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Abstract

Protein arginine methyltransferase 5 (PRMT5) is a master epigenetic regulator and an extensively 

validated therapeutic target in multiple cancers. Notably, PRMT5 is the only PRMT that requires 

an obligate cofactor, methylosome protein 50 (MEP50), to function. We developed compound 

17, a novel small molecule PRMT5:MEP50 protein:protein interaction (PPI) inhibitor, after 

initial virtual screen hit identification and analog refinement. Molecular docking indicated that 

compound 17 targets PRMT5:MEP50 PPI by displacing MEP50 W54 burial into a hydrophobic 

pocket of PRMT5 TIM barrel. In vitro analysis indicates IC50 <500 nM for prostate and lung 

cancer cells with selective, specific inhibition of PRMT5:MEP50 substrate methylation and target 

gene expression, and RNA-seq analysis suggests that compound 17 may dysregulate TGF-β 
signaling. Compound 17 provides a proof of concept in targeting PRMT5:MEP50 PPI, as opposed 

to catalytic targeting, as a novel mechanism of action and supports further preclinical development 

of inhibitors in this class.
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INTRODUCTION

Protein arginine methyltransferase 5 (PRMT5) is one of nine members of the PRMT family 

of methyltransferases and is responsible for the majority of symmetric dimethylation of 

arginine residues in cells.1–3 Through post-translational modification of signaling proteins 

such as p53, E2F and EGFR as well as epigenetic regulation of target gene expression 

via symmetric dimethylation of histones (H4R3, H3R2, H3R8 and H2AR3), PRMT5 is 

required for many cellular processes including cell proliferation, differentiation, survival, 

DNA damage response, and RNA splicing.4,5 PRMT5 is significantly dysregulated or 
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overexpressed in multiple cancers, and its overexpression appears to correlate with cancer 

progression and poor clinical outcomes.4,6 One of the major mechanisms to account for 

its putative oncogenic role is epigenetic repression of tumor suppressors such as Rb1, 

ST7, PTEN, and p53.6–10 Structural studies have demonstrated that PRMT5 forms a 

complex with methylosome protein 50 (MEP50) for biological enzymatic function as well 

as formation of higher order complexes.11–13 Based on in vitro biochemical assays, the 

presence of MEP50 increases the enzymatic activity of PRMT5 by 100-fold, suggesting that 

MEP50 is an obligate cofactor.14,15 In addition, multiple PRMT5 interacting proteins appear 

to serve as adaptors to specifically recruit various substrates or dictate biological activity.16–

18 Along these lines, we have recently demonstrated that PRMT5 can also promote prostate 

cancer cell growth and confer therapy resistance through transcriptional activation of the 

androgen receptor (AR) in both hormone naïve prostate cancer (HNPC) and castration 

resistance prostate cancer (CRPC) through interaction with cofactor pICln.19,20 In addition 

to AR reactivation, we have also demonstrated that PRMT5 mediates transcription of genes 

involved in DNA damage response pathway following fractionating ionizing radiation, 

providing two distinct mechanisms for PRMT5 to mediate therapy resistance for prostate 

cancer cells at two separate stages of disease.19 These data suggest that targeting PRMT5 

and its interacting proteins including substrate adaptors such as pICln, COPR5 and RIOK1 

may offer a unique and potentially specific approach to target PRMT5 in a context specific 

manner by exploiting this unique cofactor dependency. Indeed, at the time of manuscript 

preparation, three recent reports establish a PRMT5 substrate adapter binding motif and 

subsequent development of an inhibitor targeting said motif to disrupt PRMT5:RIOK1 

interaction21–23, though the clinical implication of these inhibitors remain unclear. Because 

PRMT5 represents a valuable therapeutic target with several Phase I clinical trials currently 

underway in solid and blood cancers, and because PRMT5 is the only PRMT of 9 family 

members that requires a cofactor (MEP50) and/or other factors for function, targeting the 

PRMT5:MEP50 protein:protein interaction (PPI) may offer a specific approach as opposed 

to the catalytic or pan-MT inhibitors.24–26

Support for this hypothesis also comes from our recent findings that PRMT5 can regulate 

target gene expression in both MEP50-independent and MEP50-dependent manners.19,20 

Thus, development of such inhibitors targeting the PRMT5:MEP50 interaction would not 

only avoid potential non-specific targeting of other methyltransferases that utilize SAM 

as a cofactor but also enable selection of a specific type or stage of cancer that is 

dependent on the function of PRMT5:MEP50. Taking advantage of the existing structure 

of PRMT5:MEP50, we conducted a virtual screen in conjunction with a bimolecular 

fluorescence complementation (BiFC)-based screen in cells to discover the first-in-class 

small molecule inhibitors of the PRMT5:MEP50 interaction27,28. We further improved 

potency in a second generation of synthesis based on computational docking and BiFC 

screens. Biological characterization of the lead compound 17 confirmed that the identified 

compounds can specifically inhibit the target gene expression of PRMT5:MEP50 but not 

the complexes that involve other cofactors or adaptors. Further, treatment of prostate cancer 

cells with compound 17 resulted in similar transcriptional response as PRMT5 or MEP50 

knockdown, dysregulation of critical cancer cell survival pathways, and cell death with 

sub-micromolar IC50 in prostate and lung cancer cells.
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RESULTS AND DISCUSSION

PRMT5:MEP50 PPI Interface as a Druggable Target

Clinical and in vitro data demonstrate that PRMT5 is frequently overexpressed in cancers 

and that its overexpression correlates with poor clinical outcome (Fig. S1A). Further, 

PRMT5 and MEP50 expression correlate positively in patient samples as well as cell lines 

derived from normal and cancerous tissue. In an analysis of over 1300 cell lines, PRMT5 

correlated strongly with MEP50/WDR77 gene expression via the Cancer Dependency Map 

(Fig S1B,C)29–32. To evaluate a novel mechanism of PRMT5 inhibition through the PPI 

between PRMT5 and MEP50, we first analyzed PRMT5:MEP50 crystallographic structure 

4GQB from Protein DataBank (PDB).13 PRMT5 forms a complex with MEP50 through its 

N-terminal TIM barrel domain (residues 1–292), and the interaction involves an interface 

completely occupying the bottom surface (with the top surface defined as the surface 

following directionality of the innermost beta strand) of the MEP50 protein (Fig. 1A). 

To evaluate if the interface between PRMT5 and MEP50 is suitable for development of 

PPI disruptors, we analyzed the PPI interface and observed that electrostatic interactions 

present in the PPI interface likely contribute significantly to orientation and binding. We 

identified five residues that may play a role in mediating the interaction. PRMT5 R49 

extends from the TIM barrel and closely interacts with MEP50 D99 in the 2nd β-propeller 

of MEP50 (Fig. 1B,C). PRMT5 R49 also forms contacts with three co-crystallized water 

molecules as well as 2 contacts with MEP50 D99 and one contact each with MEP50 

V83, S47 (Fig. S2A). MEP50 W54 is buried into a pocket of PRMT5, also in the TIM 

barrel, and appears to be involved in a stacking interaction with PRMT5 H47 (Fig. 1C, 

S2A). Additionally, MEP50 R52 lies solvent exposed between two alpha helices in the 

PRMT5 TIM barrel, even though it does not participate in any hydrogen bonding. Adjacent 

to MEP50 D99, residue D126, located in a loop between the 2nd and 3rd β-propellers of 

MEP50, appeared to be involved in a hydrogen bond with PRMT5 N21. Collectively, these 

residues represent potential electrostatic interactions that may be functionally evaluated 

to assess importance for the PRMT5:MEP50 PPI. Utilizing FastContact binding energy 

prediction software33, we identified 11 residues each on PRMT5 and MEP50 that likely 

contribute to binding energy (Fig. S2B–E), and identified additional key residues to include 

in the BiFC mutant screen. MEP50 D126 (contacts with PRMT5 N21 and co-crystallized 

water), MEP50 R191 (2 contacts with PRMT5 E161), MEP50 K201 (2 contacts with 

PRMT5 D166), MEP50 D298 (3 contacts with PRMT5 R62), and MEP50 E276 (one contact 

with PRMT5 K51 and one with co-crystallized water) were added based on this prediction. 

We then deployed BiFC assay to assess the feasibility of targeting the interaction via this 

interface. BiFC is based on the proximity of two interacting proteins and has been used 

for visualization of PPIs in live cells and animals as well as for screening of PPIs.28,34 We 

fused the VN (the N-terminal Venus fluorescent protein residues 1–154) to the N-terminal 

PRMT5 TIM domain and VC (the C-terminal Venus fluorescent protein residues 155–238) 

to the N-terminal end of MEP50 (Fig. 1D,E). We then introduced mutations described 

above (PRMT5 residue R49A/D/G as well as MEP50 residues R52D, W54A/D/G, ΔS50-

W54 deletion mutant, D99A/R/G, D126R, R191D, K201D, E276R, D298R), confirmed 

mutant expression, and quantified their interaction via BiFC efficiency28,34 (Fig. 1D–G, 

S3A,B). PRMT5 mutations R49A/G/D all resulted in suppressed BiFC efficiency (Fig. 1F), 
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indicating decreased interaction between PRMT5 and MEP50. Furthermore, seven MEP50 

substitutions (ΔS50-W54, D99A/R/G, D126R, E276R, D298R) also resulted in a significant 

reduction of the BiFC efficiency (Fig. 1G). Mutations MEP50 D99A/R/G or PRMT5 

R49A/G/D resulted in the strongest decrease of PRMT5:MEP50 interaction with over 70% 

decreased interaction. This is consistent with disruption of a three-residue (MEP50 D99 

and PRMT5 R49, in addition to PRMT5 H47) bridge mediated by at least four hydrogen 

bonds at the PRMT5:MEP50 PPI interface, creating 7 angstrom wide pocket between the 

bridge and PRMT5 R68 in which MEP50 W54 inserts (Fig. 1C). Further, MEP50 W54 

(insertion residue) mutants W54A and W54D resulted in increased variability in BiFC assay, 

indicating that substitution may make MEP50 marginally more stable, but that MEP50 

W54 burial into the PRMT5 TIM barrel pocket is important to mediate PRMT5:MEP50 

interaction. Individually, W54 and R52 mutants were unable to decrease binding, but 

deletion of first β-propeller loop residues S50-W54 reduced interaction by almost 50% 

(Fig. 1G). Western blotting confirmed that these mutations did not alter the expression 

and stability of BiFC fusion proteins (Fig. S3). FastContact binding energy prediction also 

supported live cell BiFC data with MEP50 D99 and PRMT5 R49 contributing significant 

binding energy to the PPI (Fig. 1H). These encouraging results suggest that targeting 

the electrostatic interactions at the interface of PRMT5:MEP50 PPI may be achievable. 

Collectively, in silico prediction of binding energy and in vitro live-cell BiFC analysis 

with PRMT5 and MEP50 mutants were in agreement and supported development of small 

molecules targeting PPI, particularly the binding interface via MEP50 W50-W54/D99 and 

PRMT5 R49.

Identification of Compound 8 as a PPI Inhibitor by Virtual Screen

Next, we performed a virtual screen of close to 30 million small molecules from the ZINC 

database with the goal of disrupting the PRMT5:MEP50 interaction using ZINCPharmer35. 

We built a variety of pharmacophore models around the hydrophobic pocket of MEP50 W54 

that shows a stacking interaction with PRMT5 H47, as well as addressing hydrogen bonding 

patterns from crystal waters 811, 840, 935, 985 and 1002 in PDB 4GQB. Compounds 

that fit the pocket were further minimized using SMINA36, and those that remained in 

the pocket were selected for testing in vitro (Fig. 2A). We purchased 12 commercially 

available molecules identified in the SMINA screen and performed BiFC-based screen at 10 

μM concentration. Compounds 12, 4, 3, and 10 showed the greatest inhibition at 24–35% 

(Fig. 2B). However, we noticed that treatment of cells with compound 8 (Cpd 8) at 10 

μM resulted in significant cell death, which is suboptimal for the BiFC assay and can 

prevent successful quantitation, suggesting the use of lower drug concentrations.27,37,38 To 

address this, we performed a dose-response BiFC assay and identified that compound 8 
indeed inhibited the BiFC efficiency in a dose-dependent manner (Fig. 2C). At 0.25 μM, 

compound 8 inhibited 41% of the BiFC efficiency (Fig. 2D). Thus, we identified compound 

8 as a promising hit via initial screen. Molecular docking indicated that compound 8 inhibits 

interaction of the W54 residue of MEP50 in a small pocket formed by TIM barrel loops 

1 (C22-P24) and 2 (P44-H47 and T67-S69), in which the quinoline ring of compound 8 
occupies the cavity mediating interaction with MEP50 W54 while the methyl-substituted 

isoxazole ring is exposed to solvent (in the absence of MEP50), occluding binding of 

MEP50 W54 into the TIM pocket (Fig. 2E). Additionally, docking suggests: 1) stacking 
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interaction with PRMT5 H47, 2) hydrogen bonding with P44, R68, and I26 mediated by the 

hydrazide bond, and 3) hydrogen bonding with R49 mediated by the oxygen atom of the 

isoxazole ring (Fig. 2E, right). Collectively, these data demonstrate successful identification 

of hit compound 8 due to interaction of the quinoline group with hydrophobic pocket of 

PRMT5 TIM barrel and solvent-exposed isoxazole ring participating in interaction with 

PRMT5 R49, together inhibiting MEP50 W54, D99 and PRMT5 R49 from contributing to 

PPI interaction, supporting further refinement and synthesis of analog compounds.

Synthesis of Compound 8 and Its Analogs

Utilizing the docking data, we hypothesized that either adding bulk to the quinoline group 

or extending the length of the methyl groups in the oxazole ring may facilitate greater 

affinity or occlusion of the binding site. We first re-synthesized compound 8 (resynthesized 

compound is named as 8b; original compound 8 purchased from MolPort is listed as 

compound 8a) (Scheme 1). Its synthesis started from commercial starting material 27. 

Reduction of the aldehyde of 27 followed by bromination gave bromide 29 in high yield. 

Alkylation of phenol 30 with 29 afforded 31, which further reacted with hydrazine to 

provide hydrazide 32. Acylation of 32 with five different acyl chlorides (33) gave the 8b 
and four of its analogs (13–16) with structural variation at the original quinoline group. 

Analogs with extended alkyl chain (17–19) or a phenyl group (20) at the C3 or C5 position 

of the isoxazole ring to facilitate hydrophobic interactions in the PRMT5 TIM barrel were 

synthesized as well by following a similar synthetic sequence.

Identification of Compound 17 as potent analog of Compound 8

We performed another BiFC screen as described above and observed that the top four 

inhibitors at 500 nM concentration were 8b, 17, 15, and 8a (Fig. 3A). These results 

suggested that the bulky groups (trifluorotolyl or quinyl) are desirable for binding and 

that an ethyl substitution at the C3 position on the isoxazole ring is preferred. With 

this knowledge, we synthesized a second round of inhibitors by altering the hydrazide 

linker to imide (24, Scheme 2) or amide with various length (21–23, 25, 26) to avoid 

potential later downstream PK/PD issues with the hydrazide linker. We then performed 

third BiFC screen at a lower concentration (250 nM) and determined that compound 17 
was still the most effective at inhibiting PRMT5:MEP50 interaction (Fig. 3B). To assess 

functional PPI inhibition in live cells following treatment with compound 17, we performed 

co-immunoprecipitation (Co-IP) western blot and identified a 65.4% decrease in amount 

of MEP50 co-immunoprecipitated with PRMT5 bait across three independent biological 

replicates (Fig. 3C, D). When molecular docking simulation was performed on compound 

17, as with compound 8, both compounds bound to the same pocket of PRMT5, but with 

the ethyl group of compound 17 extending further into the PRMT5:MEP50 PPI (Fig. 3E). 

Interestingly, of all compounds synthesized, the most potent compound was highly similar to 

the initial hit, highlighting importance of the A) hydrogen bond between PRMT5 R49 and 

oxygen of the isoxazole ring, B) hydrophobic interaction of quinoline group with PRMT5 

TIM barrel pocket, and C) electrostatic/hydrogen bonding interactions of the hydrazide 

linker. Because live cell imaging (BiFC) demonstrated improved potency of compound 17, 

and Co-IP from cell lysates also suggested successful target engagement, we elected to 

pursue biological characterization and functional confirmation in vitro utilizing prostate 
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cancer cells due to their dependence on PRMT5:MEP50 and prior validation of PRMT5 as a 

therapeutic target.

Compound 17 selectively inhibits PRMT5:MEP50 biological function in prostate cancer 
cells

To evaluate the biological effects of compound 17 in cells, we utilized prostate cancer 

cells as an in vitro model system, as we have extensively interrogated the roles of both 

PRMT5 and MEP50 previously.5,19,20,39 Treatment of hormone naïve LNCaP cells with 

compound 17 at 250 nM, 500 nM, and 1000 nM for 72 h resulted in both suppression of 

growth and induction of cell death in a dose dependent manner (Fig. 4A). IC50 of compound 

17 was also calculated in LNCaP cells to be 430 nM when treated over 72 h, compared 

with 1658 nM for parent compound 8b, a roughly 4-fold improved potency (Fig. 4B). 

As PRMT5:MEP50 are responsible for symmetric dimethylation of arginine 3 residue of 

Histone H4 (H4R3me2s), we then examined global level of H4R3me2s in LNCaP cells 

after treatment with compound 17 over 72 h (Fig. 4C). We observed that global H4R3me2s 

decreased by 65% after treatment with compound 17, and that global H4R3me2s levels 

decreased in a dose-dependent manner (Fig. 4D). PRMT5:MEP50 occupies the promoter 

region of the Involucrine (IVL) gene and represses its transcription in LNCaP19 and other40 

cells, while PRMT5 and pICln (notably not MEP50) activate AR transcription.20 Thus, the 

combination of IVL de-repression with unaltered AR expression serve as an ideal model 

system to evaluate the target engagement and selectivity of compound 17. Toward this end, 

we treated LNCaP cells with compound 17 for 72 h and performed quantitative reverse 

transcription polymerase chain reaction (RT-qPCR) to quantify the expression of both IVL 

and AR. Consistent with target engagement suggested by Co-IP result from LNCaP cells 

(Fig. 3C), compound 17 significantly de-represses PRMT5:MEP50-regulated IVL gene (as 

a positive control) without significantly altering expression of PRMT5:pICln-regulated AR 
gene (as a negative control) in LNCaP cells over 72 h (Fig. 4E/F), supporting the selective 

effect of compound 17 in cells in inhibition of PRMT5:MEP50 target gene IVL but no 

inhibition of PRMT5:pICln target gene AR. As it has been reported that PRMT5 regulates 

multiple tumor suppressor genes, including TP53, PTEN, and RB18,9, we evaluated if 

treatment with compound 17 de-represses the transcription of these tumor suppressors in 

prostate cancer cells. Indeed, we observed that compound 17 treatment caused upregulation 

of both PTEN and RB1 and to some extent TP53, albeit statistically insignificant (Fig. 

4G). Loss of histone methylation and de-repression of PRMT5:MEP50 target gene IVL 

support biologically on-target functional consequence of PRMT5:MEP50 PPI Inhibition. 

Compound 17 was similarly effective against non-small cell lung cancer (NSCLC) cell line 

A549 with IC50 447 nM (Fig. S4). Functionally, no change was detected in AR expression, 

which we have demonstrated is regulated not by PRMT5:MEP50, but by PRMT5:pICln41. 

Collectively, these biologically functional data suggest that compound 17 is a potent and 

selective inhibitor of the PRMT5:MEP50 interaction.

Compound 17 treatment targets PRMT5:MEP50-mediated cellular functions

Because compound 17 targets PRMT5:MEP50 PPI, we hypothesized that we would identify 

similar dysregulation of genes between PRMT5 knockdown, MEP50 knockdown, and 

compound 17 treatment. To experimentally address this, we performed RNA-seq in LNCaP 
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cells treated with compound 17 over 72 h. Overall, 1493 differentially expressed genes 

(DEGs) were identified between compound 17 treatment and DMSO control (Fig. 5A). 

Consistent with RNA-seq performed on samples with knockdown (KD) of PRMT5 or 

MEP50 in LNCaP cells, compound 17 treatment did display a small degree of overlap with 

a core set of up- and down-regulated genes as was observed in PRMT5 or MEP50 KD 

alone (140 and 112, respectively) (Fig. 5B, C). However, the degree of overlap between 

DEGs identified in compound 17 treatment versus PRMT5 or MEP50 KD was unexpectedly 

a minority of the 1493 total genes identified in the compound 17 treatment (911 up- and 

582 down-regulated genes). To evaluate the biological consequence of these overlapping 

genes, we performed a comparative analysis between compound 17 treated LNCaP cells, 

PRMT5 / MEP50 KD in LNCaP cells, as well as PRMT5 / MEP50 KD in A549 lung 

cancer cells by analyzing a publicly available dataset in which A549 NSCLC cell lines 

were also subjected to PRMT5 and MEP50 knockdown followed by RNA-seq.42 After 

performing differential expression analysis on each of the three datasets, we then performed 

GO enrichment for the up- or down-regulated genes within each treatment (PRMT5 KD, 

MEP 50 KD, or compound 17 treatment). As PRMT5:MEP50 mediate multiple pathways 

in the cell, it was not surprising that certain GO terms were enriched in both up- and 

down- regulated genes. For this reason, we combined all enriched GO terms agnostic of 

differential expression directionality and identified enriched terms common to all data sets 

(compound 17 treatment in LNCaP cells, PRMT5/MEP50 KD in LNCaP cells, and PRMT5/
MEP50 KD in A549 cells (Fig. 5D). Broadly, compound 17 treatment and PRMT5/MEP50 

knockdown showed commonly enriched pathways in three major pathways significant to the 

hallmarks of cancer, including differentiation/proliferation, kinase/phosphatase activity, and 

multiple signaling/survival pathways43 (Fig. 5D top, middle, bottom panels). Significantly, 

we detected enrichment of TGF-β signaling in all three datasets and wnt signaling shared 

between compound 17 and PRMT5/MEP50 knockdown in A549 cells. Collectively, we 

identified 27 enriched GO terms shared between all three datasets and 142 terms shared 

between compound 17 and at least one other dataset, with all GO terms of Fold Enrichment 

>2 (Fig. 5D). As complementary approach to GO enrichment, we also utilized gene set 

enrichment analysis (GSEA) to include all genes identified in the compound 17 RNAseq 

data set. Predictably, we saw overlap of similar pathways as observed in the GO enrichment, 

particularly with PRMT5-mediated TP53 signaling, TGF-β signaling, kinase/phosphatase 

signaling, as well as epithelial cell development/differentiation (Fig. 5E).

We utilized a comprehensive approach involving 1) differential expression and 

GO enrichment of compound 17 treated LNCaP cells, 2) comparative analysis of 

differential expression across PRMT5/MEP50 KD in LNCaP and A549 cells, and 3) 

whole-transcriptome analysis utilizing GSEA of compound 17 treated LNCaP cells. 

Compound 17 treatment resulted in dysregulation of multiple processes in which 

PRMT5 has been extensively characterized including chromatin structure and epigenetic 

regulation41,44,45, proliferation/differentiationI4,46–48, MAPK/ERK signaling46,49, and 

apoptosis/TP53 regulation50,51, and shows significant overlap between PRMT5 and MEP50 

knockdown in two independent cell lines. Prostate cancer cell line LNCaP and NCSLC 

cancer cell line A549 showed similar IC50 < 450 nM (Fig. S4). Most significantly, our data 

specifically implicated TGF-β signaling present in each of the PRMT5/MEP50 LNCaP 
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knockdown, PRMT5/MEP50 A549 knockdown, and compound 17 LNCaP treatment 

datasets. Together, these data strongly suggest that A) treatment with compound 17, 

a PRMT5:MEP50 PPI inhibitor, results in similar biological functional consequence as 

knockdown of PRMT5 or MEP50 in multiple cell lines, B) compound 17 treatment is able 

to inhibit multiple PRMT5-regulated pathways critical to the survival and proliferation of 

lung and prostate cancer cells, and C) PRMT5:MEP50 PPI inhibition via compound 17 may 

potentially inhibit the TGF-β signaling axis, which has been extensively characterized as 

a key driver in multiple solid tumor cancers and leukemias/lymphomas. Collectively, our 

data support further refinement of lead compound 17 as a potential therapeutic inhibitor 

with specificity to PRMT5:MEP50-regualted targets and biological efficacy in inhibition of 

multiple hallmark pathways in cancer cells (Fig. 6).

Discussion

PRMT5 has been validated as a therapeutic target in multiple cancers with ten active clinical 

trials at the time of writing (clinicaltrials.gov).2,52 All compounds undergoing active trials 

are either SAM- or Substrate-competitive inhibitors. Given the multiple roles of PRMT5 in 

virtually all developing normal cells, the clinical applicability of these PRMT5 inhibitors 

remains unknown until such clinical trials are complete and adverse effect data becomes 

available. One recent approach was the development of a proteolysis targeting chimera 

(PROTAC) molecule targeting PRMT5 via the SAM binding site to the VHL E3 ligase.53 

While our manuscript is preparation, Mulvaney et. al., have recently identified a conserved 

PRMT5 binding motif (PBM) that mediates interaction with PRMT5 cofactors COPR5, 

RioK1, and pICln and reported the discovery of an inhibitor targeting the interaction of 

PBM with RioK1.21,22 This inhibitor also appears to be effective in suppressing the growth 

of MTAP-deleted cancer cells.21 Given the unique cofactor-dependency of PRMT5 among 

the PRMT family of proteins, we proposed targeting the PPI interface directly between 

PRMT5 and MEP50 by occluding the MEP50 W54 binding pocket in the PRMT5 TIM 

barrel. Our virtual screen and BiFC screens led to the identification of compound 8 as an 

initial hit. Further synthesis and screening of additional analogs resulted in the identification 

of compound 17 with almost 4-fold improvement in potency based on IC50 in LNCaP 

cells. Significantly, we provided several pieces of evidence supporting that compound 

17 is specific and on-target. Firstly, compound 17 decreased global histone H4R3me2s, 

an epigenetic mark mediated by PRMT5:MEP50. Second, treatment with compound 17 
resulted in decreased repression of IVL gene normally repressed by PRMT5:MEP50, 

especially in non-keratinocyte cell types40, without affecting the expression of AR, which is 

regulated by PRMT5:pICln instead20. Lastly, we utilized Co-IP to demonstrated decreased 

binding of endogenous MEP50 to endogenous PRMT5 in LNCaP cell lysate. Thus, 

compound 17 represents a novel class of PRMT5:MEP50 inhibitors that merits further 

development based on the high level of target specificity.

PRMT5 has been extensively investigated in multiple human cancers.4–6,10,54 

Overexpression of PRMT5 correlates with disease progression, therapeutic resistance, and 

poor survival55. However, few studies have evaluated the role of PRMT5 cofactors or 

adaptors including MEP50. Our findings that PRMT5 cooperates with pICln, but not 

MEP50, to activate transcription of AR and DDR genes in prostate cancer cells provide 
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evidence that transcriptional regulation of PRMT5 target gene expression is likely dependent 

on the cofactors involved and potentially context-dependent19,20. Indeed, we have also 

demonstrated that during the course of fractionated ionizing radiation (FIR)-induced NED, 

PRMT5:MEP50 mediates FIR-induced neuroendocrine differentiation (NED) and that 

knockdown of PRMT5 significantly increased the sensitivity of LNCaP xenograft tumors 

to FIR, reduced tumor recurrence, and improved overall survival.19 Thus, identification of 

compound 17 as a lead compound for future development may offer several opportunities 

for clinical implications. As NED is associated with therapeutic resistance and contributes 

to the development of neuroendocrine prostate cancer (NEPC)56, targeting PRMT5:MEP50 

could be used to prevent treatment-induced neuroendocrine NED or even NEPC. Future 

development of the lead compound 17 will offer a unique opportunity for further evaluation 

of the inhibitor in FIR-induced NED in vitro and in vivo and potentially NEPC treatment.

Because PRMT5 can repress transcription of PTEN and RBL2 in leukemia/lymphoma cell 

lines7,8, it would be interesting to validate the role of PRMT5:MEP50 PPI in regulation 

of PTEN and RB1 (or RB family members) in these human cancers. If confirmed, 

targeting PRMT5:MEP50 PPI with compound 17 or future analogs could be utilized 

for leukemia/lymphoma treatment or as a sensitizer for other therapies by activating 

PTEN/RB-family in conjunction with other disease-specific targeted therapy. As PTEN is 

deficient in multiple cancers and PTEN negatively regulates the PI3K-AKT-mTOR pathway, 

targeting PRMT5:MEP50 under specific contexts may allow indirect re-activation of PTEN 
and deactivation of mTOR signaling as an indirect alternative to targeting PTEN/mTOR 

signaling, known to be therapeutically challenging.57–59

PRMT5 also plays a critical role in RNA splicing by forming a complex with MEP50 

and pICln to catalyze the methylation of Sm proteins and to facilitate the assembly of 

spliceosome for both normal and cancer cells.60–63 PRMT5 regulates splicing in both 

hematopoietic and neuronal stem/progenitor cells; recently, in a panel of patient-derived 

glioblastoma cell lines, inhibition of PRMT5-mediated alternative splicing was found to 

impair proliferation, induce senescence, and trigger apoptosis.60,61,63 It is plausible that 

compound 17 or its future analogs could be used to treat multiple alternative-splicing driven 

diseases or progression stages (AR reactivation via AR-V7 in prostate cancer, TAK1/CD44 

alternative splicing in EMT, or PTPMT1-mediated radioresistance in lung cancer).64–67 

As the field continues to evolve, distinct cellular roles of PRMT5:MEP50 will continue 

to be uncovered, providing specific disease/context dependencies and mechanisms for 

patient stratification. We anticipate that targeting the PRMT5/MEP50 interaction with future 

analogs of compound 17 with improved pharmacokinetics and potency may be explored for 

treatment of various human diseases at different stages or processes that are dependent on 

the formation of the PRMT5/MEP50 complex.

RNA-seq identified significant dysregulation of TP53 signaling pathway, cellular 

proliferation/differentiation, and MAP Kinase signaling, each of which is a core function 

of PRMT5 activity in normal and cancer cells. Interestingly, only a small subset of genes 

was identified when compared to RNA-seq data from PRMT5 or MEP50 knockdown, 

suggesting a narrow scope of mechanism of action for therapeutic compounds targeting 

PRMT5:MEP50 PPI. Such a narrow scope may in fact provide an added layer of specificity 
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and selectivity for future therapeutic approaches. Further, unbiased approaches such as 

ChIP-seq targeting PRMT5 and MEP50 with and without compound 17 or future analogs 

would help to identify PRMT5:MEP50-specific target genes, which may facilitate patient 

selection in the clinical setting.

Methylation of histone and non-histone substrates is a critical mediator of normal cell 

development and fate determination in differentiation as well as cancer cell proliferation 

and therapy resistance, necessitating clear delineation of therapeutic window and context-

specific targeting strategies. PRMT5-mediated epigenetic activation/repression, alternative 

splicing, and PTEN/TP53 methylation, and growth factor (e.g., TGFβ / FGFR / EGFR) 

coactivation are all cancer cell dependencies that may be exploited via PRMT5-targeting 

therapies. In prostate cancer specifically, we have demonstrated PRMT5:MEP50 has 

separate and distinct roles compared to PRMT5:pICln19,39, and it is a logical progression 

that more research will uncover additional cofactor-specific roles. We realize that compound 

17 is not an ideal lead compound for in vivo study or clinical development, due mostly 

to low solubility (predicted LogP 3.06, Molinspiration Software68) potentially hindering 

bioavailability or distribution as well as the presence of a hydrazide linker, which may 

present challenges for toxicity in vivo. Additional work is needed to improve potency 

and pharmacokinetic/pharmacodynamic properties, but we feel that we have demonstrated 

successful development of a chemical probe targeting the PRMT5:MEP50 PPI, and that 

this class of compounds could provide the foundation for potent and selective therapeutic 

compounds in the future.

EXPERIMENTAL SECTION

Computational Modeling, Docking, and Binding Energy Prediction.

Virtual screening35 was conducted with ZINCPharmer35. Refinement was performed (list 

of compounds was minimized) using SMINA36. Binding energies were predicted via web 

server for FastContact33.

Cell Lines and Cell Culture.

LNCaP, COS-1, and A549 cell lines were purchased from ATCC. Routine mycoplasma 

screening was performed as described previously by Owens et. al. using the LookOut PCR 

Mycoplasma Detection Kit (Sigma)19. Cells were stored as frozen stock in vapor phase of 

LN2 and thawed prior to use. Cell lines were cultured 3 passages after thawing prior to 

experimentation and maintained for no longer than 30 total passages. LNCaP cells were 

cultured in RPMI 1640 (Corning), and COS-1 cells were cultured in DMEM (Corning) 

medium. A549 cells were cultured in Hink’s F12K Medium (Corning). All media were 

supplemented with 10% FBS (Atlanta Biologicals), 1 mM sodium pyruvate (Corning), 

penicillin (100 units/mL) and streptomycin (100 μg/mL) combination (Gibco), and 2 mM/L 

L-glutamine (Corning). Knockdown cell lines were generated using the pLKO-Tet-On 

system. The pLKO-Tet-On plasmid for shRNA expression was obtained from Addgene69, 

and shRNA sequences that target PRMT5 (5′- CCCATCCTCTTCCCTATTAAG-3′: 

referring to #1832), SC (5′- CAACAAGATGAAGAGCACCAA-3′), MEP50 (5′- 
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CCTCACAAGGACTCTGTGTTT-3′) were utilized as described previously for stable cell 

line generation41.

For dox-induced PRMT5, MEP50, or scrambled control knockdown cell lines, doxycycline 

was applied at the final concentration of 1 μg/mL every 48 h to establish and maintain 

PRMT5 knockdown (shPRMT5), MEP50 knockdown (shMEP50), or express scramble 

control shRNA (shSC). Cells were harvested in Trizol and RNA was purified for RNAseq 

(Ambion) following methodology described previously39.

BiFC Assay and Screening.

BiFC Mutation Assay: COS-1 cells were grown in DMEM and seeded to 100,000 

cells / well of a 12-well plate and allowed to attach for 24 h. Cells were transfected with 

400 ng/well of pMyc-VN-PRMT5 (WT or mutant) BiFC plasmid, 400 ng/well pHA-VC-

MEP50 (WT or mutant) BiFC plasmid, and 200 ng/well pHA-Cerulean transfection control. 

Following 18 h after transfection, the cells were imaged on a Nikon TE-2000U microscope 

and images for CFP, YFP, and phase contrast were acquired using MetaMorph software 

(Nikon) with 10X objective. Images were analyzed with ImageJ70. Regions of Interest (ROI) 

were selected around each cell, and mean intensity was measured for each selection. A 

YFP:CFP ratio was calculated for DMSO as well as control treatment cells. The YFP:CFP 

ratio was then normalized to that of DMSO to generate the BiFC Efficiency score. All 

BiFC mutant experiments are performed as three biological replicates. To ensure comparable 

expression of BiFC plasmids, cells were subsequently washed with PBS and harvested in 

100 μL of 2X SDS sample buffer and analyzed via western blot. Anti-HA antibody was used 

to detect MEP50 fusions and Cerulean expression. Anti-Myc antibody was used to detect 

PRMT5 fusions.

BiFC Drug Screens: COS-1 cells were grown in DMEM and seeded to 50,000 cells/

well of a 12-well plate and allowed to attach for 24 h. Cells were then transfected with 

three plasmids pMyc-VN155-PRMT5, pHA-VC-MEP50, and pFLAG-NLS-CFP in order 

to visualize the interaction between PRMT5:MEP50. For BiFC screens, the COS-1 cells 

were treated with compound or DMSO to final concentration (10 μM for compound 1 – 

12 screen and 0.25, 0.50, 0.75, 1.0, and 5.0 μM or subsequent compound 8 screen) six 

hours after transfection and returned to the incubator. Following 24 hours after transfection, 

cells were imaged on a Nikon TE-2000U microscope and images for CFP, YFP, and phase 

contrast were acquired using MetaMorph software (Nikon) with 20X objective. Images 

were analyzed with ImageJ70. Regions of Interest (ROI) were selected around each cell, 

and mean intensity was measured for each selection. A YFP:CFP ratio was calculated 

for DMSO as well as control treatment cells. The YFP:CFP ratio was then normalized 

to that of DMSO to generate the BiFC Efficiency score. The lower score indicated less 

PRMT5:MEP50 PPI detected in a given cell or treatment group. Inhibition (% Inhibition) is 

calculated as a percent of 100% - the BiFC Efficiency. For the BiFC screen of compounds 

13 – 22 (including 8a and 8b), COS-1 cells were transfected for 24 h, treated with 0.5 

μM of compounds for 18 h, and then imaged as described above. For the BiFC screen of 

compounds 23 – 27 (including 8a and 8b), COS-1 cells were transfected for 24 h, treated 

with 0.25 μM of compounds for 18 h, and then imaged as described above. BiFC drug 
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screens were performed in single biological replicate as a high throughput screen to produce 

ranked order of compounds, although multiple biological replicate data was used whenever 

available.

MTT Assay.

LNCaP cells were seeded at 7,000 cells per well of a 96-well cell culture plate and incubated 

24 h to allow for attachment. Test compounds were diluted in RPMI-1640/25% DMSO pre-

dilutions and added to respective wells of the assay plate to maintain constant concentration 

of 0.25% DMSO. The treatment concentration range for each compound was designed as 

a DMSO control plus an 11-point curve such that the top two concentrations killed all 

cells following the 72 hour treatment window to ensure regression curve had acceptable 

asymptote readings. After addition of compounds, cells were returned to incubator (37 

°C, 5% CO2) for 72 h. Following incubation, assay plates were removed from incubator 

and media aspirated. 30 μL complete RPMI supplemented with 0.5 mg/mL MTT (Sigma) 

was added to the plate, and plate returned to incubator for 4 h. Plates were removed, 

and 88 μL DMSO was added. Plates were shaken at 700 rpm for 1 minute and read on 

spectrophotometer at 570 nm.

RT-qPCR Assay.

LNCaP cells were seeded to either 6 cm or 10 cm dishes at 800,000 or 2,200,000 cells/

dish respectively. Cells were allowed to attach for 24 h and then subsequently treated 

with either compound 17 (500 nM) or DMSO for 72 h. Cells were then harvested with 

Trizol reagent (Ambion) and RNA integrity was verified via agarose gel electrophoresis. 

Promega High Capacity cDNA Reverse Transcription Kit (Promega) was utilized following 

manufacturer instructions and as described previously41,71,72. RT-qPCR was performed with 

FastStart Universal SYBR Green Master Mix (Thermo Fisher Scientific) and detected on 

a QuantStudio 6 Flex with QuantStudio Real-Time PCR control software (Thermo Fisher 

Scientific). QuantStudio Design and Analysis software (Thermo Fisher Scientific) was used 

for data analysis. Technical triplicates were run for all samples, samples without detectable 

amplification were deemed undetected. Primer sets were validated via melt curve and 

agarose gel analysis of RT-qPCR product. AR primers were used as described previousy41 

and IVL primers were used as described previously.40 All primer sequences utilized are 

described in Supplementary Information.

Co-Immunoprecipitation.

LNCaP cells were treated with either DMSO or compound 17 (500 nM, 24hrs) and 

harvested for Co-IP and WB in lysis buffer composed of 50 mM Tris-HCl, pH 7.4, 100 

mM NaCl, 10 mM EDTA, 0.1% Triton X-100, 1 mM DTT, 1 mM PMSF, and 5 μg each 

of chymostatin, leupeptin, pepstatin A, and antipan. Cells were lysed over 1 hour rotating 

in 4 °C and supernatant cleared. Total lysate (1 mg/mL) was used for Co-IP with 4 μg 

rabbit anti-PRMT5 pAb (Millipore Sigma 07–405), rabbit anti-MEP50 pAb (Cell Signaling 

Technologies S2823S) or normal rabbit IgG (Millipore Sigma N01–100UG) overnight. 

Antibody-bound proteins were precipitated with Pierce Protein A agarose beads (Thermo 

Scientific 20333). Antibodies and immunoprecipitated proteins were prepared for western 
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blot by adding 50 μL 2X SDS buffer, boiling at 95 °C for 5 min, and storing at −80 °C or 

proceeding to western blot.

Western Blot Assay.

Co-IP product, input sample, or ladder were loaded into a 10% acrylamide/bisacrylamide gel 

(20 μL Co-IP, 20 μL input (0.4% total), 5 μL ladder per lane). Gel was run 90 min @ 125 

V and transferred onto a nitrocellulose membrane for 75 min at 100 V. The membrane was 

washed and incubated with either anti-PRMT5 rabbit pAb (1:1000 in phosphate buffered 

saline, pH 7.4, supplemented with Tween-20 (PBST), Millipore 07–405) or anti-MEP50 

mouse mAb (1:1000 in PBST, Invitrogen MA5–32970). Secondary anti-rabbit IgG-HRP 

conjugate (1:1000 in PBST, GE Healthcare) or anti-mouse IgG-HRP conjugate (1:1000 in 

PBST, GE Healthcare) was used to provide signal for the blot which was subsequently 

imaged on a Bio-Rad ChemiDoc Touch Imaging System (Bio-Rad). Band Intensity was 

determined with ImageLab software and ImageJ.

For global histone H4R3 and H4R3me2s western blots, cell lysate was prepared in 

RIPA buffer (10 mM Tris-HCl pH 8.0, 5 mM EDTA, 1% Triton X-100, 0.1% sodium 

deoxycholate, 0.1% sodium dodecyl sulfate, 150 mM sodium chloride, and 5 μg/mL each 

chymostatin, leupeptin, pepstatin A, and antipan in DMSO, with 1 mM PMSF and total 

soluble protein was quantified using Bradford assay. 100 μL lysate was combined with 

100 μL 2X SDS buffer, and 20 μg total lysate was loaded into the wells of a 15% 

acrylamide/bisacrylamide gel. The gel was run for 60 min at 125 V and transferred onto 

nitrocellulose membrane for 45 min at 100 V. Anti-H4R3 rabbit pAb (Abcam, ab10158) or 

anti-H4R3me2s rabbit pAb (Abcam, ab5823) was diluted 1:1000 in PBST and incubated 

overnight at 4 °C. Secondary IRDye® 800CW Donkey anti-Rabbit IgG Secondary Antibody 

(Li-Cor, 926–32213) was diluted 1:20,000 in PBST and incubated with the membrane, 

which was then imaged via LiCor Odyssey CLx imager and analyzed with ImageStudioLite 

software (Li-Cor). Integrated intensity of H4R3me2s band was normalized to H4R3 to 

determine relative abundance of H4R3me2s across DMSO and Cpd 17-treated samples.

For confirmation of BiFC plasmid expression, 100 μL 2X SDS buffer was loaded into 

the wells of the 24-well plated used for the BiFC screen and harvested. To the lanes of 

a 10% SDS-PAGE gel, 20 μL lysate was loaded. The gel was run for 60 min at 125 

V and transferred onto nitrocellulose membrane for 75 min at 100 V. The membrane 

was incubated with either anti-HA tag antibody (Sigma-Aldrich, H3663) for detection of 

HA-fusion Cerulean protein and HA-fused MEP50 (wild type or mutants) or anti-Myc 

tag antibody (Abcam, Clone 9E10, ab32) for detection of Myc-fusion PRMT5 (wild type 

or mutants) at 1:1000 dilution in PBST. Secondary antibody IRDye® 800CW Donkey 

anti-Mouse IgG (LI-COR, 926–32212) was used for detection, and membranes were read on 

LI-COR Odyssey imager.

RNA Sequencing Analysis

The reads were mapped to the human genome hg38 using STAR (v2.7.2a)73. RNA-seq 

aligner with the following parameter: “--outSAMmapqUnique 60”. Uniquely mapped 

sequencing reads were assigned to GENCODE 31 gene using featureCounts (v2.0.1)74 with 
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the following parameters: “–p –Q 10 -O”. The data was filtered using read count > 10 in 

at least 3 of the samples, normalized using TMM (trimmed mean of M values) method and 

subjected to differential expression analysis using edgeR (v3.34.1)75,76. Gene ontology and 

KEGG pathway functional analysis was performed on differential expression gene with p 

value cut-off of 0.05 using DAVID.77,78

Chemical Synthesis

General Methods.—NMR spectra were recorded on Bruker spectrometers (1H at 400 

MHz, 500 MHz, 800 MHz and 13C at 100 MHz, 125 MHz, 200 MHz). Chemical shifts (δ) 

were given in ppm with reference to solvent signals [1H NMR: CHCl3 (7.26); 13C NMR: 

CDCl3 (77.2), C6D6 (128.02), CD3OD (49.0)]. Column chromatography was performed on 

silica gel. All reactions sensitive to air or moisture were conducted under argon atmosphere 

in dry and freshly distilled solvents under anhydrous conditions, unless otherwise noted. 

Anhydrous THF and toluene were distilled over sodium benzophenone ketyl under Argon. 

Anhydrous CH2Cl2 was distilled over calcium hydride under Argon. All other solvents 

and reagents were used as obtained from commercial sources without further purification. 

All compounds tested in the biological assays are >95% purity based on NMR analysis 

(Supplemental Information) or HPLC analysis (Figure S5).

(3,5-dimethylisoxazol-4-yl)methanol (28): To a 0 °C solution of 3,5-dimethyl-1,2-oxazole-4-

carbaldehyde (1.0 g, 8.0 mmol) in anhydrous methanol (60 mL) was added sodium 

borohydride (450 mg, 12.0 mmol). The reaction mixture was stirred at room temperature 

overnight. Methanol was evaporated and water (50 mL) was added. The resultant mixture 

was extracted with EtOAc (3 × 50 mL). The organic extracts were combined, dried over 

Na2SO4, filtered, evaporated, and subjected to the flash column chromatography to afford 28 
(817 mg, 80% yield) as white solid. 1H NMR (500 MHz, CDCl3) δ = 4.38 (s, 2H), 2.32 (s, 

3H), 2.21 (s, 3H); 13C NMR (125 MHz, CDCl3) δ = 166.7, 159.8, 113.8, 53.4, 10.9, 9.9. 

MS (ESI): m/z 128.1 calc. for C6H10NO2
+ [M+H]+, found 128.2.

Methyl 3-((3,5-dimethylisoxazol-4-yl)methoxy)benzoate (31): To a solution of 28 (540 mg, 

4.2 mmol) in anhydrous CH2Cl2 (42 mL) was added dropwise phosphorus tribromide (1.3 

mL, 12.7 mmol). The mixture was stirred at room temperature for 3 h. Water (50 mL) was 

added. The resultant mixture was extracted with CH2Cl2 (3 × 50 mL). The organic extracts 

were combined, dried over MgSO4, filtered, evaporated, and the residue was dried in vacuo, 

affording crude 29 for the next step without further purification.

To a stirred solution of 3-phenolic methyl ester 30 (571 mg, 3.8 mmol) in DMF (26 mL) 

at room temperature, was added potassium carbonate (1 g, 7.5 mmol) followed by 29 (710 

mg, 3.8 mmol). The reaction mixture was stirred overnight. The mixture was filtered over 

a celite pad and washed with EtOAc (5 × 60 mL). The organic extracts were combined, 

dried over MgSO4, filtered, and evaporated. The crude residue was purified by flash column 

chromatography to afford 31 (900 mg, 93% yield). 1H NMR (500 MHz, CDCl3) δ 7.68 (dt, 

J = 7.8, 1.2 Hz, 1H), 7.61 (dd, J = 2.7, 1.5 Hz, 1H), 7.36 (t, J = 7.9 Hz, 1H), 7.12 (ddd, J = 

8.2, 2.7, 1.0 Hz, 1H), 4.84 (s, 2H), 3.92 (s, 3H), 2.42 (s, 3H), 2.30 (s, 3H); 13C NMR (125 
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MHz, CDCl3) δ = 167.7, 166.8, 159.8, 158.2, 131.6, 129.6, 122.7, 120.5, 114.6, 110.0, 59.7, 

52.3, 11.2, 10.2. MS (ESI): m/z 262.1 calc. for C14H16NO4
+ [M+H]+, found 262.4.

3-((3,5-dimethylisoxazol-4-yl)methoxy)benzohydrazide (32): A solution of hydrazine 

hydrate (80%, 2.09 mL, 35 mmol) was added dropwise to a solution of 31 (2.3 mmol) in 

EtOH (12 mL). The reaction mixture was refluxed for 12 h until completion. After cooling, 

water (10 mL) was added, and the precipitate was filtered and washed with a small amount 

of ethanol and water. The crude product was subjected to the next step without further 

purification.

A general procedure for the synthesis of 8b, 13–20: Acyl chloride (0.12 mmol) in 

CH2Cl2 (1.0 mL) was added dropwise to a dried round flask containing the corresponding 

benzohydrazide (0.11 mmol), pyridine (44 μL, 0.55 mmol), and DMAP (1.5 mg, 0.01 mmol) 

in CH2Cl2 (1.0 mL) at 0 °C. The mixture was stirred at room temperature for 12 h and then 

washed with dilute aqueous HCl and water and dried over Na2SO4. After removal of the 

solvent at reduced pressure, the crude product was purified by flash column chromatography 

to obtain the desired product.

N′-(3-((3,5-dimethylisoxazol-4-yl)methoxy)benzoyl)quinoline-2-carbohydrazide (8b, 46%): 
1H NMR (500 MHz, CDCl3) δ 10.70 (s, 1H), 10.07 (s, 1H), 8.31 – 8.25 (m, 1H), 8.19 (d, J 
= 8.4 Hz, 1H), 8.12 (dd, J = 8.4, 1.2 Hz, 1H), 7.86 (dd, J = 8.2, 1.4 Hz, 1H), 7.78 (ddd, J = 

8.4, 6.9, 1.4 Hz, 1H), 7.64 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 7.59 – 7.48 (m, 2H), 7.31 (t, J = 

7.9 Hz, 1H), 7.05 (ddd, J = 8.3, 2.6, 0.9 Hz, 1H), 4.77 (s, 2H), 2.36 (s, 3H), 2.25 (s, 3H); 13C 
NMR (125 MHz, CDCl3) δ 167.7, 164.5, 162.0, 159.8, 158.6, 147.8, 146.6, 137.6, 132.9, 

130.5, 130.0, 129.9, 129.6, 128.5, 127.7, 120.2, 119.9, 118.6, 112.6, 110.0, 59.6, 11.1, 10.1. 

HRMS (ESI): m/z 417.1557 calc. for C23H21N4O4
+ [M+H]+, found 417.1561.

N′-(3-((3,5-dimethylisoxazol-4-yl)methoxy)benzoyl)quinoline-8-sulfonohydrazide (13, 

77%): 1H NMR (500 MHz, CDCl3) δ 9.39 (s, 1H), 9.18 (dd, J = 4.3, 1.7 Hz, 1H), 8.39 

(dd, J = 7.3, 1.4 Hz, 1H), 8.30 (dd, J = 8.3, 1.8 Hz, 2H), 8.09 (dd, J = 8.2, 1.4 Hz, 1H), 7.65 

– 7.58 (m, 2H), 7.30 (t, J = 7.9 Hz, 1H), 7.20 (d, J = 7.7 Hz, 1H), 7.15 (s, 1H), 7.04 (ddd, J = 

8.3, 2.7, 1.0 Hz, 1H), 4.72 (s, 2H), 2.35 (s, 3H), 2.23 (s, 3H); 13C NMR (125 MHz, CDCl3) 

δ 167.6, 165.0, 159.6, 158.6, 151.3, 143.8, 136.9, 136.0, 134.2, 132.6, 131.2, 130.0, 128.8, 

125.3, 122.6, 119.7, 119.6, 113.0, 109.8, 59.6, 11.1, 10.1. HRMS (ESI): m/z 453.1227 calc. 

for C22H21N4O5S+ [M+H]+, found 453.1222.

N′-(3-((3,5-dimethylisoxazol-4-yl)methoxy)benzoyl)-2-naphthohydrazide (14, 47%): 1H 
NMR (500 MHz, CDCl3) δ 9.64 (q, J = 6.1 Hz, 2H), 8.42 (d, J = 1.4 Hz, 1H), 7.93 – 

7.86 (m, 4H), 7.58 (m, 2H), 7.52 – 7.47 (m, 2H), 7.37 (t, J = 7.9 Hz, 1H), 7.13 – 7.09 

(m, 1H), 4.80 (s, 2H), 2.40 (s, 3H), 2.28 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 167.7, 

164.4, 163.9, 159.7, 158.7, 135.2, 132.8, 132.5, 130.1, 129.1, 128.8, 128.3, 127.8, 127.1, 

123.2, 119.8, 119.8, 112.9, 109.9, 59.7, 11.2, 10.2. HRMS (ESI): m/z 416.1605 calc. for 

C24H22N3O4
+ [M+H]+, found 416.1610.

N′-(3-((3,5-dimethylisoxazol-4-yl)methoxy)benzoyl)-5-(trifluoromethyl)picolinohydrazide 

(15, 96%): 1H NMR (500 MHz, CDCl3) δ 10.54 (d, J = 5.2 Hz, 1H), 9.72 (d, J = 5.2 
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Hz, 1H), 8.85 (dd, J = 1.5, 0.8 Hz, 1H), 8.24 (dt, J = 8.2, 0.8 Hz, 1H), 8.13 – 8.07 (m, 1H), 

7.53 – 7.47 (m, 2H), 7.33 (t, J = 7.9 Hz, 1H), 7.08 (ddd, J = 8.3, 2.6, 0.9 Hz, 1H), 4.80 (s, 

2H), 2.40 (s, 3H), 2.27 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 167.7, 164.4, 160.1, 159.7, 

158.6, 151.0, 145.7, 145.7, 134.9, 132.7, 130.0, 129.5 (q, J= 33.75 Hz), 122.9 (q, J = 271.25 

Hz), 122.3, 119.9 (d, J = 11.25 Hz), 112.9, 109.9, 59.6, 11.1, 10.1. 19F NMR (470 MHz, 

CDCl3) δ -63.8. HRMS (ESI): m/z 457.1094 calc. for C20H17F3N4NaO4
+ [M+Na]+, found 

457.1101.

N′-(3-((3,5-dimethylisoxazol-4-yl)methoxy)benzoyl)-6-(trifluoromethyl)picolinohydrazide 

(16, 99%): 1H NMR (500 MHz, CDCl3) δ 10.26 (d, J = 4.9 Hz, 1H), 9.10 (d, J = 4.9 

Hz, 1H), 8.40 – 8.35 (m, 1H), 8.11 (td, J = 7.9, 0.7 Hz, 1H), 7.89 (dd, J = 7.9, 1.0 Hz, 1H), 

7.53 – 7.46 (m, 2H), 7.39 (t, J = 7.9 Hz, 1H), 7.12 (ddd, J = 8.2, 2.6, 1.0 Hz, 1H), 4.84 (s, 

2H), 2.43 (s, 3H), 2.30 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 167.8, 164.2, 159.8, 159.7, 

158.7, 148.4, 147.5 (d, J = 36.25 Hz), 139.4, 132.9, 130.1, 125.3, 123.6, 119.9, 119.7, 113.1, 

109.9, 59.7, 11.2, 10.2; 19F NMR (470 MHz, CDCl3) δ −69.0. HRMS (ESI): m/z 435.1275 

calc. for C20H18F3N4O4
+ [M+H]+, found 435.1281.

N′-(3-((3-ethyl-5-methylisoxazol-4-yl)methoxy)benzoyl)quinoline-2-carbohydrazide (17, 

39%): 1H NMR (500 MHz, CDCl3) δ 10.51 (s, br, 1H), 9.64 (s, br, 1H), 8.33 (d, J = 

8.5 Hz, 1H), 8.24 (d, J = 8.4 Hz, 1H), 8.17 (dd, J = 8.5, 1.1 Hz, 1H), 7.92 – 7.88 (m, 1H), 

7.81 (ddd, J = 8.4, 6.9, 1.5 Hz, 1H), 7.66 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 7.57 – 7.54 (m, 1H), 

7.51 (dt, J = 7.7, 1.2 Hz, 1H), 7.38 (t, J = 7.9 Hz, 1H), 7.11 (ddd, J = 8.3, 2.6, 0.9 Hz, 1H), 

4.83 (s, 2H), 2.69 (q, J = 7.6 Hz, 2H), 2.41 (s, 3H), 1.29 (t, J = 7.5 Hz, 3H); 13C NMR (125 

MHz, CDCl3) δ 167.8, 164.4, 164.0, 161.3, 158.7, 147.7, 146.7, 137.7, 133.1, 130.6, 130.0, 

130.0, 129.6, 128.5, 127.8, 119.9, 119.8, 118.7, 112.8, 109.3, 59.6, 18.7, 12.2, 11.2. HRMS 
(ESI): m/z 453.1533 calc. for C24H22N4NaO4

+ [M+Na]+, found 453.1539.

N′-(3-((5-ethyl-3-methylisoxazol-4-yl)methoxy)benzoyl)quinoline-2-carbohydrazide (18, 

71%): 1H NMR (500 MHz, CDCl3) δ 10.70 (s, 1H), 9.53 (s, 1H), 8.33 (d, J = 8.4 Hz, 

1H), 8.23 (d, J = 8.4 Hz, 1H), 8.16 (dd, J = 8.5, 1.2 Hz, 1H), 7.89 (dd, J = 8.3, 1.4 Hz, 1H), 

7.80 (ddd, J = 8.4, 6.9, 1.4 Hz, 1H), 7.66 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.56 (dd, J = 2.6, 

1.5 Hz, 1H), 7.52 (dt, J = 7.7, 1.2 Hz, 1H), 7.38 (t, J = 7.9 Hz, 1H), 7.13 – 7.08 (m, 1H), 

4.83 (s, 2H), 2.78 (q, J = 7.6 Hz, 2H), 2.29 (s, 3H), 1.27 (t, J = 7.6 Hz, 3H); 13C NMR (125 

MHz, CDCl3) δ 172.4, 164.0, 161.3, 159.7, 158.7, 147.7, 146.7, 137.7, 133.1, 130.5, 130.0, 

130.0, 129.6, 128.5, 127.8, 119.9, 119.8, 118.7, 112.9, 109.0, 59.6, 19.3, 12.2, 10.2. LRMS 
(ESI): m/z 431.2 calc. for C24H23N4O4

+ [M+H]+, found 431.7.

N′-(3-((3-methyl-5-propylisoxazol-4-yl)methoxy)benzoyl)quinoline-2-carbohydrazide (19, 

78%): 1H NMR (500 MHz, CDCl3) δ 10.70 (s, 1H), 9.22 (s, 1H), 8.35 (d, J = 8.5 Hz, 

1H), 8.26 (d, J = 8.4 Hz, 1H), 8.18 (d, J = 8.5 Hz, 1H), 7.91 (dd, J = 8.2, 1.4 Hz, 1H), 7.82 

(ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.67 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.55 (dd, J = 2.7, 1.5 

Hz, 1H), 7.53 – 7.49 (m, 1H), 7.41 (t, J = 7.9 Hz, 1H), 7.14 (dd, J = 8.0, 2.6 Hz, 1H), 4.85 

(s, 2H), 2.74 (t, J = 7.5 Hz, 2H), 2.31 (s, 3H), 1.73 (h, J = 7.4 Hz, 2H), 0.96 (t, J = 7.4 Hz, 

3H); 13C NMR (125 MHz, CDCl3) δ 171.4, 163.9, 161.1, 159.7, 158.8, 147.7, 146.7, 137.7, 

133.1, 130.5, 130.1, 130.0, 129.6, 128.5, 127.8, 119.8, 118.7, 113.0, 109.7, 59.6, 27.6, 21.2, 

13.7, 10.2. MS (ESI): m/z 445.2 calc. for C25H25N4O4
+ [M+H]+, found 445.7.
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N′-(3-((3-methyl-5-phenylisoxazol-4-yl)methoxy)benzoyl)quinoline-2-carbohydrazide (20, 

60%): 1H NMR (500 MHz, CDCl3) δ 10.67 (s, 1H), 9.43 (s, 1H), 8.31 (d, J = 8.4 Hz, 

1H), 8.22 (d, J = 8.4 Hz, 1H), 8.16 (d, J = 8.5 Hz, 1H), 7.89 (dd, J = 8.2, 1.4 Hz, 1H), 7.80 

(ddd, J = 8.5, 6.9, 1.4 Hz, 1H), 7.72 – 7.63 (m, 3H), 7.58 (dd, J = 2.6, 1.4 Hz, 1H), 7.53 (dt, J 
= 7.7, 1.2 Hz, 1H), 7.46 (qd, J = 4.8, 1.6 Hz, 3H), 7.40 (t, J = 7.9 Hz, 1H), 7.15 (dd, J = 8.2, 

2.5 Hz, 1H), 4.99 (s, 2H), 2.38 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 168.4, 164.0, 161.3, 

160.8, 158.6, 147.7, 146.6, 137.7, 133.2, 130.5, 130.4, 130.1, 130.0, 129.6, 129.1, 128.5, 

127.8, 127.5, 127.4, 120.1, 119.7, 118.6, 113.1, 109.5, 59.9, 10.2. MS (ESI): m/z 479.2 calc. 

for C28H23N4O4
+ [M+H]+, found 479.8.

N′-(3-((5-ethyl-3-methylisoxazol-4-yl)methoxy)benzoyl)quinoline-2-carbohydrazide (21): 

To a solution of 31 (200 mg, 0.77 mmol) in THF/H2O (7.0 mL, 1:1 in volume) was added 

LiOH (36.7 mg, 1.53 mmol) at room temperature. The resulting mixture was stirred for 12 

h. Upon completion, the resultant mixture was acidified with aq. HCl then extracted with 

EtOAc. The organic extracts were combined, dried over Na2SO4, filtered, evaporated, and 

the residue was subjected to a quick flash column chromatography to afford the acid for the 

next step.

To a solution of the above acid (50 mg, 0.2 mmol) and catalytic amount of DMF in 

anhydrous CH2Cl2 (1 mL) at 0 °C was added (COCl)2 (34 μL, 0.4 mmol) dropwise and the 

resulting mixture was stirred for 1 h. The resulting mixture was concentrated under reduced 

pressure to afford the acid chloride 45 which was subjected to the next step without further 

purification.

To a solution of the acid chloride from the previous step in anhydrous CH2Cl2 at 0 °C was 

added DIPEA (42 μL, 0.25 mmol) dropwise followed by N-Boc-ethylenediamine (32 μL, 

0.2 mmol). The resulting mixture was stirred at room temperature for 12 h. The resulting 

mixture was concentrated under reduced pressure to afford the amide, which was subjected 

to the next step without further purification.

To a solution of the amide from the previous step in CH2Cl2 (0.6 mL) at 0 °C was added 

TFA (0.2 mL) dropwise. After 10 min, the resulting mixture was concentrated under reduced 

pressure to afford the primary amine 48, which was subjected to the next step without 

further purification.

Quinaldoyl chloride 37 (26 mg, 0.1 mmol) in CH2Cl2 (1.0 mL) was added dropwise to a 

dried round flask containing the primary amine 48 from the previous step, Et3N (38 μL, 

0.27 mmol), in CH2Cl2 (1.0 mL) at 0 °C. The mixture was stirred at room temperature for 

12 h. The resulting mixture was concentrated under reduced pressure. The crude product 

was purified by flash column chromatography to obtain 21 (16.7 mg, 12% over 5 steps). 1H 
NMR (500 MHz, CDCl3) δ 8.73 (t, J = 6.3 Hz, 1H), 8.32 – 8.25 (m, 2H), 8.10 (dq, J = 8.6, 

0.9 Hz, 1H), 7.90 – 7.87 (m, 1H), 7.77 (ddd, J = 8.4, 6.9, 1.4 Hz, 1H), 7.63 (ddd, J = 8.1, 

6.9, 1.2 Hz, 1H), 7.58 (d, J = 4.9 Hz, 1H), 7.52 (dd, J = 2.6, 1.6 Hz, 1H), 7.44 (ddd, J = 7.6, 

1.6, 1.0 Hz, 1H), 7.35 (t, J = 7.9 Hz, 1H), 7.04 (ddd, J = 8.2, 2.6, 1.0 Hz, 1H), 4.83 (s, 2H), 

3.84 (td, J = 6.9, 6.2, 4.3 Hz, 2H), 3.77 (ddd, J = 7.2, 4.8, 3.5 Hz, 2H), 2.41 (s, 3H), 2.28 

(s, 3H); 13C NMR (125 MHz, CDCl3) δ 167.6, 167.4, 166.6, 159.8, 158.5, 149.1, 146.5, 
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137.7, 135.8, 130.4, 129.8, 129.7, 129.4, 128.2, 127.8, 119.6, 118.9, 118.6, 112.8, 110.1, 

59.6, 42.2, 39.3, 11.2, 10.2. HRMS (ESI): m/z 445.1870 calc. for C25H25N4O4
+ [M+H]+, 

found 445.1876.

N′-(3-((3-methyl-5-propylisoxazol-4-yl)methoxy)benzoyl)quinoline-2-carbohydrazide (22): 

To a solution of acid chloride 45 (0.33 mmol) in anhydrous CH2Cl2 at 0 °C was added 

DIPEA (70 μL, 0.40 mmol) dropwise followed by N-Boc-1,3-propanediamine (58 μL, 0.33 

mmol). The resulting mixture was stirred at room temperature for 12 h. The resulting 

mixture was concentrated under reduced pressure to afford the amide, which was subjected 

to the next step without further purification.

To a solution of the amide from the previous step in CH2Cl2 (1.5 mL) at 0 °C was added 

TFA (0.5 mL) dropwise. After 10 min, the resulting mixture was concentrated under reduced 

pressure to afford the primary amine 49, which was subjected to the next step without 

further purification.

Quinaldoyl chloride 37 (63 mg, 0.33 mmol) in CH2Cl2 (1.5 mL) was added dropwise to a 

dried round flask containing the primary amine 49 from previous step, pyridine (0.13 mL, 

1.66 mmol), and DMAP (4.0 mg, 0.03 mmol) in CH2Cl2 (1.5 mL) at 0 °C. The mixture 

was stirred at room temperature for 12 h. The mixture was then washed with dilute aqueous 

HCl and water and dried over Na2SO4. After removal of the solvent at reduced pressure, the 

crude product was purified by flash column chromatography to obtain 22 (50 mg, 23% over 

5 steps) as product. 1H NMR (500 MHz, CDCl3) δ 8.56 (t, J = 7.3 Hz, 1H), 8.37 – 8.27 (m, 

2H), 8.12 (t, J = 8.8 Hz, 1H), 7.91 (t, J = 8.7 Hz, 1H), 7.78 (h, J = 6.4, 4.1 Hz, 2H), 7.68 – 

7.61 (m, 2H), 7.57 (t, J = 8.4 Hz, 1H), 7.39 (q, J = 8.4, 7.9 Hz, 1H), 7.28 (d, J = 1.6 Hz, 1H), 

7.10 – 7.05 (m, 1H), 4.89 (d, J = 9.1 Hz, 2H), 3.71 (q, J = 6.2 Hz, 2H), 3.56 (q, J = 5.9 Hz, 

2H), 2.44 (d, J = 9.3 Hz, 3H), 2.31 (dd, J = 8.1, 1.9 Hz, 3H), 1.95 (q, J = 6.0 Hz, 2H); 13C 
NMR (125 MHz, CDCl3) δ 167.6, 166.9, 165.8, 159.8, 158.6, 149.2, 146.5, 137.7, 136.2, 

130.3, 129.8, 129.7, 129.4, 128.2, 127.8, 119.6, 118.8, 118.7, 112.9, 110.2, 59.6, 36.4, 36.1, 

29.8, 11.2, 10.2. HRMS (ESI): m/z 481.1846 calc. for C26H26N4NaO4
+ [M+Na]+, found 

481.1851.

N′-(3-((3-methyl-5-phenylisoxazol-4-yl)methoxy)benzoyl)quinoline-2-carbohydrazide (23): 

2-Quinolineethanamine 50 (70 mg, 0.41 mmol) in CH2Cl2 (2.0 mL) was added dropwise to 

a dried round flask containing the acid chloride 45 (0.41 mmol), pyridine (0.16 mL, 2.02 

mmol), and DMAP (5.0 mg, 0.04 mmol) in CH2Cl2 (2.0 mL) at 0 °C. The mixture was 

stirred at room temperature for 12 h and then washed with dilute aqueous HCl and water and 

dried over Na2SO4. After removal of the solvent at reduced pressure, the crude product was 

purified by flash column chromatography to obtain 23 (0.8 mg; ~5%). 1H NMR (500 MHz, 

CDCl3) δ 8.13 (dd, J = 8.4, 0.9 Hz, 1H), 8.06 – 7.99 (m, 2H), 7.82 (dd, J = 8.1, 1.4 Hz, 

1H), 7.69 (ddd, J = 8.4, 6.9, 1.4 Hz, 1H), 7.53 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.49 (dd, J 
= 2.6, 1.5 Hz, 1H), 7.40 – 7.32 (m, 3H), 7.04 (ddd, J = 7.8, 2.7, 1.3 Hz, 1H), 4.82 (s, 2H), 

4.03 – 3.95 (m, 2H), 3.31 – 3.25 (m, 2H), 2.41 (s, 3H), 2.28 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 167.6, 166.7, 160.5, 159.8, 158.6, 147.6, 136.9, 136.5, 129.8, 129.7, 128.6, 127.8, 

126.9, 126.3, 122.0, 119.3, 118.5, 113.0, 110.1, 59.6, 38.6, 37.0, 11.2, 10.2. HRMS (ESI): 
m/z 402.1812 calc. for C24H24N3O3

+ [M+H]+, found 402.1817.
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N-(3-((3,5-dimethylisoxazol-4-yl)methoxy)benzoyl)quinoline-2-carboxamide (24): 

Concentrated ammonia (4.0 mL) was added dropwise to a solution of 31 (300 mg, 1.14 

mmol) in MeOH (2.0 mL). The reaction mixture was heated to 60 °C and stirred for 12 h 

until completion, as determined by TLC. After cooling, water was added, and the precipitate 

was filtered and washed with a small amount of methanol and water. The crude product was 

put under vacuum to afford amide (150 mg, 53%) as product, which was subjected to the 

next step without further purification.

To a solution of the above amide (20 mg, 0.08 mmol) in anhydrous THF was added NaH 

(6.4 mg, 60% in mineral oil) at 0 °C. The resulting mixture was stirred at 0 °C for 30 min 

before adding 37 (15.3 mg, 0.08 mmol). The mixture was stirred at room temperature for 12 

h and then diluted with EtOAc. The organic phase was washed with dilute aqueous HCl and 

water and dried over Na2SO4. After removal of the solvent at reduced pressure, the crude 

product was purified by flash column chromatography to obtain 24 (15 mg, 47%). 1H NMR 
(500 MHz, CDCl3) δ 11.77 (s, 1H), 8.42 (d, J = 1.3 Hz, 2H), 8.19 (dd, J = 8.6, 1.1 Hz, 1H), 

7.96 (dd, J = 8.2, 1.4 Hz, 1H), 7.85 (ddd, J = 8.5, 6.9, 1.4 Hz, 1H), 7.74 – 7.63 (m, 3H), 

7.52 (t, J = 7.9 Hz, 1H), 7.22 (ddd, J = 8.2, 2.7, 0.9 Hz, 1H), 4.92 (s, 2H), 2.47 (s, 3H), 2.33 

(s, 3H); 13C NMR (125 MHz, CDCl3) δ 167.8, 164.6, 162.2, 159.8, 158.9, 148.3, 146.2, 

138.4, 135.1, 130.8, 130.2, 130.0, 129.9, 129.0, 128.0, 120.6, 119.9, 119.0, 113.8, 109.9, 

59.8, 11.3, 10.2. MS (ESI): m/z 402.1 calc. for C23H20N3O4
+ [M+H]+, found 402.6.

N-(3-((3,5-dimethylisoxazol-4-yl)methoxy)benzyl)quinoline-2-carboxamide (25): To a 

solution of 31 (390 mg, 1.49 mmol) in anhydrous THF (2 mL) at 0 °C was slowly added 

LiAlH4 (34 mg, 0.90 mmol) in anhydrous THF (2 mL) dropwise. The resulting mixture was 

stirred at room temperature for 3 h. The reaction was quenched by subsequent addition of 

water and EtOAc. The suspension was filtered, and the residue was extracted with EtOAc, 

then dried over Na2SO4. After removal of the solvent at reduced pressure, the crude residue 

was purified by flash column chromatography to afford the primary alcohol (340 mg, 98% 

yield). 1H NMR (500 MHz, CDCl3) δ 7.31 – 7.25 (m, 1H), 7.00 – 6.96 (m, 2H), 6.86 (ddd, J 
= 8.2, 2.6, 1.0 Hz, 1H), 4.80 (s, 2H), 4.69 (s, 2H), 2.40 (s, 3H), 2.28 (s, 3H); 13C NMR (125 

MHz, CDCl3) δ 167.5, 159.8, 158.6, 142.8, 129.8, 119.8, 114.1, 113.0, 110.3, 65.0, 59.5, 

11.2, 10.2.

To a solution of the above primary alcohol (340 mg, 1.46 mmol) in anhydrous CH2Cl2 

(14.6 mL) at 0 °C was added Dess-Martin periodinane (680 mg, 1.60 mmol). The mixture 

was stirred at room temperature for 3 h before water was added. The resultant mixture was 

extracted with CH2Cl2, washed with aq. Na2S2O3 and aq. NaHCO3. The organic extracts 

were combined, dried over Na2SO4, filtered, and evaporated. The crude residue was purified 

by flash column chromatography to afford aldehyde 51 (297 mg, 88% yield). 1H NMR (500 

MHz, CDCl3) δ 9.96 (s, 1H), 7.53 – 7.39 (m, 3H), 7.19 (ddd, J = 7.6, 2.7, 1.7 Hz, 1H), 4.85 

(s, 2H), 2.40 (s, 3H), 2.27 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 191.9, 167.7, 159.7, 

158.9, 137.9, 130.3, 124.4, 122.3, 112.4, 109.9, 59.7, 11.2, 10.2.

To a solution of 51 in MeOH/H2O (2 mL, 1:1 in volume) was added H2NOH-HCl (36 

mg, 0.52 mmol) and NaOH (21 mg, 0.52 mmol). The mixture was refluxed for 6 h. The 

resultant mixture was extracted with EtOAc. The organic extracts were combined, dried over 
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Na2SO4, filtered, and evaporated. The crude was subjected to the next step without further 

purification.

To a solution of the oxime from the previous step in anhydrous THF (1 mL) at 0 °C was 

slowly added LiAlH4 (36 mg, 0.95 mmol) in anhydrous THF (1 mL) dropwise. The resulting 

mixture was raised to room temperature and then stirred at reflux for 3 h. The reaction was 

quenched by subsequent addition of water and EtOAc. The suspension was filtered, and the 

residue was extracted with EtOAc, then dried over Na2SO4. After removal of the solvent at 

reduced pressure, the crude was subjected to the next step without further purification.

Quinaldoyl chloride 37 (16.5 mg, 0.086 mmol) in CH2Cl2 (1.0 mL) was added dropwise to 

a dried round flask containing the primary amine from the previous step, DIPEA (18 μL, 

0.103 mmol in CH2Cl2 (1.0 mL) at 0 °C. The mixture was stirred at room temperature for 12 

h. After removal of the solvent at reduced pressure, the crude product was purified by flash 

column chromatography to obtain 25 (10 mg, 6% yield, over 3 steps) as product. 1H NMR 
(500 MHz, CDCl3) δ 8.63 (s, 1H), 8.37 – 8.31 (m, 2H), 8.08 (dd, J = 8.6, 1.1 Hz, 1H), 7.89 

(dt, J = 8.1, 1.0 Hz, 1H), 7.76 (ddd, J = 8.4, 6.8, 1.5 Hz, 1H), 7.63 (ddd, J = 8.1, 6.9, 1.2 

Hz, 1H), 7.31 (t, J = 7.9 Hz, 1H), 7.08 – 7.04 (m, 1H), 7.01 (t, J = 2.1 Hz, 1H), 6.90 – 6.86 

(m, 1H), 4.79 (s, 2H), 4.74 (d, J = 6.2 Hz, 2H), 2.38 (s, 3H), 2.27 (s, 3H); 13C NMR (125 

MHz, CDCl3) δ 167.5, 164.5, 159.8, 158.7, 149.6, 146.5, 140.2, 137.6, 130.2, 129.9, 129.7, 

129.4, 128.0, 127.8, 120.9, 119.0, 114.1, 113.9, 110.2, 59.4, 43.5, 11.2, 10.2. HRMS (ESI): 
m/z 410.1475 calc. for C23H21N3NaO3

+ [M+Na]+, found 410.1482.

N-(3-((3,5-dimethylisoxazol-4-yl)methoxy)phenethyl)quinoline-2-carboxamide (26): To a 

solution of 53 (428 mg, 1.58 mmol) in anhydrous THF (2.5 mL) at 0 °C was slowly added 

LiAlH4 (36 mg, 0.95 mmol) in anhydrous THF (2.5 mL) dropwise. The resulting mixture 

was stirred at room temperature for 3 h. The reaction was quenched by subsequent addition 

of water and EtOAc. The suspension was filtered, and the residue was extracted with EtOAc, 

then dried over Na2SO4. After removal of the solvent at reduced pressure, the crude residue 

was purified by flash column chromatography to afford the primary alcohol (300 mg, 78% 

yield). 1H NMR (500 MHz, CDCl3) δ 7.30 – 7.19 (m, 1H), 6.90 – 6.85 (m, 1H), 6.82 (dd, 

J = 7.5, 1.1 Hz, 2H), 4.78 (s, 2H), 3.85 (t, J = 6.6 Hz, 2H), 2.85 (t, J = 6.6 Hz, 2H), 2.39 (s, 

3H), 2.28 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 167.6, 159.8, 158.6, 140.5, 129.7, 122.1, 

115.7, 112.6, 110.4, 63.5, 59.4, 39.2, 11.2, 10.2.

To a solution of the above primary alcohol (300 mg, 1.21 mmol) in anhydrous CH2Cl2 

(7 mL) at 0 °C was added Dess-Martin periodinane (618 mg, 1.46 mmol). The mixture 

was stirred at room temperature for 3 h. Water was added. The resultant mixture was 

extracted with CH2Cl2, washed with aq. Na2S2O3 and aq. NaHCO3. The organic extracts 

were combined, dried over Na2SO4, filtered, evaporated, and the crude residue was purified 

by flash column chromatography to afford the aldehyde (230 mg, 78% yield). 1H NMR (500 

MHz, CDCl3) δ 9.73 (s, 1H), 7.29 (dd, J = 8.3, 7.5 Hz, 1H), 6.91 – 6.82 (m, 2H), 6.79 (dd, 

J = 2.6, 1.6 Hz, 1H), 4.78 (s, 2H), 3.66 (d, J = 2.4 Hz, 2H), 2.38 (s, 3H), 2.27 (s, 3H); 13C 
NMR (125 MHz, CDCl3) δ 199.1, 167.6, 159.8, 158.8, 133.6, 130.2, 122.7, 116.2, 113.7, 

110.2, 59.5, 50.5, 11.1, 10.1.
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To a solution of the above aldehyde (125 mg, 0.51 mmol) in H2O (1 mL) was added 

H2NOH-HCl (46.7 mg, 0.66 mmol) and Na2CO3 (32.4 mg, 0.31 mmol). The mixture was 

refluxed for 6 h. The resultant mixture was extracted with EtOAc. The organic extracts were 

combined, dried over Na2SO4, filtered, and evaporated. The crude was subjected to the next 

step without further purification.

To a solution of the oxime from the previous step in anhydrous THF (1.5 mL) at 0 °C 

was slowly added LiAlH4 (28 mg, 0.75 mmol) in anhydrous THF (1.5 mL) dropwise. The 

resulting mixture was raised to room temperature for 3 h. The reaction was quenched by 

subsequent addition of water and EtOAc. The suspension was filtered and the residue was 

extracted with EtOAc, then dried over Na2SO4. After removal of the solvent at reduced 

pressure, the crude was subjected to the next step without further purification.

Quinaldoyl chloride 37 (27 mg, 0.14 mmol) in CH2Cl2 (1.4 mL) was added dropwise to a 

dried round flask containing the primary amine 54 from the previous step (35 mg), DIPEA 

(28 μL, 0.16 mmol in CH2Cl2 (1.4 mL) at 0 °C. The mixture was stirred at room temperature 

for 12 h. After removal of the solvent at reduced pressure, the crude product was purified by 

flash column chromatography to obtain 22 (7.4 mg, 10% yield, over 3 steps) as product. 1H 
NMR (500 MHz, CDCl3) δ 8.40 (s, 1H), 8.31 (s, 2H), 8.07 – 8.03 (m, 1H), 7.88 (dd, J = 8.3, 

1.5 Hz, 1H), 7.74 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.62 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.28 

(t, J = 7.9 Hz, 1H), 6.95 (dt, J = 7.6, 1.2 Hz, 1H), 6.90 (t, J = 2.1 Hz, 1H), 6.84 (ddd, J = 8.2, 

2.7, 1.0 Hz, 1H), 4.76 (s, 2H), 3.80 (dt, J = 7.5, 6.5 Hz, 2H), 3.00 (t, J = 7.2 Hz, 2H), 2.35 

(s, 3H), 2.24 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 167.5, 164.5, 159.8, 158.7, 149.8, 

146.5, 140.9, 137.5, 130.1, 129.8, 129.6, 129.3, 128.0, 127.8, 122.0, 118.8, 115.3, 113.0, 

110.3, 59.5, 40.8, 36.1, 11.1, 10.1. HRMS (ESI): m/z 424.1632 calc. for C24H23N3NaO3
+ 

[M+Na]+, found 424.1642.

Statistical Analysis

Quantified data are presented graphically via Prism 9.0.0 (GraphPad Software). For 

biological experiments, data were collected in triplicate and statistical significance 

was calculated via student’s t-test for normally distributed data. Statistical significance 

calculations and cutoff values for RNAseq-based data are described above. For all qPCR 

experiments, statistical analysis was performed on ΔCT values (CT value of gene normalized 

to CT value of GAPDH control). Statistical significance of western blotting was performed 

on normalized raw intensity values based on loading control (Either H4R3 for global histone 

methylation or corresponding band in 0.4% Input sample for Co-IP). All relevant statistics 

are reported in the corresponding legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PRMT5:MEP50 PPI Interface as a Druggable Target.
(A) Crystal structure 4GQB of PRMT5:MEP50 showing heterooctameric 4:4 organization 

(left) as well as single PRMT5:MEP50 heterodimer (right). (B) MEP50 (Shown in cartoon, 

gold) residues shown are in close interaction with the surface (R52, D99, D126) or 

buried inside (W54) the TIM barrel of PRMT5 (cartoon with surface, blue). (C) MEP50 

(cartoon, gold) residues D99 and W54 occupy 7-angstrom wide pocket in TIM barrel 

of PRMT5 formed by a ridge consisting of PRMT5 H47 and R49. (D, E) Schematic 

representation of BiFC constructs and mutations designed to study electrostatic interactions 

of PRMT5:MEP50 PPI. (VC, venus C-terminus; VN, venus N-terminus). (F) Quantified 

BiFC efficiency of mutations in PRMT5. (G) Quantified BiFC efficiency of mutations in 

MEP50. (H) FastContact Binding Energy Prediction of PRMT5 and MEP50 residues used 

in mutant screen. BiFC efficiency means are average of at least three biological replicates. 

**p<0.01, ***p<0.001, ****p<0.0001
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Figure 2. Identification of Compound 8 as a PPI inhibitor by virtual screen.
(A) Compounds identified in ZINCPharmer/SMINA virtual screen and utilized in 

accompanying BiFC-based interaction screen. (B) Ranked-order inhibition in BiFC screen 

showing percent inhibition of the PRMT5:MEP50 interaction of DMSO control and 

compounds 1–12 in COS-1 cells following 18-hour treatment. (C) Dose-response of BiFC 

efficiency showing compound 8 (Cpd 8) inhibition of PRMT5:MEP50 interaction at 0.25 

μM − 5 μM doses. (D) Ranked-order inhibition in BiFC screen of compound 8 dose 

response as depicted in c. Data presented in D and C are mean of three biological 

replicates but depicted similarly to BiFC screen data to facilitate direct comparison to B. 

(E) Computational docking of compound Cpd 8 into the TIM barrel of PRMT5 where 

MEP50 W54 residue normally occupies. Left, PRMT5 (blue) and MEP50 (gold) shown with 

compound 8 occupying the MEP50 W54 binding pocket in PRMT5 TIM barrel; Middle 

left, expanded view; Middle right, rotated view with MEP50 removed, compound 8 docking 
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position shows isoxazole ring solvent exposed and hydrogen bonding to PRMT5 R49, R68, 

and P44 backbone; Right, quinoline ring buried inside MEP50 W54 binding pocket of 

PRMT5 TIM barrel. BiFC Screens are single replicate. BiFC Efficiency means are average 

of at least three biological replicates. **p<0.01, ***p<0.001
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Figure 3. Identification of Compound 17 as potent analog of Compound 8.
(A) BiFC screen at 500 nM treatment in COS-1 cells indicating %Inhibition of the 

PRMT5:MEP50 PPI. (B) BiFC screen at 250 nM treatment in COS-1 cells indicating 

%Inhibition of the PRMT5:MEP50 PPI (C) Western blot of coimmunoprecipitation (Co-

IP) of PRMT5 protein in LNCaP cell lysate following treatment with either DMSO or 

compound 17 representative blot. (D) Integrated density of western blot Co-IP data from 

C across three biological replicates. (E) Computational docking of compound 8 derivative 

compound 17 (orange), occupying same binding site along TIM barrel of PRMT5 as MEP50 

W54 residue. BiFC screens are single replicate. Co-immunoprecipitation quantitation means 

are average of three biological replicates. n.s., non-significant, ***p<0.001

Asberry et al. Page 31

J Med Chem. Author manuscript; available in PMC 2024 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Compound 17 selectively inhibits PRMT5:MEP50 biological function in prostate 
cancer cells.
(A) LNCaP cells treated with compound 17 at indicated dose over 72 h period. (B) IC50 

measurement of original compound 8b and second-generation derivative compound 17 
in LNCaP cells over 72 h treatment. (C) Global histone H4R3 and H4R3me2s western 

blot from LNCaP cells treated at indicated compound 17 dose over 72 h. (D) Quantified 

densitometry from bands in C. (E-G) Expression analysis of LNCaP cells treated with 500 

nM compound 17 for 72 h followed by RNA isolation and RT-qPCR for PRMT5:MEP50-

regulated IVL (E), PRMT5:pICln-regulated AR (F), and tumor suppressor genes TP53, 

PTEN, and RB1 (G). Means for IC50, western blot, and RT-qPCR are average of three 

biological replicates. n.s., non-significant, *p<0.05, ***p<0.001
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Figure 5. Compound 17 treatment targets PRMT5:MEP50-mediated cellular functions.
(A) Volcano plot of differentially expressed genes identified in LNCaP cells treated 72 

h with compound 17. (B) Venn diagram of up-regulated genes common between either 

PRMT5 or MEP50 KD in LNCaP cells and compound 17 treatment. (C) Venn diagram 

of down-regulated genes common between either PRMT5 or MEP50 KD in LNCaP cells 

and compound 17 treatment. (D) Gene Ontology enrichment of PRMT5-mediated pathways 

following compound 17 treatment. GO terms shown are shared between compound 17 
treatment and one or both of PRMT5/MEP50 knockdown in A549 cells and LNCaP cells. 

Fold enrichment shown as heat map, P value shown as circle diameter. (E) Gene Set 

Enrichment Analysis of PRMT5-mediated pathways based on total gene expression in 

compound 17 compared to DMSO samples.
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Figure 6. Proposed model for compound 17 targeting of PRMT5:MEP50 and functional 
consequence.
Compound 17 prevents cancer cell proliferation and reduces viability by suppressing 

differentiation/development, TGF-β signaling, dysregulation of kinase/phosphatase-

mediated signaling, transcription, and resulting activation of T53 induced apoptosis. 

PRMT5:MEP50 PPI interface with PRMT5 (blue) and MEP50 (gold) from PDB 4GQB. 

MEP50 W54 residue binding to PRMT5 pocket is occluded by presence of compound 17.

Asberry et al. Page 34

J Med Chem. Author manuscript; available in PMC 2024 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Synthesis of 8b and its hydrazide analogs
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Scheme 2. 
Synthesis of analogs without the hydrazide linker
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