page 8

J Med Chem. Author manuscript; available in PMC 2022 September 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a propargyl group were tolerated at that position, albeit with no improvement in affinity. 

However, all the analogues retained their selectivity over BRD4(1).

We further characterized the affinity of 24 with BPTF and PCAF using BROMOscan, 

obtaining Kd values of 200 nM and 230 nM respectively (Figure S15). Although we 

were not able to improve selectivity over the closely-related bromodomain of PCAF, the 

alkyne group can serve as a useful click-chemistry handle for further modifications of the 

pyridazinone scaffold.

Enhancing toxicity of chemotherapeutics in a model breast cancer cell line.

With potent inhibitors in hand, we sought to conduct an initial assessment of cellular 

activity prior to further selectivity optimization. BPTF has been implicated in resistance 

to chemotherapeutics for treating hepatocellular carcinoma,24 and BRAF inhibitors for 

melanoma therapy.16 We recently identified BPTF suppression of Topoisomerase 2 poisons, 

including doxorubicin and etoposide, whose cytotoxic activity was enhanced with BPTF 

knockdown or bromodomain inhibition with AU1.31 While knockdown of BPTF in 4T1 

mouse breast cancer cells44 does not exhibit toxicity on its own,45 AU1 treatment exhibited 

toxicity at higher concentrations consistent with an off-target effect. We first tested several 

of our pyridazinones and found them to be well-tolerated by the 4T1 cells up to mid-

micromolar concentrations, with the exception of BZ1 which started to exhibit some toxicity 

at 8 μM (% survival = 56 and 89% in two separate experiments) (Figure 6A and S12). 
BZ1, 19 and a regioisomer control, 20,46 were further used for combination treatment 

with doxorubicin at concentrations lacking significant toxicity with inhibitor alone (Figure 

6A and B). Encouragingly, BZ1 and 19 sensitized 4T1 cells to doxorubicin, exhibiting 

sensitization similar to BPTF shRNA knockdown levels, while 20 did not. A separate dose 

dependence experiment showed BZ1 maintained strong biological effects down to 2.5 μM 

while 19 was 2–4-fold less effective (Figure S17). This result is consistent with the weaker 

affinity of 19 towards the BPTF bromodomain. It remains unclear if the lack of an effect at 

concentrations closer to the inhibitors’ biochemical potencies are due to a lack of cellular 

uptake, or if alternate mechanism are also important such as engagement of additional 

BPTF domains with chromatin. As a control for off-target effects no further toxicity was 

observed when BPTF knockdown cells were treated with BPTF pyridazinone inhibitors and 

doxorubicin at these concentrations despite the high BRD9 affinity (Figures 6C and D). 

Additional toxicity was observed for AU1 at the highest concentrations tested. Together, 

these results are consistent with an on-target BPTF bromodomain inhibition effect of a new 

inhibitor class.

Pyridazinones effect on BPTF target genes.

As a final evaluation of BPTF-dependent cellular effects, we tested the effects of 19 on 

several potential BPTF target genes. 19 was chosen due to its low level of toxicity in 

4T1 cells, and its regioisomer control 20. We also tested AU1 as a second control for 

BPTF inhibition. Given the lack of BPTF inhibitors, few-BPTF dependent genes have 

been validated for bromodomain inhibition and prior work has shown BPTF bromodomain 

inhibitors do not replicate all genes affected by BPTF depletion.34
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We previously showed BPTF inhibition was associated with alteration to lineage 

commitment and stem cell maintenance. Loss of BPTF expression in a mixed population 

of Krt5-expressing mammary stem cells induced differentiation, a process that was 

accompanied by changes to chromatin accessibility and altered gene expression activation.15 

We thus decided to investigate the effects of our BPTF inhibitors in mammary luminal 

cells. We used the murine Eph4 cell line, an immortalized, normal-like system previously 

shown to activate molecular process of luminal cell differentiation,47,48 and were responsive 

to AU1 treatment.15 Here, Eph4 cells were treated with AU1 (5 μM), 19 (5 μM), and its 

regioisomer control 20 (5 μM), followed by either apoptosis analysis or RNA extraction 

(Figure S18). The mRNA levels of the three genes were analyzed via RT-qPCR based on 

our prior analysis of BPTF knockout studies in mammary epithelial luminal cells which 

included two highly upregulated genes, Stratifin (Sfn), and Small proline rich protein 1A 

(Sprr1a). We also analyzed Myc levels given prior reports on BPTF regulation,22 although 

our prior knockout data did not show a statistically significant effect (Table S2).

We found that compound 19 treatment led to minimal toxicity against Eph4 cells (Figure 

S18) and induced a statistically significant increase in Sfn which was not significantly 

affected by 20 (Figure 7A). AU1 upregulated Sfn but did not reach a high enough level of 

statistical significance. Conversely, Sprr1a was not significantly affected by any treatment 

(Figure 7B). This result suggests potential differential effects between bromodomain 

inhibition and whole protein knockout. Myc levels were also unaffected relative to DMSO 

treatment (Figure 7C). Unaffected Myc levels are consistent with a lack of caspase activation 

by 19 (Figure S19). From this preliminary analysis, we show that compound 19 treatment 

can induce cellular effects in at least one gene associated with BPTF knockout studies, 

and warrants further investigation. A limitation of the analysis is the comparison to BPTF 

knockout cells from a mixed population, and a need for analysis with more selective 

bromodomain inhibitors which is the focus of future work.

CONCLUSIONS

We describe the development of new BPTF inhibitors based on a pyridazinone scaffold 

with our lead molecule BZ1 having a high affinity for BPTF (Kd = 6.3 nM) and >350-

fold selectivity over the BET family, making it the most potent inhibitor for the BPTF 

bromodomain in the published literature. We use the cocrystal structures of our analogues 

to establish a framework of structure-based design that can aid future efforts in rational 

development of chemical probes and to engineer selectivity over off-target bromodomains 

(Figure 8). Molecule 22 is one such example for reducing affinity towards BRD7/9. As not 

all bromodomain inhibitors exhibit cellular effects, here we use breast cancer cell lines to 

show that our inhibitors have on-target activity for BPTF and sensitize to the chemotherapy 

drug doxorubicin. Their activity is significantly improved relative to AU1, which is less 

effective with a sharp toxicity profile starting above 16 μM. The high potency, solubility 

and ligand efficiency (0.51) of BZ1 makes it a suitable lead for further medicinal chemistry 

optimization and the development of new chemical biology tools.
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EXPERIMENTAL SECTION

Materials and Methods.

All commercially available reagents were used without further purification. Flash column 

chromatography was performed on a Teledyne-Isco Rf-plus CombiFlash instrument with 

RediSep columns. NMR spectra were collected on a Bruker Avance III AX-400 or a 

Bruker Avance III HD-500 equipped with a Prodigy TCI cryoprobe. Chemical shifts (δ) 

were reported in parts per million (ppm) and referenced to residual solvent signals for 

Chloroform-d (1H 7.26 ppm), Dimethyl Sulfoxide-d6 (1H 2.50 ppm, 13C 39.5 ppm) and 

Methanol-d4 (1H 3.31 ppm, 13C 49.0 ppm). Coupling constants (J) are in Hz. Splitting 

patterns were reported as s (singlet), d (doublet), t (triplet), q (quartet) and m (multiplet). 

High resolution ESI-MS spectra were recorded on a Thermo Fischer Orbitrap Velos 

equipped with an autosampler. Where stated, compounds were purified by reverse-phase 

high-performance liquid chromatography (RP-HPLC) on a C-18 column using 0.1% TFA 

water and CH3CN as solvents and TFA salts were quantified using the procedure described 

by Carlson et. al.49

Purity Analysis—All compounds tested in cells were ≥95% pure by RP-HPLC. 

Compounds 18–20 were run on a RP-HPLC with a C-18 column over a gradient of 0–10% 

ACN in 0.1% TFA H2O over 60 min. Spectral traces are shown in Figure S21.

General procedure A for the synthesis of compounds 1-16, 18-25.

Step 1: The nucleophilic aromatic substitution procedure was adapted from Humphreys 

et al.35 4,5-dichloro-2-methylpyridazin-3(2H)-one (1.0 eq.) was stirred in DMSO (1 

mL) at room temperature, followed by addition of the primary amine (1.2 eq) and N,N-

Diisopropylethylamine (2.0 eq.). The reaction mixture was heated in a sealed tube at 120 

°C for 18 h. Following completion of the reaction, the reaction mixture was extracted into 

ethyl acetate, washed with saturated sodium bicarbonate solution (3×20 mL) and finally with 

brine (20 mL). The organic layer was dried over magnesium sulfate, filtered, concentrated 

in vacuo and purified by flash column chromatography (CombiFlash Rf system: 4 g silica, 

hexanes/ethyl acetate, 0–100% ethyl acetate, 30 minutes unless stated otherwise). The 4- and 

5-positional isomers were obtained, with the 5-positional isomer as the more polar fraction. 

Step 2: The product from Step 1 was stirred in DCM (1 mL) at RT, followed by addition 

of trifluoroacetic acid (5.0 eq.) and stirred at RT for an additional 2 h. Step 3: The DCM 

was removed under vacuum and the product was isolated either as a TFA salt or a free base 

compound. To obtain the TFA salt, cold diethyl ether was added dropwise to precipitate out 

the product and the diethyl ether was removed in vacuo. For the free amine compounds, the 

mixture from Step 2 was extracted into DCM and treated with 1 M NaOH to attain a pH > 

10. The DCM layer was dried with magnesium sulfate, filtered and the DCM was removed 

in vacuo to obtain the product.

General procedure B for the synthesis of compounds 26-28.

4,5-dichloropyridazin-3(2H)-one (1.0 eq.) was stirred in DMF (5 mL) followed by addition 

of sodium hydride (1.1 eq) and the alkyl bromide (1.4 eq.). The reaction mixture was stirred 

at room temperature for 12 h. Following completion of the reaction, the reaction mixture 
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was extracted into ethyl acetate, washed with distilled water and finally with brine. The 

organic layer was dried over magnesium sulfate, filtered, concentrated in vacuo and purified 

by flash column chromatography (CombiFlash Rf system: 24 g silica, hexanes/ethyl acetate, 

0–100% ethyl acetate, 20 minutes).

GSK4027 was purchased from Cayman Chemicals. The synthesis and characterization of 

compounds 1-3 were described previously.36

5-(azetidin-3-ylamino)-4-chloro-2-methylpyridazin-3(2H)-one (4).

Following the general procedure A, (4,5-dichloro-2-methylpyridazin-3(2H)-one (150 mg, 

0.838 mmol, 1.0 eq.), tert-butyl 3-aminoazetidine-1-carboxylate (173 mg, 1.01 mmol, 1.2 

eq.), N,N-Diisopropylethylamine (292 μL, 1.68 mmol, 2.0 eq.)), product 4 was obtained as a 

brown solid (211 mg, 77% yield over two steps). 1H NMR (400 MHz, DMSO-d6) δ 8.78 (d, 

J = 68.6 Hz, 2H), 7.76 (s, 1H), 7.16 (d, J = 7.3 Hz, 1H), 4.76 (h, J = 7.5 Hz, 1H), 4.28 – 4.19 

(m, 2H), 4.18 – 4.08 (m, 2H), 3.60 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 158.5 (q, J 
= 34.9 Hz), 156.8, 143.2, 126.6, 116.1 (q, J = 293.4 Hz), 106.4, 52.6, 44.1 (one resonance 

obscured by solvent). HRMS (ESI-TOF) calculated for C8H12ClN4O+ [M+H]+: 215.0694, 

observed 215.0686.

5-(azepan-3-ylamino)-4-chloro-2-methylpyridazin-3(2H)-one (5).

Following the general procedure A, (4,5-dichloro-2-methylpyridazin-3(2H)-one (114 mg, 

0.636 mmol, 1.0 eq.), tert-butyl 3-aminoazepane-1-carboxylate (150 mg, 0.699 mmol, 1.1 

eq.), N,N-Diisopropylethylamine (222 μL, 1.27 mmol, 2.0 eq.)), product 5 was obtained as 

a brown oil (49 mg, 21% yield over two steps). 1H NMR (500 MHz, DMSO-d6) δ 9.05 

(s, 2H), 7.93 (s, 1H), 6.35 (d, J = 9.2 Hz, 1H), 4.27 – 4.14 (m, 1H), 3.60 (s, 3H), 3.27 – 

3.09 (m, 4H), 2.06 – 1.94 (m, 1H), 1.91 – 1.83 (m, 1H), 1.82 – 1.71 (m, 3H), 1.62 – 1.47 

(m, 1H). 13C NMR (126 MHz, DMSO-d6) δ 158.5, 156.8, 143.2, 126.5, 105.7, 49.4, 49.4, 

46.4, 33.2, 24.8, 22.1 (one resonance obscured by solvent). HRMS (ESI-TOF) calculated for 

C11H18ClN4O+ [M+H]+: 257.1164, observed 257.1154.

4-chloro-2-methyl-5-(phenylamino)pyridazin-3(2H)-one (6).

Following step 1 of the general procedure A, (4,5-dichloro-2-methylpyridazin-3(2H)-

one (634 mg, 3.54 mmol, 1.1 eq.), aniline (300 mg, 3.22 mmol, 1.0 eq.), N,N-

Diisopropylethylamine (1.12 mL, 6.44 mmol, 2.0 eq.)), product 6 was obtained as a yellow 

solid (73 mg, 10% yield over two steps). 1H NMR (500 MHz, DMSO-d6) δ 8.73 (s, 1H), 

7.64 (d, J = 1.7 Hz, 1H), 7.39 (d, J = 7.7 Hz, 2H), 7.25 (d, J = 7.9 Hz, 2H), 7.20 (t, J = 7.4 

Hz, 1H), 3.61 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 157.5, 142.8, 139.0, 129.9, 128.1, 

125.4, 124.0, 109.0 (one resonance obscured by solvent). HRMS (ESI-TOF) calculated for 

C11H11ClN3O+ [M+H]+: 236.0585, observed 236.0575.

5-((4-aminophenyl)amino)-4-chloro-2-methylpyridazin-3(2H)-one (7).

Following the general procedure A, (4,5-dichloro-2-methylpyridazin-3(2H)-one (300 mg, 

1.68 mmol, 1.0 eq.), tert-butyl (4-aminophenyl)carbamate (419 mg, 2.01 mmol, 1.2 eq.), 

N,N-Diisopropylethylamine (584 μL, 3.35 mmol, 2.0 eq.)), product 7 was obtained as a 

brown solid (49 mg, 8% yield over two steps). 1H NMR (500 MHz, Methanol-d4) δ 7.49 (s, 
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1H), 7.00 (d, J = 8.6 Hz, 2H), 6.77 (d, J = 8.6 Hz, 2H), 4.59 (s, 1H), 3.70 (s, 3H). 13C NMR 

(126 MHz, Methanol-d4) δ 160.1, 148.3, 146.2, 129.2, 128.8, 128.3, 117.0, 107.4, 40.5. 

HRMS (ESI-TOF) calculated for C11H12ClN4O+ [M+H]+: 251.0694, observed 251.0683.

4-chloro-5-((4-fluorophenyl)amino)-2-methylpyridazin-3(2H)-one (8).

Following step 1 of the general procedure A, (4,5-dichloro-2-methylpyridazin-3(2H)-one 

(532 mg, 2.97 mmol, 1.1 eq.), 4-fluoroaniline (300 mg, 2.70 mmol, 1.0 eq.), N,N-

Diisopropylethylamine (940 μL, 5.40 mmol, 2.0 eq.)), product 8 was obtained as a white 

solid (52 mg, 8% yield over two steps). 1H NMR (500 MHz, DMSO-d6) δ 8.69 (s, 1H), 7.57 

(s, 1H), 7.34 – 7.18 (m, 4H), 3.60 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 13C NMR 

(126 MHz, DMSO-d6) δ 159.5 (d, J = 242.0 Hz), 157.0, 142.6, 134.8, 134.7, 127.4, 126.2 

(d, J = 8.5 Hz), 116.1 (d, J = 22.6 Hz), 108.0 (one resonance obscured by solvent). HRMS 

(ESI-TOF) calculated for C11H10ClFN3O+ [M+H]+: 254.0491, observed 254.0477.

5-((3-aminobenzyl)amino)-4-chloro-2-methylpyridazin-3(2H)-one (9).

Following the general procedure A, (4,5-dichloro-2-methylpyridazin-3(2H)-one (150 mg, 

0.838 mmol, 1.0 eq.), tert-butyl (3-(aminomethyl)phenyl)carbamate (224 mg, 1.01 mmol, 

1.2 eq.), N,N-Diisopropylethylamine (292 μL, 1.68 mmol, 2.0 eq.)), product 9 was obtained 

as a brown solid (50 mg, 23% yield over two steps). 1H NMR (500 MHz, DMSO-d6) δ 7.61 

(s, 1H), 7.22 (t, J = 6.5 Hz, 1H), 6.96 (t, J = 7.7 Hz, 1H), 6.45 (d, J = 1.9 Hz, 1H), 6.42 (dt, J 
= 7.9, 1.9 Hz, 2H), 5.08 (s, 2H), 4.41 (d, J = 6.5 Hz, 2H), 3.54 (s, 3H). 13C NMR (126 MHz, 

DMSO-d6) δ 156.8, 149.0, 144.7, 139.6, 129.1, 126.5, 113.9, 112.7, 111.6, 104.8, 45.3 (one 

resonance obscured by solvent). HRMS (ESI-TOF) calculated for C12H14ClN4O+ [M+H]+: 

265.0851, observed 265.0842.

5-((4-(aminomethyl)phenyl)amino)-4-chloro-2-methylpyridazin-3(2H)-one (10).

Following the general procedure A, (4,5-dichloro-2-methylpyridazin-3(2H)-one (250 mg, 

1.39 mmol, 1.0 eq.), tert-butyl (4-aminobenzyl)carbamate (279 mg, 1.26 mmol, 0.9 eq.), 

N,N-Diisopropylethylamine (487 μL, 2.79 mmol, 2.0 eq.)), product 10 was obtained as a 

brown solid (65 mg, 14% yield over two steps). 1H NMR (500 MHz, DMSO-d6) δ 8.84 (s, 

1H), 8.13 (s, 3H), 7.63 (s, 1H), 7.46 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.5 Hz, 2H), 4.03 (q, J 
= 5.6 Hz, 2H), 3.62 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 157.1, 142.1, 138.9, 130.2, 

130.1, 127.8, 123.1, 109.3, 41.85 (one resonance obscured by solvent). HRMS (ESI-TOF) 

calculated for C12H14ClN4O + [M+H]+: 265.0851, observed 265.0839.

4-chloro-5-((4-((dimethylamino)methyl)phenyl)amino)-2-methylpyridazin-3(2H)-one (11).

Following step 1 of the general procedure A, 4,5-dichloro-2-methylpyridazin-3(2H)-one 

(328 mg, 1.83 mmol, 1.1 eq.), 4-((dimethylamino)methyl)aniline (245 μL, 1.66 mmol, 

1.0 eq.), N,N-Diisopropylethylamine (579 μL, 3.32 mmol, 2.0 eq.) and purification by 

flash column chromatography (CombiFlash Rf system: 4 g silica, DCM/methanol, 0–20% 

methanol, 20 minutes), product 11 was obtained as a brown solid (46 mg, 9% yield). 1H 

NMR (500 MHz, Chloroform-d) δ 7.66 (s, 1H), 7.36 (d, J = 7.9 Hz, 2H), 7.15 (d, J = 7.9 

Hz, 2H), 6.39 (s, 1H), 3.76 (s, 3H), 3.43 (s, 2H), 2.26 (s, 6H) (NH not observed). 13C NMR 
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(126 MHz, DMSO-d6) δ 157.0, 142.4, 137.2, 135.7, 129.7, 127.6, 123.5, 108.2, 62.8, 44.9. 

HRMS (ESI-TOF) calculated for C14H18ClN4O+ [M+H]+: 293.1164, observed 293.1150.

4-chloro-2-methyl-5-((1,2,3,4-tetrahydroisoquinolin-6-yl)amino)pyridazin-3(2H)-one (12).

Following the general procedure A, (4,5-dichloro-2-methylpyridazin-3(2H)-one (198 mg, 

1.11 mmol, 1.1 eq.), tert-butyl 6-amino-3,4-dihydroisoquinoline-2(1H)-carboxylate (250 mg, 

1.01 mmol, 1.0 eq.), N,N-Diisopropylethylamine (351 μL, 2.01 mmol, 2.0 eq.)), product 12 
was obtained as a yellow solid (51 mg, 17% yield over two steps). 1H NMR (500 MHz, 

DMSO-d6) δ 8.62 (s, 1H), 7.60 (s, 1H), 7.05 (d, J = 8.2 Hz, 1H), 6.99 (dd, J = 8.3, 2.2 

Hz, 1H), 6.96 (s, 1H), 3.85 (s, 2H), 3.60 (s, 3H), 2.96 (t, J = 5.7 Hz, 2H), 2.69 (t, J = 6.0 

Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ 157.0, 142.6, 136.0 (two resonances partially 

overlapping), 132.8, 127.5, 127.1, 124.2, 121.4, 107.8, 47.1, 42.8, 28.4. HRMS (ESI-TOF) 

calculated for C14H16ClN4O+ [M+H]+: 291.1007, observed 291.0996.

4-chloro-2-methyl-5-((1,2,3,4-tetrahydroisoquinolin-7-yl)amino)pyridazin-3(2H)-one (13).

Following the general procedure A, (4,5-dichloro-2-methylpyridazin-3(2H)-one (198 mg, 

1.11 mmol, 1.1 eq.), tert-butyl 7-amino-3,4-dihydroisoquinoline-2(1H)-carboxylate (250 mg, 

1.01 mmol, 1.0 eq.), N,N-Diisopropylethylamine (351 μL, 2.01 mmol, 2.0 eq.)), product 13 
was obtained as a yellow solid (29 mg, 10% yield over two steps). 1H NMR (500 MHz, 

DMSO-d6) δ 8.61 (s, 1H), 7.59 (s, 1H), 7.09 (d, J = 8.1 Hz, 1H), 6.99 (dd, J = 8.1, 2.2 

Hz, 1H), 6.90 (d, J = 2.3 Hz, 1H), 3.83 (s, 2H), 3.60 (s, 3H), 2.95 (t, J = 5.9 Hz, 2H), 2.67 

(t, J = 5.9 Hz, 2H) (NH not observed). 13C NMR (126 MHz, DMSO-d6) δ 157.0, 142.6, 

136.9, 135.7, 131.9, 129.9, 127.5, 121.7, 121.5, 107.8, 47.3, 43.0, 27.9. HRMS (ESI-TOF) 

calculated for C14H16ClN4O+ [M+H]+: 291.1007, observed 291.0995.

4-chloro-2-methyl-5-((5,6,7,8-tetrahydronaphthalen-2-yl)amino)pyridazin-3(2H)-one (14).

Following step 1 of the general procedure A, (4,5-dichloro-2-methylpyridazin-3(2H)-one 

(334 mg, 1.87 mmol, 1.1 eq.), 5,6,7,8-tetrahydronaphthalen-2-amine (250 mg, 1.70 mmol, 

1.0 eq.), N,N-Diisopropylethylamine (592 μL, 3.40 mmol, 2.0 eq.)), product 14 was obtained 

as a yellow solid (175 mg, 36% yield over two steps). 1H NMR (500 MHz, DMSO-d6) δ 
8.57 (s, 1H), 7.59 (s, 1H), 7.06 (d, J = 8.1 Hz, 1H), 6.97 – 6.92 (m, 2H), 3.59 (s, 3H), 2.70 (t, 

J = 4.8, 2.4 Hz, 4H), 1.72 (t, J = 3.3 Hz, 4H). 13C NMR (126 MHz, DMSO) δ 157.5, 143.1, 

138.2, 136.1, 134.2, 130.2, 127.9, 124.7, 121.8, 108.1, 29.2, 28.8, 23.2, 23.0 (one resonance 

obscured by solvent). HRMS (ESI-TOF) calculated for C15H17ClN3O+ [M+H]+: 290.1055, 

observed 290.1038.

5-((3-(aminomethyl)phenyl)amino)-4-chloro-2-methylpyridazin-3(2H)-one (15).

Following the general procedure A, (4,5-dichloro-2-methylpyridazin-3(2H)-one (250 mg, 

1.39 mmol, 1.0 eq.), tert-butyl (3-aminobenzyl)carbamate (279 mg, 1.26 mmol, 0.9 eq.), 

N,N-Diisopropylethylamine (487 μL, 2.79 mmol, 2.0 eq.)), a portion of the crude product 

(71 mg, crude 15% yield) was then purified by reverse-phase HPLC (5–40% CH3CN 

gradient over 30 minutes) to obtain product 15 as a brown solid. 1H NMR (500 MHz, 

DMSO-d6) δ 8.84 (s, 1H), 8.14 (s, 3H), 7.75 (s, 1H), 7.44 (m, 1H), 7.31 (m, 1H), 7.25 

(m, 2H), 4.03 (q, J = 5.7 Hz, 2H), 3.63 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 157.0, 
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142.0, 138.9, 135.2, 129.8, 127.8, 125.1, 123.4, 123.0, 109.3, 42.1 (one resonance obscured 

by solvent). HRMS (ESI-TOF) calculated for C12H14ClN4O + [M+H]+: 265.0851, observed 

265.0842.

5-((2-(aminomethyl)phenyl)amino)-4-chloro-2-methylpyridazin-3(2H)-one (16).

Compound previously characterized in literature.35 Following the general procedure A, 

(4,5-dichloro-2-methylpyridazin-3(2H)-one (250 mg, 1.39 mmol, 1.0 eq.), tert-butyl (2-

aminobenzyl)carbamate (279 mg, 1.26 mmol, 0.9 eq.), N,N-Diisopropylethylamine (487 

μL, 2.79 mmol, 2.0 eq.)), a portion of the crude product (12 mg, 3% yield) was then purified 

by reverse-phase HPLC (5–40% CH3CN gradient over 30 minutes) to obtain product 16 as 

a brown solid. 1H NMR (500 MHz, DMSO-d6) δ 8.34 (s, 1H), 8.12 (s, 3H), 7.50 (m, 1H), 

7.36 (m, 2H), 7.22 (m, 1H), 7.26 (s, 1H), 4.06 (q, J = 5.2 Hz, 2H), 3.61(s, 3H). HRMS 

(ESI-TOF) calculated for C12H14ClN4O + [M+H]+: 265.0851, observed 265.0840.

N-(4-((5-chloro-1-methyl-6-oxo-1,6-dihydropyridazin-4-yl)amino)benzyl)acetamide (17).

5-((4-(aminomethyl)phenyl)amino)-4-chloro-2-methylpyridazin-3(2H)-one (10) (20 mg, 

0.05 mmol, 1.0 eq.) was stirred in dichloromethane (0.5 mL) followed by addition of 

acetic anhydride (6.4 mg, 0.06 mmol, 1.2 eq) and triethylamine (26 mg, 0.26 mmol, 5 eq.). 

The reaction mixture was stirred at room temperature for 0.5 h. Following completion of 

reaction, the reaction mixture was washed with diethyl ether. The solid was concentrated in 

vacuo and purified by flash column chromatography (CombiFlash Rf system: 12 g silica, 

dichloromethane/methanol, 0–10% methanol, 20 minutes). Product 17 was obtained as a 

white solid (9 mg, 56% yield). 1H NMR (500 MHz, Chloroform-d) δ 7.66 (s, 1H), 7.35 (d, 

J = 8.4 Hz, 2H), 7.16 (d, J = 8.3 Hz, 2H), 4.46 (d, J = 8.3 Hz, 2H), 3.77 (s, 3H), 2.08 (s, 

3H). 13C NMR (126 MHz, Chloroform-d) δ 170.3, 157.9, 142.1, 136.8, 136.7, 129.4, 126.7, 

124.2, 110.2, 43.2, 40.4, 23.4. HRMS (ESI-TOF) calculated for C14H16ClN4O2
+ [M+H]+: 

307.0956, observed 307.0949.

5-((4-(2-aminoethyl)phenyl)amino)-4-chloro-2-methylpyridazin-3(2H)-one (18/BZ1).

Following the general procedure A, (4,5-dichloro-2-methylpyridazin-3(2H)-one (250 mg, 

1.39 mmol, 1.0 eq.), tert-butyl (2-(4-amino-phenyl)-ethyl)carbamate (307 mg, 1.30 mmol, 

0.9 eq.), N,N-Diisopropylethylamine (487 μL, 2.79 mmol, 2.0 eq.)), product 18 was obtained 

as a brown solid (140 mg, 21% yield over two steps). 1H NMR (500 MHz, DMSO-d6) δ 
8.69 (s, 1 H), 7.61 (s, 1 H), 7.27 (d, J = 8.0 Hz, 2H), 7.20 (d, J = 7.9 Hz, 2H), 3.61 (s, 3 

H), 2.93 (t, J = 7.5 Hz, 2 H), 2.76 (t, J = 7.6 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ 
157.1, 142.6, 136.7, 135.6, 129.7, 127.6, 123.9, 108.1, 41.5, 35.4 (one resonance obscured 

by solvent). HRMS (ESI-TOF) calculated for C13H16ClN4O+ [M+H]+: 279.1007, observed 

279.1002.

4-chloro-5-((4-(2-(dimethylamino)ethyl)phenyl)amino)-2-methylpyridazin-3(2H)-one (19).

Following step 1 of the general procedure A, (4,5-dichloro-2-methylpyridazin-3(2H)-one 

(250 mg, 1.39 mmol, 1.0 eq.), 4-(2-dimethylamino-ethyl)aniline (214 mg, 1.26 mmol, 

0.9 eq.), N,N-Diisopropylethylamine (487 μL, 2.79 mmol, 2.0 eq.)) and purification by 

flash column chromatography (CombiFlash Rf system: 4 g silica, DCM/methanol, 0–20% 
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methanol, 20 minutes), product 19 (more polar fraction) was obtained as a yellow solid (42 

mg, 11% yield). 1H NMR (500 MHz, DMSO-d6) δ 8.65 (s, 1H), 7.59 (s, 1H), 7.25 (d, J 
= 8.3 Hz, 2H), 7.16 (d, J = 8.4 Hz, 2H), 3.61 (s, 3 H), 2.70 (t, J = 7.6 Hz, 2H), 2.45 (t, 

J = 7.7 Hz, 2H), 2.18 (s, 6H). 13C NMR (126 MHz, Chloroform-d) δ 158.0, 142.4, 139.1, 

135.4, 130.3, 126.8, 124.4, 109.7, 61.4, 45.6, 40.4, 33.9. HRMS (ESI-TOF) calculated for 

C15H20ClN4O+ [M+H]+: 307.1320, observed 307.1314.

5-chloro-4-((4-(2-(dimethylamino)ethyl)phenyl)amino)-2-methylpyridazin-3(2H)-one (20).

Following step 1 of the general procedure A, (4,5-dichloro-2-methylpyridazin-3(2H)-one 

(250 mg, 1.39 mmol, 1.0 eq.), 4-(2-dimethylamino-ethyl)aniline (214 mg, 1.26 mmol, 

0.9 eq.), N,N-Diisopropylethylamine (487 μL, 2.79 mmol, 2.0 eq.)) and purification by 

flash column chromatography (CombiFlash Rf system: 4 g silica, DCM/methanol, 0–20% 

methanol, 20 minutes), product 20 (less polar fraction) was obtained as a yellow solid (37 

mg, 10% yield). 1H NMR (500 MHz, DMSO-d6) δ 8.70 (s, 1H), 7.75 (s, 1H), 7.11 (d, J 
= 8.4 Hz, 2H), 6.91 (d, J = 8.3 Hz, 2H), 3.67 (s, 3H), 2.66 (t, J = 7.7 Hz, 2H), 2.44 (t, J 
= 7.8 Hz, 2H), 2.18 (s, 6H). 13C NMR (126 MHz, Chloroform-d) δ 158.0, 142.4, 139.1, 

135.4, 130.3, 126.8, 124.4, 109.7, 61.4, 45.6, 40.4, 33.9. HRMS (ESI-TOF) calculated for 

C15H20ClN4O+ [M+H]+: 307.1320, observed 307.1310.

5-((4-(2-aminoethyl)phenyl)amino)-4-bromo-2-methylpyridazin-3(2H)-one (21).

Following the general procedure A, (4,5-dibromo-2-methylpyridazin-3(2H)-one (150 mg, 

0.56 mmol, 1.0 eq.), tert-butyl (2-(4-amino-phenyl)-ethyl)carbamate (146 mg, 0.62 mmol, 

1.1 eq.), N,N-Diisopropylethylamine (195 μL, 1.12 mmol, 2.0 eq.)), product 21 was obtained 

as a yellow solid (14 mg, 7% yield over two steps). 1H NMR (500 MHz, DMSO-d6) δ 7.48 

(s, 1H), 7.24 (d, J = 8.4 Hz, 2H), 7.18 (d, J = 8.4 Hz, 2H), 3.61 (s, 3H), 2.82 (t, J = 7.3 

Hz, 2H), 2.68 (d, J = 7.3 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ 157.3, 144.6, 136.8, 

136.5, 129.6, 127.4, 124.1, 100.1, 42.7, 37.8 (one resonance obscured by solvent). HRMS 

(ESI-TOF) calculated for C13H16BrN4O + [M+H]+: 323.0502, observed 323.0488.

4-chloro-5-((4-(3-(dimethylamino)propyl)phenyl)amino)-2-methylpyridazin-3(2H)-one (22).

Following step 1 of the general procedure A, 4,5-dichloro-2-methylpyridazin-3(2H)-one 

(552mg, 3.08 mmol, 1.1 eq.), 4-(3-(dimethylamino)propyl)aniline (500mg, 2.80 mmol, 1.0 

eq.) and N,N-Diisopropylethylamine (975 μL, 5.60 mmol, 2.0 eq.) and purification by 

flash column chromatography (CombiFlash Rf system: 4 g silica, DCM/methanol, 0–20% 

methanol, 20 minutes). A portion of the product (91 mg, 10% crude yield) was further 

purified by reverse-phase HPLC (5–45% CH3CN gradient over 30 minutes) to obtain 

product 22 as a white solid. 1H NMR (500 MHz, DMSO-d6) δ 8.69 (s, 1H), 7.75 (s, 1H), 

7.10 (d, J = 8.4 Hz, 2H), 6.92 (d, J = 8.3 Hz, 2H), 3.67 (s, 3H), 2.57 – 2.52 (m, 2H), 2.23 (t, 

J = 7.2 Hz, 2H), 2.14 (s, 6H), 1.68 (t, J = 7.4 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ 
156.1, 138.2, 137.2, 136.6, 136.3, 127.6, 122.7, 111.0, 58.2, 44.9, 32.1, 28.6 (one resonance 

obscured by solvent). HRMS (ESI-TOF) calculated for C16H22ClN4O+ [M+H]+: 321.1477, 

observed 321.1463.
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5-((4-(aminomethyl)phenyl)amino)-4-chloro-2-ethylpyridazin-3(2H)-one (23).

Following the general procedure A, (compound 26 (479 mg, 2.48 mmol, 1.0 eq.), tert-butyl 

(4-aminobenzyl)carbamate (607 mg, 2.73 mmol, 1.1 eq.), N,N-Diisopropylethylamine (864 

μL, 4.96 mmol, 2.0 eq.)), product 23 was obtained as a yellow solid (62 mg, 9% yield over 

two steps). 1H NMR (500 MHz, DMSO-d6) δ 7.61 (s, 1H), 7.36 (d, J = 8.4 Hz, 2H), 7.19 

(d, J = 8.4 Hz, 2H), 4.03 (q, J = 7.2 Hz, 2H), 3.73 (s, 2H), 1.22 (t, J = 7.1 Hz, 3H) (NH 

not observed). 13C NMR (126 MHz, DMSO-d6) δ 156.5, 142.4, 140.9, 136.5, 128.0, 127.6, 

123.8, 107.9, 46.2, 45.0, 13.5. HRMS (ESI-TOF) calculated for C13H16ClN4O+ [M+H]+: 

279.1007, observed 279.0995.

5-((4-(aminomethyl)phenyl)amino)-4-chloro-2-(prop-2-yn-1-yl)pyridazin-3(2H)-one (24).

Following the general procedure A, (compound 27 (185 mg, 0.911 mmol, 1.0 eq.), tert-butyl 

(4-aminobenzyl)carbamate (223 mg, 1.00 mmol, 1.1 eq.), N,N-Diisopropylethylamine (317 

μL, 1.82 mmol, 2.0 eq.)), a portion of the crude product was then purified by reverse-phase 

HPLC (5–45% CH3CN gradient over 30 minutes) to obtain product 24 as a white solid (20 

mg, 8% yield over two steps). 1H NMR (500 MHz, DMSO-d6) δ 8.95 (s, 1H), 8.20 (s, 3H), 

7.66 (s, 1H), 7.48 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 8.4 Hz, 2H), 4.94 (d, J = 10.3 Hz, 

1H), 4.04 (s, 2H), 2.18 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 156.8, 142.3, 138.6, 

130.4, 130.1, 128.2, 125.5, 123.5, 108.7, 60.7, 41.8, 27.2. HRMS (ESI-TOF) calculated for 

C14H14ClN4O+ [M+H]+: 289.0851, observed 298.0840.

5-((4-(aminomethyl)phenyl)amino)-4-chloro-2-isopropylpyridazin-3(2H)-one (25).

Following the general procedure A, (compound 28 (270 mg, 1.31 mmol, 1.0 eq.), tert-butyl 

(4-aminobenzyl)carbamate (320 mg, 1.44 mmol, 1.1 eq.), N,N-Diisopropylethylamine (456 

μL, 2.62 mmol, 2.0 eq.)), product 25 was obtained as a brown solid (65 mg, 17% yield over 

two steps). 1H NMR (500 MHz, DMSO-d6) δ 7.66 (s, 1H), 7.36 (d, J = 8.4 Hz, 2H), 7.20 

(d, J = 8.4 Hz, 2H), 5.09 (hept, 6.6 Hz, 1H), 3.74 (s, 2H), 1.23 (d, J = 6.7 Hz, 6H). 13C 

NMR (126 MHz, DMSO-d6) δ 156.4, 141.9, 140.2, 136.6, 128.1, 127.4, 123.7, 107.8, 48.8, 

44.8, 20.8 (NH2 resonance not observed). HRMS (ESI-TOF) calculated for C14H18ClN4O+ 

[M+H]+: 293.1164, observed 293.1153.

4,5-dichloro-2-ethylpyridazin-3(2H)-one (26).

Following the general procedure B, (4,5-dichloropyridazin-3(2H)-one (1 g, 6.06 mmol, 1.0 

eq.), ethyl bromide (680 μL, 9.09 mmol, 1.5 eq.), sodium hydride (160 mg, 6.67 mmol, 1.1 

eq.)), product 26 was obtained as a white solid (525 mg, 45% yield). 1H NMR (500 MHz, 

DMSO-d6) δ 8.21 (s, 1H), 4.12 (d, J = 7.3 Hz, 2H), 1.27 (t, J = 7.3 Hz, 3H). 13C NMR (126 

MHz, DMSO-d6) δ 155.5, 136.6, 135.8, 132.8, 47.4, 13.1. HRMS (ESI-TOF) calculated for 

C6H7Cl2N2O+ [M+H]+: 192.9930, observed 192.9925.

4,5-dichloro-2-(prop-2-yn-1-yl)pyridazin-3(2H)-one (27).

Following the general procedure B, (4,5-dichloropyridazin-3(2H)-one (2 g, 12.1 mmol, 1.0 

eq.), propargyl bromide 80 wt. % in toluene (2.02 mL, 18.2 mmol, 1.5 eq.), sodium hydride 

(320 mg, 13.3 mmol, 1.1 eq.)), product 27 was obtained as a white solid (493 mg, 20% 

yield). 1H NMR (500 MHz, DMSO-d6) δ 8.25 (s, 1H), 4.90 (d, J = 2.6 Hz, 2H), 3.42 (t, J = 
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2.5 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 155.1, 136.5, 136.4, 133.1, 77.5, 76.2, 41.9. 

HRMS (ESI-TOF) calculated for C7H5Cl2N2O+ [M+H]+: 202.9773, observed 202.9769.

4,5-dichloro-2-isopropylpyridazin-3(2H)-one (28).

Following the general procedure B, (4,5-dichloropyridazin-3(2H)-one (1.5 g, 9.1 mmol, 1.0 

eq.), isopropyl bromide (1.2 mL, 13.6 mmol, 1.5 eq.), sodium hydride (240 mg, 10.0 mmol, 

1.1 eq.)), product 28 was obtained as a white solid (294 mg, 16% yield). 1H NMR (500 

MHz, DMSO-d6) δ 8.25 (s, 1H), 5.15 – 5.00 (m, 1H), 1.29 (d, J = 6.7 Hz, 6H). 13C NMR 

(126 MHz, DMSO-d6) δ 155.4, 136.5, 135.6, 132.5, 50.6, 20.6.

Protein-Observed Fluorine (PrOF) NMR.

Fluorinated BPTF, PCAF, CECR2 and BRD4 D1 were expressed and purified as described 

previously.28 40–50 μM of protein in 50 mM TRIS, 100 mM NaCl, and pH 7.4 was diluted 

by adding 25 μL of D2O and 2 μL of 0.1% TFA for NMR locking and referencing purposes, 

respectively. Two spectra were taken of the control protein sample in the presence of 5 μL 

of DMSO (1% final concentration) at an O1P = −75 ppm, NS = 16, d1 = 1 s, AQ = 0.5 s 

(samples were referenced to trifluoroacetate at −75.25 ppm) and an O1P = −125 ppm, NS 

= 500–750, d1 = 0.7 s, AQ = 0.05 s (protein resonances). Ligands were titrated and the 

change in chemical shift relative to the control sample was plotted as a function of ligand 

concentration to generate binding isotherms. The data was processed in Mestrenova and 

isotherms were fit using GraphPad Prism with the equation below. Δδobs is the change in 

chemical shift, [L] is the total ligand concentration, and [P] is the total protein concentration:

Δδobs = Δδmax
Kd + L + P − Kd + L + P 2 − 4 PL

2 PL

General procedure for AlphaScreen assay.36

Unlabeled His9-tagged BPTF and BRD4 D1 were expressed and purified as described 

previously.36 The AlphaScreen assay procedures for BPTF and BRD4 bromodomains were 

adapted from the manufacturers protocol (PerkinElmer, USA). Nickel chelate (Ni-NTA) 

acceptor beads and streptavidin donor beads were purchased from PerkinElmer (Cat. 

#: 6760619M). The biotinylated Histone H4 KAc5,8,12,16 peptide was purchased from 

EpiCypher, with the sequence:

Ac-SGRGK(Ac)GGK(Ac)GLGK(Ac)GGAK(Ac)RHRKVLR-Peg(Biot).—All reagents 

were diluted in the assay buffer (50 mM HEPES-Na+ (ChemImpex), 100 mM NaCl 

(SigmaAldrich), 0.05% CHAPS (RPI), 0.1% BSA (SigmaAldrich), pH 7.4). The final assay 

concentrations (after the addition of all assay components) of 30 nM for His9-tagged BPTF 

bromodomain and 50 nM for the biotinylated peptide were used. For BRD4 D1, 7.5 nM 

His9-BRD4 and 25 nM of the peptide were used. 3-fold serial dilutions were prepared with 

varying concentrations of the compounds and a fixed protein concentration, keeping the 

final DMSO concentration at either 0.25% or 0.5% v/v, depending upon the solubility of 

the compounds. 5 μL of these solutions were added to a 384-well plate (ProxiPlate-384, 

PerkinElmer). The plate was sealed and kept at room temperature for 30 min, followed by 
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the addition of 5 μL of the biotinylated peptide. 5 μL of nickel chelate acceptor beads was 

added to each well under low light conditions (<100 lux), to a final concentration of 20 

μg/mL, and the plate was incubated at room temperature in the dark for 30 minutes. This 

was followed by the addition of 5 μL (20 μg/mL final concentration) of streptavidin donor 

beads in low light conditions. After incubation for 30 min in the dark, the plate was read in 

AlphaScreen mode using a PerkinElmer EnSpire plate reader. Each compound was run in 

two technical replicates and the data was normalized against 0 μM inhibitor signal to obtain 

the % normalized AlphaScreen signal. IC50 values were calculated in GraphPad Prism 5 

using sigmoidal 4-parameter logistic (4PL) curve fit.

Cell culture methods.

4T1 cells were grown to a confluency of 50–60% using media containing DMEM with 

10% fetal bovine serum (FBS), 2 mM glutamine and penicillin-streptomycin. 4T1 cells 

with shRNA-mediated BPTF knockdown (KD) were prepared as described previously.45 

Figure S15 shows the western blot indicating BPTF KD. For NURF inhibitor toxicity 

study, 4000 cells/well were seeded in a 96-well plate and allowed to adhere overnight. 

The next day, 10 different dilutions of inhibitors were prepared starting with a highest 

concentration of 1.0 mM and further serially diluted 10 times to get the lowest concentration 

of 1.95 μM. Cells were treated with the inhibitors in complete media for 4 days. Thereafter, 

the MTS reagent was prepared using the CellTitre 96 aqueous MTS reagent (Promega, 

Cat #G1111) and phenazine methosulphate (Sigma, Cat #P9625). The MTS assay was 

performed as per manufacturer’s protocol and the absorbance was recorded at a wavelength 

of 490 nm. Fraction cell survival was calculated using untreated control cells to indicate 

complete survival (1.0) and blank solutions as 0.0 survival. The data was derived from three 

independent experiments (N=3) and fraction survival was plotted as mean fraction survival 

± SEM using GraphPad Prism software. For checking the toxicity on wildtype and BPTF 

knockdown cells, three doses were selected for each inhibitor based on their toxicity curves 

and treated for 4 days alone or in combination with 50 nM doxorubicin. Fraction survival 

was measured and calculated by MTS assay as mentioned above.

Cytotoxicity experiments with Eph4 cells.

Eph4 cells were treated with either DMSO, AU1, 19 or 20 for 72 hours. Media containing 

each condition were changed every 12 hours. Cells were then incubated with Magic Red 

Caspase 3/7 (ImmunoChemistry Technologies, #936) to manufacturers specifications. Cells 

were also stained with Live/Dead Violet (Thermo Scientific, #L34964) in accordance to 

manufacturers specifications. All flow was performed on a Macsquant 10 (Miltenyi Biotec) 

and analyzed on FlowJo (TreeStar/BD). Statistically significant differences for cell line 

treatment groups were considered with a t-test p-value lower than 0.05 (p<0.05).

qPCR methods.

Eph4 cells were treated for 24 h and harvested in trizol. RNA extraction was carried 

out via chloroform extractions. cDNA creation was completed via SuperScript III cDNA 

creation kit (Invitrogen, #12574026). All qpcrs are normalized to EPH4 DMSO and the 

house keeping gene beta actin. Bars represent 2 biological replicates and 3 technical 

replicates. All statistical analysis are student’s t-test carried out on GraphPad. Reactions 
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were carried out on the Quantstudio 6 platform using Sybr Green PCR Master Mix (Applied 

Biosystems, #4309155). Statistically significant differences for cell line treatment groups 

were considered with a one-way Anova p-value lower than 0.05 (p<0.05).

UV-Vis Methods

Compounds were diluted in DMSO at a top concentration of 100 mM. 2-fold serial dilutions 

in DMSO where performed followed by 1000-fold dilution into phosphate saline buffer 

(PBS) to get a final top concentration of 100 μM in 0.1% DMSO for each compound. 

UV-Vis measurements at 254 nm were taken on a Biomate 3S Spectrophotometer.

X-ray crystallography conditions and data collection methods.

BPTF bromodomain purification and crystallography for compounds 
1-4: Protein purification was performed at 4 °C by FPLC using columns and 

chromatography resins from GE Healthcare. Cell pellets were re-suspended in 50 mM 

Na/K Phosphate buffer (pH 7.4) containing 100 mM NaCl, 20 mM imidazole, 0.01% w/v 

lysozyme, 0.01% v/v Triton X-100 and 1mM DTT. Cells were lysed using a homogenizer, 

the lysate was clarified by centrifugation and subjected to purification on immobilized 

Ni2+-affinity chromatography (Qiagen) using a linear gradient of 20 – 500 mM imidazole. 

Fractions containing BPTF were pooled and incubated overnight with TEV protease at 4 

°C. Cleaved BPTF was subjected to a second Ni2+-affinity chromatography run to remove 

His-TEV and the cleaved His-tag. The flow-through containing BPTF was concentrated and 

purified to homogeneity by size exclusion chromatography using a Superdex 26/60 column. 

Protein was eluted using 50 mM Tris/HCl (pH 8.0) containing 100 mM NaCl and 1 mM 

DTT. Peak fractions were combined, concentrated to 5 mg/mL, flash frozen in liquid N2 and 

stored at −80 °C. Crystallization was performed at 18 °C with precipitant solutions from 

Hampton Research using a Mosquito liquid handler (TTP Labtech). Robust crystallization 

conditions were established using 25% PEG 3,350, 0.2 M lithium sulfate monohydrate, 

0.1 M Bis-Tris pH 6.5 mixed with an equal volume of protein in vapor diffusion hanging 

droplets. Compounds were cocrystallized with BPTF at 1 mM final concentration. Crystals 

were cryoprotected by addition of 20% ethylene glycol in the precipitant, flash frozen and 

stored in liquid N2. During data collection, crystals were maintained under a constant stream 

of N2 gas. X-ray diffraction data were recorded at beamlines 22-BM hosted by Ser-Cat and 

23-ID-D hosted by GM/CA of Argonne National Laboratory. Data were indexed and scaled 

with XDS.50 Phasing and refinement was performed using PHENIX51 and model building 

with Coot.52 PDB entry 7K6R served as the search model for molecular replacement. Initial 

models for small molecule ligands were generated through MarvinSketch (ChemAxon, 

Cambridge, MA) and ligands restraints through eLBOW of the PHENIX suite. All structures 

have been validated by MolProbity. Figures were prepared using PyMOL (Schrödinger, 

LLC). Data processing and refinement statistics are given in Table S2.

Crystallography methods for compounds 10-13: Unlabeled BPTF was expressed 

and purified as described previously.36 200–300 μM BPTF (in 50 mM TRIS, 100 mM NaCl, 

10% (v/v) ethylene glycol, pH 7.4) was crystallized with 700 μM of compounds 10-13 
using the hanging drop method at 4 °C. Crystals grew to harvestable size in 3–4 days. 

10 was crystallized using 200 mM potassium acetate and 20% (v/v) PEG 3350. 11 and 
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13 were crystallized using 200 mM manganese acetate and 20% (v/v) PEG 3350. 12 was 

crystallized with 200 mM magnesium chloride and 10% (v/v) PEG 3350. Crystals were 

harvested, cryoprotected with ethylene glycol and flash frozen. Data was acquired at the 

Advanced Photon Source with the NECAT 24-IDE beamline. The structures were solved 

using molecular replacement with Phaser-MR and the PDB structure 3UV2. PHENIX51 

and Coot52 were used for structure refinement and model building. Data processing and 

refinement statistics are given in Table S3.

Crystallography method for compound 19: Unlabeled BPTF was expressed and 

purified as described previously.36 BPTF was concentrated to 16 mg/mL and previously 

reported crystallization conditions53 were chosen for optimization using a Dragonfly liquid 

handler (TTP Labtech). Drops consisting of 150 nL reservoir solution and 150 nL protein 

solution were set up in 96-well hanging drop plates using a mosquito crystallization robot 

(TTP Labtech). Thin needles formed and grew over 14–16 days in 0.2M NaCl and 23% 

PEG 3350 at 277 K. Larger needle crystals were grown in 24-well VDX hanging drop 

plate using micro-seeding. These crystals were soaked in solutions containing 1 mM of 

compound 19 for 1 hour, cryoprotected using the well solution supplemented with additional 

10% glycerol, flash frozen and X-ray diffraction data were collected at 100 K on beam 

line SER-CAT 22ID at the Advanced Photon Source. Diffraction images were indexed, 

integrated, and scaled using HKL2000 suite. Phases were obtained by rigid body refinement 

using 3UV2 as the initial model. Residues were renumbered using 7K6R as a template. 

Model building was carried out using Coot. The final model was refined using PHENIX, and 

torsion-angle molecular dynamics with a slow-cooling simulated annealing. Data processing 

and refinement statistics are given in Table S4.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ADME absorption distribution metabolism and excretion
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BAF BRG1/BRM-associated factor

BET bromodomain and extratermina

BPTF bromodomain PHD-finger transcription factor

CECR2 cat eye syndrome chromosome region candidate 2

ISWI imitation switch

NURF nucleosome remodeling factor

PBAF polybromo-associated BAF

PCAF p300/CBP-associated factor

PHD plant homeodomain

PrOF NMR protein-observed fluorine nuclear magnetic resonance

5FW 5-fluorotryptophan
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Figure 1. 
A) BPTF interacts with chromatin through the bromodomain (BRD) and PHD domain, 

directing the chromatin remodelling complex NURF to genes, leading to downstream 

phenotypic effects such as Myc regulation, MAPK signaling and resistance to 

chemotherapeutics. B) Part of the bromodomain phylogenetic tree, showing class I and class 

II (BET) bromodomains (adapted with permission from Pomerantz et al.11). C) Reported 

BPTF bromodomain inhibitors with in vitro affinities.
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Figure 2. 
Cocrystal structure of GSK4027 (cyan) with BPTF bromodomain (gray, PDB: 7K6R). Four 

conserved structured waters are shown as red spheres. Hydrogen bonds are shown as yellow 

dashed lines and aromatic interaction as orange dashed line. The distances (Å) between key 

residues are indicated. Inset: Residues in other class I bromodomains (PCAF, GCN5 and 

CECR2) corresponding to D2957 and D2960 in BPTF.
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Figure 3. 
BPTF bromodomain (gray) cocrystal structures with A,B) 10 (magenta, PDB: 7RWP, 1.73 Å 

resolution), C) 12 (yellow, PDB: 7RWQ, 1.90 Å resolution), D) 13 (orange, PDB: 7RWO, 

1.58 Å resolution) and E) 19 (blue, PDB ID: 7M2E, 1.75 Å resolution). Hydrogen bonds are 

shown as yellow dashed lines. The distances (Å) between key residues are indicated. Three 

of the conserved structured waters are excluded for clarity.
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Figure 4. 
A) The tryptophan residues in the binding sites of BPTF (PDB ID: 7JT4), PCAF, CECR2 

and BRD4(1) were fluorine-labeled to act as reporters for PrOF NMR. BZ1 was titrated with 

50 μM of 5-fluorotryptophan (5FW)-labeled proteins. Slow chemical exchange regimes were 

observed with B) 5FW-BPTF and C) 5FW-PCAF, indicating the high affinity of BZ1 for 

these proteins. Intermediate exchange with D) 5FW-CECR2 and E) 5FW-BRD4(1) indicated 

BZ1 was a weaker binder. F) Affinity values of BZ1 for BPTF (blue) and BRD4(1) (red) 

were quantified using AlphaScreen competition experiments
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Figure 5. 
A) Single-point measurement of 140 nM BZ1 against a representative panel of 32 

bromodomains via BROMOscan. Percent inhibition ranges are shown by: circles 95–100%, 

triangles 90–95% and squares 65–90%. (Adapted with permission from Pomerantz et al.)11. 

B) Kd values for BZ1 with BPTF and off-target class I (PCAF, GCN5L2, CECR2,) and 

class IV (BRD7, BRD9) bromodomains and BRD4(1) as the highest off-target from the BET 

family and Kd values for compound 21, 22 and 24 with BPTF, PCAF and BRD9. Values are 

averages of two technical replicates, N = 1, except BZ1 with BPTF and BRD9, which are 

averages of two experimental replicates. C) Sequence alignment of selected bromodomains 

highlighting WPF shelf motif (cyan), 3D equivalents of acidic triad (yellow), Kac mimetic 

H-bonding groups (magenta), and the gatekeeper residue (green).
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Figure 6. 
AU1, 19 and BZ1 synergize with chemotherapy drug doxorubicin in 4T1 breast cancer 

cells. Compound 20 was used as a negative control. 4T1 cells were tested A) without 

doxorubicin B) in the presence of 50 nM doxorubicin. As a control for off-target effects, 

shRNA-mediated BPTF knockdown (KD) cells were treated with BPTF inhibitors with and 

without doxorubicin in C) and D) respectively. Fraction survival values are averages of three 

experimental replicates, except DMSO controls which are averages of nine experimental 

replicates.
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Figure 7: RT-qPCR Analysis of BPTF Regulated Genes.
A) Sfn: DMSO vs AU1: p= 0.5994, 19 vs 20: p= 0.0263*, DMSO vs 19: p=0.0388*, DMSO 

vs 20: p= 0.9798 B) Sprr1a: DMSO vs AU1: p= 0.515 NS, 19 vs 20: p= 0.3264 NS, DMSO 

vs 19: p= 0.8727 NS, DMS0 vs 20: p=0.9037 NS C) Myc: DMSO vs AU1: p>0.9999 NS, 19 
vs 20: p= 0.0568, DMSO vs 19: p= 0.3265 NS, DMSO vs 20: p=0.9557 NS.
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Figure 8. 
Design rules established from pyridazinone SAR studies.
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Scheme 1. 
Nucleophilic aromatic substitution with 4,5-dichloropyridazinone and primary amines.
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Table 1:

SAR with aliphatic pyridazinones and BPTF

R
BPTF

AlphaScreen
IC50 (μM)

L.E.

GSK
4027

1.5 ± 0.236 0.35

1 10 ± 236 0.45

2 3136 0.41

3 1936 0.38

4 8.7 0.49
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R
BPTF

AlphaScreen
IC50 (μM)

L.E.

5 7.7 0.41

AlphaScreen values were an average of two technical replicates with N = 1, except for GSK4027 and 1 which were averages of six and three 
experimental replicates, respectively. Binding isotherms shown in Figure S2.
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Table 2:

Aniline-substituted pyridazinones and substituent effects for binding to BPTF

R
BPTF

AlphaScreen
IC50 (μM)

L.E.

6 0.95 0.51

7 3.2 0.44

8 0.70 0.49

9 11 0.40

AlphaScreen values were an average of two technical replicates, N = 1. Binding isotherms shown in Figure S2.
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Table 3:

SAR with aromatic pyridazinones containing different basic groups substitutions for binding to BPTF

R
BPTF

AlphaScreen
IC50 (μM)

L.E.

10 0.29 ± 0.08 0.50

11 0.31 0.44

12 0.25 0.45

13 0.37 0.44

14 3.9 0.37

15 0.80 0.46

16 0.22 0.50
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R
BPTF

AlphaScreen
IC50 (μM)

L.E.

17 0.97 0.39

AlphaScreen values were an average of two technical replicates with N = 1, except for 10 where it was an average of three experimental replicates. 
Binding isotherms shown in Figure S3.
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Table 4:

Aromatic pyridazinones with extended basic group

R R’

BPTF
Alpha
Screen

IC50 (μM)

L.E.

18
(BZ1)

Cl 0.067 ± 0.01 0.51

19 Cl 0.17 0.44

20 Cl 10 0.32

21 Br 0.036 ± 0.008 0.53

22 Cl 0.056 ± 0.01 0.45

AlphaScreen values were an average of two technical replicates, with N = 1 except for 18 (BZ1) which was an average of seven experimental 
replicates and 21–22 which were averages of three experimental replicates. Binding isotherms shown in Figure S4.

J Med Chem. Author manuscript; available in PMC 2022 September 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zahid et al. Page 41

Table 5:

Aromatic pyridazinones with 2-position N-alkyl substituents

R’’
BPTF

AlphaScreen
IC50 (μM)

BRD4(1)
AlphaScreen

IC50 (μM)

10 CH3 0.29 42

23 0.55 35

24 0.38 71

25 0.79 NB

AlphaScreen values were an average of two technical replicates with N =1. NB indicates that the compound was non-binding up to 250 μM. 
Binding isotherms shown in Figure S4–5.
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