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 Epigenetics is the study of changes in gene function and expression that are heritable and that 

are not accompanied by alterations of the DNA sequence. The epigenetic modification consists of 

specific covalent modifications of chromatin components, which include DNA methylation and post-

translational histone modifications. DNA methylation in promoter region represses gene expression by 

recruiting transcriptional repressor proteins or by inhibiting the binding of transcription factors to DNA. 

Histone modifications including methylation, acetylation, phosphorylation and ubiquitylation can 

modulate chromatin structure and hence influence gene expression, though the effect of these 

modifications on gene expression is largely context dependent. It is well known that genetic aberrations, 

such as point mutations, chromosomal mutations or changes in the gene copy number play an important 

role in cancer cell initiation and progression. In addition, recent growing evidences have indicated that 

the vast majority of human cancers harbor not only genetic, but also epigenetic abnormalities. 

Targeting these epigenetic aberrations in an attempt to restore a more normal condition seems an 

important treatment strategy for cancer. In fact, there are the large amount of effort that has been 

directed towards the development of epigenetics-targeting anti-cancer drugs. A few drugs targeting 

epigenetic enzymes have been approved by U.S. Food and Drug Administration (FDA), and a wide 

range of epigenetics-targeted drugs are undergoing clinical trials. 

To investigate novel therapeutic strategies that modulate epigenetic dysregulation in cancer 

cells, I have researched lysine specific demethylase 1 (LSD1) and protein arginine methyltransferase 

4 (PRMT4) as anti-cancer drug targets. In part 1, I investigated a synergistic interaction between LSD1 

inhibitor, T-3775440, and NEDD8-activating enzyme (NAE) inhibitor, pevonedistat, in acute myeloid 

leukemia (AML) cells, highlighting the molecular mechanisms underlying the synergy and robust in 

vitro and in vivo antileukemic effects. In part 2, I found TP-064, which was a potent, selective, and 

cell-active chemical probe of human PRMT4 and its anti-proliferative activity in multiple myeloma 

(MM) cells. These results suggest that simultaneous suppression of LSD1 and NAE activities and 

suppression of PRMT4 activity can serve as novel therapeutic strategies for the treatment of AML and 

MM, respectively. 
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ADMA  asymmetric dimethylarginine 

AML  acute myeloid leukemia 

ASH1L  ASH1-like histone lysine methyltransferase 

BAFF155 BRG1-associated factor 155 

CARM1  coactivator associated arginine methyltransferase 1 

CDT1  Chromatin licensing and DNA replication factor 1 

CEBPA  CCAAT/enhancer-binding protein alpha 

CI  combination index 

CoREST REST corepressor 

CRISPR  clustered regularly interspaced short palindromic repeats 

CRL  cullin-RING E3 ubiquitin ligase 

CUL4  cullin-4 

DDB1  DNA damage-binding protein 1 

DMSO  dimethyl sulfoxide 

DNMT  DNA methyltransferase 

DOT1L  DOT1-like histone H3K79 methyltransferase 

DSLS  differential static light scattering 

DTL  denticleless protein homolog 

EZH2  enhancer of zeste homolog 2 

FDA  U.S. Food and Drug Administration 

Fbxw7  F-box/WD repeat-containing protein 7 

γH2AX phosphorylated H2A histone family member X 

GAPDH  glyceraldehyde 3-phosphate dehydrogenase 

GATA1  GATA-binding factor 1 

GFI1  growth factor independent 1 

GFI1B  growth factor independent 1B 
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GLP  G9a-like protein 

HDAC1  histone deacetylase 1 

KDM1A lysine (K)-specific demethylase 1A 

KLF1  kruppel-like factor 1 

LSD1  lysine-specific demethylase 

MDS  myelodysplastic syndrome 

MED12  mediator complex subunit 12 

MLL  mixed-lineage leukemia 

MM  multiple myeloma 

MMA  monomethylarginine 

NAE  NEDD8-activating enzyme 

Nedd8  neural precursor cell expressed developmentally down-regulated protein 8 

NRF2  nuclear factor erythroid 2-related factor 2 

NSD  nuclear receptor binding SET domain protein 

PARP  poly ADP-ribose polymerase 

PRDM9  PR domain zinc finger protein 9 

PRMT  protein arginine methyltransferase 

PTM  post-translational modification 

SAM  S-adenosyl-L-methionine 

SAH  S-adenosyl-L-homocysteine 

SCF  Skp, Cullin, F-box protein 

SDMA  symmetric dimethylarginine 

SETD  SET domain 

SETDB1 SETD bifurcated 1 

SMYD  SET and MYND domain-containing 

SPA  scintillation proximity assay 

SPR  surface plasmon resonance 
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SUV39H suppressor of variegation 3-9 homolog 

SUV420H suppressor of variegation 4-20 homolog 

UHRF1  ubiquitin-like with PHD and RING finger domains 1 
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Epigenetics is generally referred to as the study of changes in gene function and expression 

that are mitotically and/or meiotically heritable and that do not include a change in DNA sequence. 

The epigenetic modification consists of specific covalent modifications of chromatin components, 

which include DNA methylation and post-translational histone modifications. Such epigenetic 

modifications result in alteration of chromatin structure and subsequent activation or inactivation of a 

gene’s expression [1]. 

The most widely studied mechanism of epigenetic regulation is DNA methylation, the 

covalent addition of methyl groups to the fifth carbon on the cytosine base within the CpG islands of 

the promoter region of a gene, which catalyzed by DNA methyltransferases. DNA methylation 

represses gene expression by recruiting transcriptional repressor proteins or by inhibiting the binding 

of transcription factors to DNA [2]. Histones, the component of nucleosomes that are the building 

blocks of chromatin, can be acetylated, methylated, phosphorylated or ubiquitylated. These 

modifications can modulate chromatin structure by altering non-covalent interactions within and 

between nucleosomes. They also serve as binding sites for “reader” proteins with unique domains 

which specifically recognize these modifications. Enzymes which regulate the post-translational 

modifications (PTMs) of histones include histone acetyltransferase, histone deacetylase, histone 

methyltransferase, histone demethylase, kinases, E3-ubiquitin, etc. [3]. It is generally thought that the 

summation of all these PTMs determines the chromatin structure and biological outcome. The effects 

of the histone modifications are largely context dependent, as the same combination of marks may 

result in distinct biological outcomes at different genes within the same cells [4]. 

Cancer is the second leading cause of death among the most common diseases globally, 

accounting for an estimated 9.6 million deaths in 2018 [5]. Historically, cancer was mostly considered 

as a genetic disease, that is, a progressive series of genetic aberrations are thought to be the root cause 

of cancer cell initiation and progression. Specific gene mutations including oncogenes and tumor 

suppressor genes have been considered as the main causes of cancer [6]. A point mutation, a 

chromosomal mutation or a change in the gene copy number can lead to the oncogene activation by its 

enhanced expression or enhanced function. For example, TP53 tumor suppressor gene, which plays an 
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important role in regulation of cell cycle, apoptosis and genomic stability, is the most well-known 

mutated gene identified in human cancers [7]. 

Recent growing evidences have indicated that the vast majority of human cancers harbor not 

only genetic, but also epigenetic abnormalities. Large-scale cancer genome sequencing efforts have 

revealed that almost half of human cancers bear mutations in the genes encoding chromatin proteins 

including chromatin modifiers [8]. In addition, malignant cells show CpG islands hypermethylation, 

mostly in tumor suppressor genes, a reduction of total DNA methylation, and progressive changes in 

histone modifications [9]. It was recently hypothesized that these epigenetic aberrations and chromatin 

states may cause extensive oncogenic gain of function properties and may influence all of the hallmarks 

of cancer [10]. Targeting these aberrations in an attempt to restore a more normal epigenetic condition 

seems a viable treatment strategy for cancer. In fact, there are the large amount of effort that has been 

directed towards the development of epigenetics-targeting anti-cancer drugs. A few drugs targeting 

epigenetic enzymes, such as DNA methyl transferase and histone acetyl transferase, have been 

approved by FDA, and a wide range of epigenetics-targeted drugs are undergoing clinical trials [11]. 

To investigate novel therapeutic strategies that modulate epigenetic dysregulation in cancer 

cells, I have researched LSD1 and PRMT4 as anti-cancer drug targets. In part 1, I described a 

synergistic interaction between lysine specific demethylase 1 (LSD1) inhibitor, T-3775440 and 

NEDD8-activating enzyme (NAE) inhibitor, pevonedistat in acute myeloid leukemia (AML) cells, 

highlighting the molecular mechanisms underlying the synergy and robust in vitro and in vivo 

antileukemic effects. In part 2, I described the discovery of TP-064, which was a potent, selective, and 

cell-active chemical probe of human protein arginine methyltransferase 4 (PRMT4) and its anti-

proliferative activity in multiple myeloma (MM) cells. These results suggest that simultaneous 

suppression of LSD1 and NAE activities and suppression of PRMT4 activity can serve as novel 

therapeutic strategies for the treatment of AML and MM, respectively. 
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Part 1 

Synergistic anti-AML effects of the LSD1 inhibitor T-3775440 and the NEDD8-activating enzyme 

inhibitor pevonedistat via transdifferentiation and DNA rereplication 
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Abstract 

 

Lysine-specific demethylase 1A (LSD1, KDM1A) specifically demethylates di- and 

monomethylated histones H3K4 and K9, resulting in context-dependent transcriptional repression or 

activation. I previously identified an irreversible LSD1 inhibitor T-3775440, which exerts antileukemic 

activities in a subset of acute myeloid leukemia (AML) cell lines by inducing cell transdifferentiation. 

The NEDD8-activating enzyme inhibitor pevonedistat (MLN4924, TAK-924) is an investigational 

drug with antiproliferative activities in AML, and is also reported to induce cell differentiation. I 

therefore tested the combination of these two agents in AML models. The combination treatment 

resulted in synergistic growth inhibition of AML cells, accompanied by enhanced transdifferentiation 

of an erythroid leukemia lineage into granulomonocytic-like lineage cells. In addition, pevonedistat-

induced rereplication stress during the S phase was greatly augmented by concomitant treatment with 

T-3775440, as reflected by the increased induction of apoptosis. I further demonstrated that the 

combination treatment was markedly effective in subcutaneous tumor xenograft models as well as in 

a disseminated model of AML, leading to tumor eradication or prolonged survival in T-

3775440/pevonedistat cotreated mice. These findings indicate the therapeutic potential of the 

combination of LSD1 inhibitors and pevonedistat for the treatment of AML. 

  



１２ 

 

Introduction 

 

Acute myeloid leukemia (AML) is a highly aggressive hematological disorder caused by the 

malignant transformation of hematopoietic stem cells or myeloid progenitor cells, and is also the most 

common form of adult acute leukemia. Approximately 19,950 new cases are reported annually in the 

United States and the 5-year survival is reported to be 26% [12]. Despite advances in the understanding 

of this disease, the therapeutic strategy has changed little in recent decades. The standard induction 

chemotherapy comprises 7 days of cytarabine plus 3 days of anthracyclines (7+3 regimen), followed 

by consolidation of high-dose chemotherapy or stem cell transplantation. Despite intensive therapy, 

the relapsed/refractory disease rate remains a significant clinical problem. Therefore, novel therapeutic 

options are urgently needed. 

Lysine-specific demethylase 1A (LSD1) is the first histone demethylase that had been 

discovered and specifically demethylates histone H3K4 and H3K9. This enzyme serves as a 

transcriptional corepressor or coactivator, depending on the target gene context [13, 14]. LSD1 

functions as part of a multiprotein complex with corepressor proteins such as CoREST and histone 

deacetylase 1 (HDAC1) [15, 16]. It is overexpressed in a diverse set of solid tumors as well as 

hematopoietic malignancies [17, 18]. Selective small-molecule inhibitors for LSD1 have been reported 

to show antitumor efficacy in AML [19, 20, 21]. I have previously found that a novel LSD1 inhibitor, 

T-3775440, inhibits the growth of acute erythroid leukemia and acute megakaryoblastic leukemia cells 

through enforced transdifferentiation from their original lineages to a myeloid-like lineage [22]. Given 

the novel mechanism of action of LSD1 inhibitors, there is a growing interest in potential combinations 

of LSD1 inhibitors with chemotherapeutics or molecular targeting agents for the treatment of AML. In 

preclinical models, for example, an LSD1 inhibitor synergistically reduced AML cell viability in 

combination with cytarabine (Ara-C), a DNA-damaging agent widely used with daunorubicin as 

standard care for AML [21]. LSD1 inhibitors also showed synergistic antileukemic effects in 

combination with an HDAC inhibitor or all-trans retinoic acid in AML cell lines [23, 24]. 
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Pevonedistat is an investigational drug that targets NEDD8-activating enzyme (NAE), leading 

to the suppression of Cullin-RING E3 ubiquitin ligase (CRL) activity [25, 26]. Many CRL substrate 

proteins have pivotal roles in cell cycle, DNA damage repair, and differentiation, making NAE a 

promising anticancer target [27, 28]. Pevonedistat exhibits significant antitumor activity in multiple 

preclinical models, including AML [29]. Notably, single agent clinical activity of pevonedistat has 

been investigated in AML/myelodysplastic syndrome (MDS) [30]. Several studies have been done to 

maximize the clinical activity of pevonedistat by combining it with DNA-damaging agents, such as 

cisplatin, for treating solid tumors [31, 32]. Pevonedistat triggers the cell cycle checkpoint in S phase 

and DNA rereplication, leading to cancer cell death [33]. In addition to its role in cell cycle machinery, 

pevonedistat promotes myeloid differentiation of AML cells, leading to antileukemic effects in a 

xenograft model [34]. These findings led me to examine the effect of combination treatments of an 

LSD1 inhibitor and pevonedistat in AML.  
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Materials and Methods 

 

Cell culture and reagents 

The human AML cell line TF-1a was purchased from the American Type Culture Collection 

(ATCC, Manassas, VA, USA; CRL-2451) in 2008. TF-1a cells and their derivatives were cultivated in 

RPMI1640 medium containing 10% fetal bovine serum, and maintained in an incubator at 37°C and 

5% CO2. Culture methods for other cell lines are available in Table 1. TF-1a and MOLM-16 were 

authenticated by short tandem repeat DNA profiling in 2016. Mycoplasma test was performed by 

Central Institute for Experimental Animals (Kawasaki, Japan) and all cell lines were confirmed to be 

negative for mycoplasma. A cytarabine-resistant TF-1a (TF-1a/Ara-C) cell line was developed from 

parental TF-1a cells by stepwise exposure to increasing concentrations of cytarabine. The resulting 

TF-1a/Ara-C cells were highly resistant to cytarabine (half-maximal inhibitory concentration value 

>10 μm) compared with the parental TF-1a cells (half-maximal inhibitory concentration 

value=0.053 μm). The LSD1 inhibitor T-3775440 and the NAE inhibitor pevonedistat were 

synthesized by Takeda Pharmaceutical Company (Fujisawa, Japan; Cambridge, MA, USA). 

 

Establishment of TF-1a-luc stable cell line 

TF-1-a cells were seeded into 6-well plates and left overnight to attach in media containing 

0.1% fetal bovine serum. pGL-CMV-luc plasmids were transfected using FuGene HD transfection 

reagent (Promega, Madison, WI, USA) according to the manufacturer’s instructions, at reagent-to-

DNA ratios of 5:2. After transfection, cells were cultured in growth medium without antibiotics for 2 

days and then in medium containing 350 μg/ml G418 (Life Technologies, Waltham, MA, USA) for 

selection. Stable clone cell mixtures (1 × 102), obtained following 3 weeks of selection, were reseeded 

in 6-well dishes with methylcellulose-based semisolid medium (ClonaCell-TCS medium; Stemcell 

Technologies, Vancouver, BC, Canada) containing 350 μg/ml G418 to select for transformed clones. 

After 1–2 weeks, individual colonies were picked and grown in 96-well plates with TCS medium 
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containing G418. The clone with the highest luciferase activity was selected and expanded for further 

experiments. 

 

Cell proliferation assay 

Cells were plated in tissue culture plates and test compounds were added simultaneously. After 

the treatment period, cells were lysed with CellTiter Glo (Promega) and the luminescent signal was 

measured using an ARVO MX1420 Microplate Reader (Perkin-Elmer, Waltham, MA, USA). 

 

Analysis of drug combination effects 

Calculation of combination metrics was performed as described previously [35]. Briefly, a 

nine- parameter response surface model was fitted to the relationship between normalized viability and 

drug concentration, after which an isobologram analysis was used to determine the effects of drug 

combinations [36]. To quantify the combined effects of the two drugs, the combination index (CI) with 

the concentrations of the single agents and combination that gave a normalized viability of 50% was 

computed [37, 38]. A CI value below 0.7 was classified as synergy, whereas a value above 1.3 was 

classified as subadditivity. A value in the range 0.7–1.3 was considered as additivity. Where the 

maximum inhibition by a single agent was <50%, nonlinear blending [39] were computed to determine 

the synergy. A blending value above 20 was classified as synergy, whereas a value above −20 was 

classified as antagonism. 

 

Western blotting 

Whole-cell extracts or immunoprecipitates were treated with 1 × Laemmli sample buffer 

(Tris-HCl 125 mM, pH 7.5, 1% sodium dodecyl sulfate, 20% glycerol) and were subejected to the 

sodium dodecyl sulfate–polyacrylamide gel electrophoresis. Fructionated proteins were then 

transferred to nitrocellulose membranes using an iBlot Transfer Stack and iBlot Gel Transfer Device 

(Thermo Fisher Scientific, Waltham, MA, USA). After incubation with StartingBlock T20 (phosphate-

buffered saline) blocking buffer (Pierce Biotechnology, Waltham, MA, USA), membranes were labeled 
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with primary antibodies overnight, followed by incubation with horseradish peroxidase-conjugated 

secondary antibodies (Cell Signaling Technology, Danvers, MA, USA). Membranes were incubated 

with ImmunoStar Zeta (Wako, Osaka, Japan) and signals were detected using ImageQuant LAS-3000 

(Fujifilm, Tokyo, Japan). 

The following antibodies were used for western blotting analysis: CDT1 (sc-365305; Santa 

Cruz Biotechnology, Dallas, TX, USA), cleaved PARP (9541; Cell Signaling Technology), γH2AX 

(2577; Cell Signaling Technology), GAPDH (2118; Cell Signaling Technology), GATA1 (3535; Cell 

Signaling Technology), PU.1 (2258; Cell Signaling Technology), and c-Jun (9165; Cell Signaling 

Technology). 

 

Cell cycle analysis 

For measurement of DNA content to assess cell cycle distribution, cells were incubated with 

70% ethanol/phosphate-buffered saline (v/v) overnight. Fixed cells were stained with propidium iodide 

and analyzed using a FACSCalibur or FACSVerse System (Becton-Dickinson, Franklin Lakes, NJ, 

USA). 

 

Quantitative reverse transcription–polymerase chain reaction analysis and microarray 

Following the designated treatment, total RNA was isolated from cells and purified using an 

RNeasy Mini Kit (Qiagen, Hilden, Germany). Reverse transcription (RT) reactions were performed 

using a Verso cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative real-time PCR analysis 

was performed with a ViiA7 System (Applied Biosystems, Foster City, CA, USA) and TaqMan Fast 

Advanced Master Mix with TaqMan probes against indicated genes (Applied Biosystems). The 2–

ΔΔCt method was applied to analyze the data, using GAPDH mRNA expression as an internal control. 

The normalized abundance of target mRNAs was expressed relative to the corresponding value for 

cells treated with dimethyl sulfoxide (DMSO) or negative control siRNAs. The following TaqMan 

probes were used for quantitative RT–PCR (RT–PCR) analysis: LSD1 (KDM1A, Hs01002741_m1), 
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GFI1B (Hs01062469_m1), GFI1 (Hs01115757_m1), DTL (DTL, Hs00978565_m1), and GAPDH 

(Hs02758991_g1). 

For microarray analysis, total RNA was purified as described above and the quality of RNA 

was verified using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). RNA 

was labeled and hybridized to Agilent SurePrint G3 Human Gene Expression 8 × 60 K arrays by 

Macrogen Company (Seoul, South Korea). Microarray data have been deposited in NCBI GEO 

(accession number: GSE89637). To examine transcriptome data at the level of gene signatures, gene 

set enrichment analysis was applied to the microarray data [40]. The reference signatures used in the 

analysis were generated from data published elsewhere [41]. 

 

siRNA transfection 

The following siRNAs targeting each gene were obtained: siCTRL (D-001810-10; 

Dharmacon, Lafayette, CO, USA), LSD1 no. 1 (L-009223-00; Dharmacon), LSD1 no. 2 (118783; 

Ambion, Waltham, MA, USA), GFI1B no. 1 (s15850; Ambion), GFI1B no. 2 (s15851; Ambion), GFI1 

no. 1 (s5706; Ambion), GFI1 no. 2 (s5707; Ambion), and DTL (s28248; Ambion). siRNAs were 

transfected into cells using GenomeONE-Si (Ishihara Sangyo, Osaka, Japan), or formulated into lipid-

based nanoparticles. 

 

Subcutaneous tumor xenograft models 

All animal experiments were conducted in compliance with the guidelines of the Takeda 

Institutional Animal Care and Use Committee (IACUC; approval number, AU-00006241) in a facility 

accredited by the American Association for Accreditation of Laboratory Animal Care (AAALAC). 

Female C.B17/Icr-scid/scid Jcl mice (CLEA Japan, Tokyo, Japan) were maintained under specific 

pathogen-free conditions. AML cells were subcutaneously inoculated with Matrigel into the left flank 

of 6- to 7-week-old mice (day 0). Mice were randomized when the mean tumor volume reached ~120–

180 mm3. Mice were then treated with vehicle, T-3775440 (per os), pevonedistat (subcutaneous), 

cytarabine (intraperitoneal), azacitidine (subcutaneous) or combination treatment. Tumor volume was 
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measured twice weekly using Vernier calipers and calculated as (length × width2) × 0.5. The percentage 

treated/control ratio (T/C %) was calculated by dividing the change in tumor volume in the treated 

mice by the change in volume in mice administered vehicle. Statistical comparisons were carried out 

using the one-tailed Williams’ test or Aspin–Welch’s t-test (P<0.025 or P<0.05 were considered 

statistically significant, respectively). 

 

AML cell dissemination model 

As a dissemination model, TF-1a-luc cells were inoculated via the tail vein into 7-week-old 

female NOG (NOD.Cg-Prkdcscid Il2rgtm1Sug/Jic) mice (1 × 106 cells per mouse, day 0). The mice 

(CLEA) were maintained under specific pathogen-free conditions and used in compliance with the 

guidelines of the Takeda IACUC (approval number, AU-00010345). Administration of T-3775440 

alone (per os), pevonedistat alone (subcutaneous), T-3775440/pevonedistat in combination or vehicle 

was initiated 10 days after cell inoculation (day 10). Leukemic cell growth was monitored based on 

emitted bioluminescence (photons/s) 10 min after intraperitoneal administration of d-luciferin 

(150 mg/kg) using the In Vivo Imaging System (Xenogen, Waltham, MA, USA). Mice reaching the 

humane end points were killed. Statistical analysis was performed by a log-rank test using prism 

(GraphPad Prism Software, La Jolla, CA, USA). 

 

Statistical analysis 

The in vitro experiments were performed in duplicate or triplicate. Statistical significance was 

determined using multiple comparison procedures, such as Dunnett's multiple comparison test, as 

described in the figure legends. A log-rank test was performed to compare survival curves (P<0.00555 

after the Bonferroni correction was considered statistically significant). GraphPad Prism Software 

(Version 5; GraphPad Software Inc., La Jolla, CA, USA) was used for the analyses.  
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Results 

 

Combination of T-3775440 and pevonedistat synergistically inhibits AML cell growth 

To analyze the interaction between T-3775440 and pevonedistat in AML cell proliferation, I 

performed in vitro combination studies in a series of AML cell lines. As shown in Table 2 and Figure 

1, synergistic effects were observed in seven cell lines out of 15 and additive effects were observed in 

another seven cell lines, suggesting that this combination has a broad anti-AML spectrum. In contrast, 

T-3775440 had little effect on pevonedistat-mediated growth inhibition of CCRF-CEM and MOLT-3 

(acute lymphoblastic leukemia cell lines), RPMI8226 and KMS28BM (multiple myeloma cell lines) 

or HepG2 (a hepatocellular carcinoma cell line), suggesting that the combination effects were specific 

for AML cells (Figure 2). Since the growth inhibition curve and isobologram indicated a clear 

synergism in TF-1a erythroloid leukemic cells (Figure 3a and b, and Table 3) and cytarabine-resistant 

TF-1a/Ara-C cells (Table 2 and Figures 1a and 4), I also evaluated the combination effects of T-

3775440 with cytarabine, daunorubicine and azacitidine, which are used for the treatment of AML 

and/or MDS, in TF-1a cells (Figure 3c and Figure 5). T-3775440 exhibited synergistic effects with all 

agents tested. Among them, pevonedistat exhibited the greatest synergism in combination with T-

3775440 in TF-1a cells (FAB-M6) as well as in Kasumi-1 cells (FAB-M2) with a combination index 

(CI) of 0.30 (Figures 1b and c) and 0.45 (Figure 6), respectively. 

 

GFI1B inhibition by T-3775440 is involved in the combination effects with pevonedistat in TF-

1a cells 

LSD1 inhibits lineage-specific gene expression by forming transcription repressive 

complexes with several transcription factors, including CoREST and GFI1B [16]. The interaction 

between LSD1 and GFI1B is reported to be responsible for erythroid and megakaryocytic lineage 

specification [16, 42]. I have recently reported that the antileukemic activity of T-3775440 is mediated 

by its ability to disrupt the LSD1-GFI1B interaction in GFI1B-expressing AML cells, which leads to 

derepression of myeloid lineage genes and subsequent cell transdifferentiation [22]. To test whether 
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the combination effect of T-3775440 and pevonedistat was dependent on the disruption of the LSD1-

GFI1B axis, LSD1 and GFI1B expressions were perturbed using small interfering RNA (siRNA) in 

the presence of pevonedistat in GFI1B-expressing TF-1a cells (Figure 3d). LSD1 or GFI1B 

knockdown derepressed the expression of GFI1, a target gene of the LSD1-GFI1B transcription 

repressive complex, at a level equal to the effect of T-3775440 (Figure 3d and Figure 7) [43] and 

significantly lowered the half-maximal effective concentration value of pevonedistat compared with 

that of the control (Figure 3e and Table 4). In contrast, knockdown of GFI1 did not alter the effect of 

pevonedistat on the viability of TF-1a cells. These results suggest that inhibition of LSD1-GFI1B by 

T-3775440 is involved in its synergistic interaction with pevonedistat. 

 

T-3775440 enhances rereplication stress induced by pevonedistat, leading to apoptosis 

Pevonedistat is known to induce DNA rereplication and DNA damage in cancer cells [44]. 

Hence, in order to determine whether T-3775440 affected the rereplication phenotype induced by 

pevonedistat treatment, I analyzed cell cycle profiles of cell treated with those drugs. T-3775440 

treatment alone moderately increased the number of cells in the sub-G1 fraction, whereas pevonedistat 

treatment caused dysregulation of the cell cycle progression triggered by DNA rereplication (Figure 

8a). The combination of these two agents significantly increased the cell population in the sub-G1 

fraction, indicating potentiated apoptotic cell death (Figure 8a). To confirm that cell death was via 

apoptosis due to DNA damage, I performed western blot analyses. As a single agent, neither T-3775440 

nor pevonedistat affected the expression levels of γH2AX and cleaved PARP, markers for double-

strand DNA damage and apoptosis, respectively (Figure 8b). In contrast, cotreatment with T-3775440 

and pevonedistat significantly increased the signal intensity of γH2AX as well as the cleaved form of 

PARP (Figure 8b). Apoptotic cell death induced by the combination was also confirmed by the amount 

of cleaved caspase-3 and caspase-3/7 activities (Figures 9a and b), while no clear additive or 

synergistic effects on proteins involved in the DNA damage response pathway, such as phospho-

MCM2, FANCD2, phosho-Chk1 and Chk2, were observed with the cotreatment (Figure 9c). It has 

been reported that pevonedistat induces rereplication via inhibition of the ubiquitin ligase CUL4-
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DDB1DTL and subsequent CDT1 accumulation, and that knockdown of DTL mimics the S-phase 

effect of pevonedistat [44]. Indeed, pevonedistat induced accumulation of CDT1 (Figure 8b) as well 

as other Cullin-RING ligase substrates p27 (Figure 9c) and NRF2 (data not shown). Therefore, I tested 

the effect of cotreatment with T-3775440 and DTL siRNA, which resulted in significant apoptotic cell 

death compared with perturbation alone, mimicking the synergistic apoptosis-inducing effect of T-

3775440/pevonedistat combined treatment (Figure 8c, Figure 10 and Table 5). These results suggest 

that AML cells under rereplication stress are highly vulnerable to T-3775440 treatment. 

 

Cotreatment with T-3775440/pevonedistat cooperatively induces transdifferentiation of 

erythroid leukemia cells 

It has previously been reported that T-3775440 leads to differentiation of AML cells and 

thereby induces cell growth arrest and apoptosis [22]. Pevonedistat induces not only DNA 

rereplication-mediated genotoxic stress but also triggers the differentiation of AML cells [34]. I 

therefore examined how cotreatment with these two agents affects transcriptional networks that 

regulate lineage specificity in TF-1a erythroid leukemia cells. Microarray and gene set enrichment 

analysis revealed that treatment with T-3775440 or pevonedistat alone downregulated erythroid cell 

gene expression but upregulated neutrophilic cell gene expression (Figures 11a and b). Cotreatment 

with these two agents further augmented the degree to which the erythroid and neutrophilic gene 

signatures were depleted and enriched, respectively, as evidenced by the greater values of negative and 

positive enrichment scores. Consistent with the results from the gene set enrichment analysis, the 

expression of several representative erythroid and neutrophil marker genes was more significantly 

downregulated and upregulated, respectively, by the combination treatment than by treatment with 

either agent alone (Figures 12a and b). These results suggest that this combination cooperatively 

promoted transdifferentiation in the same direction, from the erythroid lineage to the myeloid-like 

lineage. 

 GATA1 is a master transcription factor responsible for erythroid lineage maintenance and 

commitment, while PU.1 is the counterpart for myeloid lineage [45]. Erythroid and myeloid lineage 



２２ 

 

commitment is regulated by the balance in activities of these two transcription factors. Thus, I 

examined the expression levels of these factors in TF-1a cells following treatment with T-3775440 

alone, pevonedistat alone or the combination of both. The combination treatment decreased GATA1 

levels to a greater extent than did either agent alone in TF-1a cells and in MOLM-16, a 

megakaryoblastic leukemia cell line (Figure 11c and Figure 12c). It also decreased KLF1 levels, which 

is a direct target of GATA1 in both cell lines (Figure 12c). In contrast, the effects of the combination 

as well as each single agent on PU.1 levels were modest. I next examined the protein expression level 

of c-Jun, a transcription cofactor known to enhance the transcriptional activity of PU.1. Consistent 

with previous reports that pevonedistat increases c-Jun by inhibiting SCF-type ubiquitin ligase Fbxw7-

mediated degradation [46, 47], pevonedistat treatment increased c-Jun protein levels in TF-1a cells 

(Figure 11c). The PU.1 target genes CCAAT/enhancer binding protein α (CEBPA) and CD86 were 

additively upregulated by cotreatment with T-3775440 and pevonedistat (Figures 12d and e). These 

results suggest that T-3775440 and pevonedistat cooperatively promote cell differentiation by shifting 

the balance from GATA1 to PU.1/c-Jun in TF-1a cells. 

 To assess the durability of cotreatment-induced growth inhibition, a washout study in TF-1a 

cells were performed. After exposure to each agent alone or to the combination treatment, cells were 

replated into media free from either agent (Figure 11d). Pretreatment with T-3775440 alone did not 

significantly delay cell regrowth after washout, reflecting the cytostatic effect of T-3775440 at this 

concentration. Pretreatment with pevonedistat alone caused relatively durable cell growth inhibition 

up to 7 days after the washout. Cotreatment, however, demonstrated even more prolonged 

antiproliferative effects, with regrowth of cells not observed for almost 2 weeks. 

 

Coadministration of T-3775440/pevonedistat exhibits significant antitumor activity in 

subcutaneous AML xenograft models 

In vitro combination studies often overestimate the effect of combination treatment, as they 

do not consider potential dose reduction to mitigate adverse effects caused by coadministration. 

Therefore, we used AML xenograft mouse models to examine whether coadministration of T-
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3775440/pevonedistat produced in vivo antitumor effects as observed in vitro. The combination of T-

3775440 (15–20 mg/kg, orally, on a 5 days on/2 days off schedule) and pevonedistat (60–90 mg/kg, 

subcutaneously, three times per week on days 1, 3 and 5) was tolerated for 2 weeks (Figure 13a and 

Figures 14a and b). In a TF-1a subcutaneous tumor xenograft model, although treatment with each 

single agent exhibited a significant antitumor effect, tumors regrew shortly after cessation of treatment. 

The combination treatment, however, showed more significant antitumor effects during and even after 

the treatment period. Two mice out of six achieved complete tumor eradication, and all mice had no 

tumor recurrence throughout an extended observation period (until day 50). Such significant 

combination effects were also observed in mice that had received only a single cycle of 

coadministration, which consisted of 5 days of T-3775440 (20 mg/kg, days 1–5) and 2 days of 

pevonedistat (60 mg/kg, days 1 and 4) (Figures 15a and b). Furthermore, the potential of pevonedistat 

as a combination partner with T-3775440 was compared with that of cytarabine or azacitidine in the 

same xenograft models (Figures 13b and c). Although combinations with cytarabine or azacitidine 

resulted in significant tumor regression during the dosing period in the TF-1a models, neither of them 

achieved tumor eradication at the maximum-tolerated doses (Figures 14c–g). In addition, I examined 

the combination effect in a model of MOLM-16, a megakaryocytic leukemia cell line, where 

administration of each agent alone led to only modest tumor growth suppression, but where the 

combination resulted in sustained tumor regression during the dosing period (Figure 13d and Figure 

14h). 

 

Coadministration of T-3775440/pevonedistat reduces tumor burden and improves mouse 

survival in an erythroid leukemia dissemination model 

To extend findings in subcutaneously implanted AML xenograft models as mentioned above, 

the combination effects of T-3775440/pevonedistat were further evaluated in a mouse dissemination 

model using TF-1a-luc cells, in which leukemic cell growth was monitored noninvasively via emitted 

bioluminescence. As shown in Figure 16a, tumor cells were disseminated into various organs, 

including the bone marrow and spleen, as early as 11 days after cell inoculation (day 11), and they 
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proliferated over the monitoring period in vehicle-treated mice (days 11–25). Whole-body 

luminescence increased ~300-fold during this time period (Figure 16b). T-3775440 significantly 

delayed tumor outgrowth in a dose-dependent manner over a dose range of 2.5–10 mg/kg, and even 

reduced tumor burden at 20 mg/kg (Figures 16a–c). Although pevonedistat itself showed little effect 

on tumor burden in this model, coadministration of T-3775440/pevonedistat led to a reduction in tumor 

burden, even when T-3775440 was combined at a low dose of 2.5 mg/kg (Figures 16b–d and Figures 

17a and b). In parallel with the tumor burden changes, T-3775440 treatment significantly prolonged 

mouse survival compared with vehicle treatment (Figure 16e and Table 6). The combination of T-

3775440/pevonedistat exhibited more significant prolongation of life than either agent used alone 

(Figure 16f and Table 6). Through extended time periods, 2 out of 10 mice that had received 20 mg/kg 

of T-3775440 and 60 mg/kg of pevonedistat had no detectable signal of tumor burden at day 133, 

suggesting that these mice achieved complete remission (Figure 17c). The drug treatment was 

generally tolerated, although one mouse out of nine died during the treatment period in the T-3775440 

monotherapy group (20 mg/kg) and the T-3775440/pevonedistat combination groups, possibly due to 

hemorrhage following multiple injections of luciferin and/or pevonedistat in the context of T-3775440-

induced thrombocytopenia. Despite this adverse effect observed in the model, the combination of T-

3775440/pevonedistat exerted significant antileukemic effects that led to overall improved mouse 

survival. 
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Discussion 

 

In this study, I demonstrated a synergistic interaction between the LSD1 inhibitor T-3775440 

and the NAE inhibitor pevonedistat in various AML models. Cotreatment with these agents 

significantly suppressed AML cell growth in vitro and in vivo. Notably, intensive but short-term 

treatment with T-3775440/pevonedistat resulted in tumor eradication in subcutaneous xenograft 

models and prolonged survival in a cell-disseminated model of TF-1a erythroid leukemia. Some mice 

achieved long-term remission and a potential cure following the treatment. The combination of T-

3775440 with pevonedistat showed superior activity to combinations with conventional 

chemotherapeutics such as cytarabine and daunorubicine. These data suggest that a T-

3775440/pevonedistat combination regimen represents a novel strategy to treat resistant/refractory 

AML, beyond conventional cytarabine/anthracyclines ‘7+3’ induction chemotherapy. However, the 

clinical relevance of the anti-AML effects of the combination needs to be further validated in studies 

that, for instance, use patient-derived primary AML cells. 

The synergistic interaction between T-3775440 and pevonedistat appeared to be most 

promising in AML cells, despite the fact that the target molecules, LSD1 and NAE, are widely 

expressed in a range of cancer types. This may reflect the selective activity of the LSD1 inhibitor 

against AML. In particular, the acute erythroid leukemia cell line TF-1a was highly sensitive to the 

combination treatment both in vitro and in vivo. Erythroid leukemia cells express high levels of GFI1B 

protein, a SNAG domain-containing protein, which is involved in the lineage-specific transcription 

program through interactions with LSD1. I have shown previously that T-3775440 produces 

antileukemia effects by targeting a critical interaction between LSD1 and GFI1B transcription 

repressor in erythroid and megakaryoblastic leukemia cells [22]. In the present study, GFI1B 

knockdown potentiated the antileukemia effects of pevonedistat, mimicking the synergistic interaction 

between T-3775440 and pevonedistat. The lack of a synergistic interaction in the combination in non-

AML cells can be explained by the low GFI1B expression in these cell types, which suggests few 

overlapping nonhematologic toxicities, such as hepatotoxicity [48], and a wide therapeutic window for 
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the combination. Thrombocytopenia appeared to be a dose-limiting toxicity of the combination in our 

preclinical models, although we believe that platelet transfusion would be a feasible approach to 

manage this adverse effect in clinical settings. 

Cotreatment with T-3775440/pevonedistat significantly promoted the transdifferentiation of 

erythroid leukemia cells. This effect is most likely dependent on the ability of each agent to induce 

transdifferentiation in the same direction as the megakaryocytic–erythroid to granulocytic–monocytic 

lineage [22, 34]. Of note, the T-3775440/pevonedistat combination cooperatively decreased the 

expression of GATA1, a lineage-restricted transcription factor of erythroid and megakaryocytic cells 

[49]. GATA1 physically interacts with and inhibits the activity of the PU.1 transcription factor, a central 

regulator of myeloid differentiation, in a dose-dependent manner [50, 51, 52]. In contrast to a previous 

report wherein pevonedistat significantly increased PU.1 protein levels in MV-4–11 cells [34], each 

agent alone and the combination of T-3775440/pevonedistat only modestly affected PU.1 levels in TF-

1a cells. Instead, pevonedistat treatment increased protein expression of c-JUN, a well-known substrate 

of SCF (SKP1, Cullin and F-box protein) E3 ubiquitin ligase [46, 53]. c-JUN cooperates with PU.1 

and relieves GATA1-mediated repression of a myeloid transcription program [54, 55]. Indeed, 

cotreatment with T-3775440/pevonedistat led to significant expression of PU.1-dependent CEBPA and 

CD86 in TF-1a cells. These data suggest that these key transcription factors, which function in early 

myeloid linage selection, execute AML cell transdifferentiation induced by the T-

3775440/pevonedistat combination. 

Consistent with previous studies [33, 44], pevonedistat elicited DNA rereplication by 

stabilizing CDT1 in the S phase, leading to cell apoptosis. I demonstrated that this DNA rereplication-

induced cell death was significantly augmented by T-3775440, not only in pevonedistat-treated cells 

but also in DTL-depleted cells, suggesting that AML cells under rereplication stress are highly 

susceptible to T-3775440 treatment. Mosammaparast et al. [56] reported that LSD1 was recruited to 

sites of DNA damage, preferentially in late S/G2 phase, and promoted ubiquitylation of H2A/H2AX, 

thus enabling a full DNA damage response [56]. Cotreatment with T-3775440/pevonedistat increased 

DNA double-strand breakage, as evidenced by γH2AX expression. These results suggest that LSD1 
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inhibition sensitizes cells to pevonedistat treatment by disabling the DNA damage response, although 

the exact mechanism has yet to be clarified. Recently, Zhou et al. [57] reported that the HDAC inhibitor 

belinostat showed synergistic anti-AML efficacy with pevonedistat by disrupting the DNA damage 

response. Since LSD1 and HDAC interact with each other through complex formation with CoREST 

in hematopoietic cells [16], it would be of interest to investigate whether similar modes of action 

operate with LSD1 and HDAC inhibitors in combination with pevonedistat. 

In this article, I report that a synergistic interaction between the LSD1 inhibitor T-3775440 

and the NAE inhibitor pevonedistat yielded significant anti-AML effects including complete remission 

in preclinical erythroid leukemia models. Erythroid leukemia is rare (2–4% of AML) but highly 

refractory to conventional chemotherapy; there is therefore a considerable unmet medical need for 

effective treatments. This data, including the antileukemic effects on erythroid leukemia containing 

cytarabine-resistant TF-1a cells, may be considered promising. Mechanistically, cotreatment with 

these two agents induced cell transdifferentiation cooperatively, thereby inhibiting cell proliferation. 

Moreover, pevonedistat-mediated rereplication contributed functionally to the combination with T-

3775440 to promote cell death. Two other LSD1 inhibitors, ORY-1001 and GSK2879552, have 

undergone clinical trials for the treatment of patients with AML (EudraCT number: 2013-002447-29; 

ClinicalTrials.gov identifier: NCT02177812). Since pevonedistat has been reported to show modest 

clinical activity in a subset of AML patients [30], these findings indicate that the LSD1/NAE inhibitor 

combination strategy is worth consideration for the treatment of AML. 
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Figure 1 
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Figure 1, continued 

 

Figure 1. The combination effects of T-3775440 and pevonedistat in an AML cell panel. 

(a–n) Cells were treated with pevonedistat in the presence or absence of T-3775440. Viability was 

measured using CellTiter Glo assay at the time points indicated in Supplementary Table 1. The 

experiments were performed in duplicate (a-c, e, f, h, i, l) or triplicate (d, g, j, k, m, n). Values, means; 

bars, SD. 

  

Supplementary Figure 1, continued
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Figure 2 

 

Figure 2. Effects of the T-3775440/pevonedistat combination in non-AML cell lines. 

(a–e) Cells were treated with pevonedistat in the presence or absence of T-3775440. Viability was 

measured after 120 h of treatment in CCRF-CEM (a), MOLT-3 (b), KMS28BM (c), and RPMI8226 

(d) cell lines. (e) For HepG2, viability was determined after 72 h of treatment. Experiments were 

performed in triplicate. Values, means; bars, SD. 
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Figure 3 

 

Figure 3. The combination of T-3775440 and pevonedistat shows synergistic growth inhibition of 

AML cell lines. 

(a–c) TF-1a cells were cotreated with T-3775440 and pevonedistat or other anti-AML agents and the 

effects on cell viability were measured 72 h post treatment using the CellTiter Glo assay. The 

experiments were conducted in duplicate. (a) Representative growth curve of TF-1a cells. (b) 
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Isobologram of the cotreatment of TF-1a cells with T-3775440/pevonedistat. (c) Values represent the 

CI for each combination in TF-1a cells. Heat maps are color-coded based on the combination effects: 

green, synergy (CI values, <0.7); orange, additive (0.7–1.3); red, subadditive (>1.3). (d) TF-1a cells 

were treated with siRNA for 6 h and then replated. At 48 h after the initial treatment, total RNA was 

purified from the cells and used in quantitative reverse transcription–polymerase chain reaction (qRT–

PCR) analyses. The values represent the means of triplicate samples ± SD. Statistical significance was 

determined using Dunnett's multiple comparison test (*P<0.05, **P<0.01, ***P<0.001). (e) TF-1a 

cells were treated with the indicated siRNA for 6 h and replated as in (d). After overnight incubation, 

cells were treated with pevonedistat for 72 h. Dose–response curve of cells treated with pevonedistat 

and siRNA is shown (n=3). 
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Figure 4 

 

Figure 4. The combination effect of T-3775440 and pevonedistat in cytarabine-resistant TF-1a 

(TF-1a/AraC) cells. 

The cytarabine-resistant TF-1a (TF-1a/Ara-C) cell line was developed from parental TF-1a cells by 

“stepwise” exposure to increasing concentrations of cytarabine. (a) TF-1a and TF-1a/AraC cells were 

treated with each compound and cell viability was measured 72 h later using a CellTiter Glo assay. 

The IC50 values shown (n = 4) were calculated using nonlinear regression analysis. The resultant TF-

1a/Ara-C cells were highly resistant to cytarabine (IC50 > 10 µM) compared to the parental TF-1a cells 

(IC50 = 0.053 µM). The cross-resistance study revealed that TF-1a/Ara-C cells were as sensitive to 
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daunorubicin and azacitidine as the parental TF-1a cells were. Daunorubicin is a substrate of P-

glycoprotein (P-gp), while azacitidine is a substrate of equilibrative nucleoside transporter 1 (hENT1). 

Therefore, the cytarabine resistance of TF-1a/AraC cells was thought to be independent of either 

overexpression of P-gP or loss of hENT1 function, which often confers drug resistance by decreasing 

the drug concentration in AML cells. In contrast, TF-1a/Ara-C cells showed cross-resistance to 

decitabine. (b) Since both decitabine and cytarabine require deoxycytidine kinase (DCK), a rate-

limiting activating enzyme, to exert their anti-leukemic activities, we determined the expression level 

of DCK. The results revealed that DCK mRNA expression was undetectable in TF-1a/AraC cells. 

These data suggest that resistance to cytarabine and decitabine is conferred by a deficiency in the 

activation processes due to DCK downregulation. (c) Isobologram of the T-3775440/pevonedistat 

combination in TF-1a/AraC cells 
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Figure 5 

 

Supplementary Figure 4
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Figure 5, continued 

 

Figure 5. The combination effects of a panel of anti-leukemic agents in TF-1a cells. 

(a–j) TF-1a cells were treated with the indicated combination of small molecule inhibitors. Viability 

was measured after 72 h of treatment using Cell Titer Glo. Experiments were performed in duplicate. 

Values, means; bars, SD. 
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Supplementary Figure 4, continued
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Figure 6 

 

Figure 6. The combination of T-3775440 and pevonedistat shows synergistic growth inhibition of 

Kasumi-1 cells. 

(a) Kasumi-1 cells were treated with each combination of agents and cell viability was measured after 

120 h of treatment. Values represent the combination index (CI) for each combination. Experiments 

were performed in duplicate. (b) The isobologram of the cotreatment of T-3775440/pevonedistat in 

Kasumi-1 cells is shown.  

 

Supplementary Figure 5

C ytarabine D aunorubicine A zacitidine P evonedistat T -3775440

C ytarabine 1.18 0.81 0.73 0.58

D aunorubicine 1.13 1.02 0.66

A zacitidine 0.55 0.58

P evonedistat 0.45

T -3775440

CI = 0.45
T

-3
7
7
5
4
4
0
 c

o
n
c
e
n
tr

a
ti
o
n
 (

n
M

)

Pevonedistat concentration (nM)

a

b



38 

 

Figure 7 

 

Figure 7. Cotreatment with T-3775440/pevonedistat augments GFI1 expression. 

TF-1a cells were treated with dimethyl sulfoxide (DMSO), 1000 nM pevonedistat, 50 nM T-3775440, 

or pevonedistat and T-3775440 in combination for 8 or 24 h. Total RNA was purified from the cells 

and subjected to quantitative reverse transcription – polymerase chain reaction (qRT-PCR) analysis 

(n=2). Statistical significance was determined using Dunnett's multiple comparison test (***P < 0.001). 

Columns, means; bars, SD.
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Figure 8 
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Figure 8. T-3775440 enhances apoptotic cell death under pevonedistat- or DTL depletion-induced 

replication stress. 

(a) TF-1a cells were treated with vehicle, 50 nM T-3775440, 1 µM pevonedistat, or T-3775440 and 

pevonedistat for 48 h. DNA content was determined by flow cytometry. Note that this cell line grows 

as a stable population of cells with N, 2N and 4N nuclear complements. Percentages of cells in the 

sub-G1 population are indicated. (b) Increased DNA damage and apoptosis after T-3775440 and 

pevonedistat treatment. TF-1a cells were treated with drugs or dimethyl sulfoxide (DMSO) control (as 

indicated) for 48 h. Immunoblotting analysis was performed to determine the expression levels of 

γH2AX and cleaved PARP. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a 

protein-loading control. (c) TF-1a cells were transfected with siRNA targeting DTL or control siRNA 

and incubated for 4 h. Next, cells were replated in the presence or absence of 50 nM T-3775440 for 

48 h. Cell cycle analysis was performed using flow cytometry.
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Figure 9 

 

Figure 9. Apoptosis induction by co-treatment with T-3775440 and pevonedistat. 

(a) TF-1a cells were treated with T-3775440 and pevonedistat as indicated for 48 h (T-3775440, 50 

nM; Pevonedistat, 1 µM). Whole cell lysates were prepared and subjected to immunoblotting analysis. 

Alpha-Tubulin was used as a loading control. (b) TF-1a cells were treated as indicated (T-3775440, 50 

nM; Pevonedistat, 100 nM). After 24 h treatment, caspase 3/7 activities were determined using a 

Caspase-Glo kit (Promega). Columns, means; bars, SD. n = 3. Bonferroni post hoc test following 

analysis of variance (ANOVA) was used for the statistical analyses (*P < 0.05, ***P < 0.001). (c) TF-

1a cells were treated with drugs or dimethyl sulfoxide (DMSO) control for 48 h. Immunoblotting 

analysis was performed to determine the expression levels of indicated proteins.
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Figure 10 

 

Figure 10. Knockdown of DTL sensitizes TF-1a cells to T-3775440-induced cell growth inhibition. 

(a) TF-1a cells were treated with siRNA against DTL or control for 4 h. Forty-eight hours after the 

initial siRNA treatment, cells were harvested for RNA purification. Changes in DTL expression were 

measured by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). The values 

represent the means of duplicate samples ± SD. Unpaired t test was employed for statistical analysis 

(***P < 0.001). (b) The effects of siRNA targeting DTL on T-3775440-induced growth inhibition in 

TF-1a cells. Cells were treated with siRNA against DTL or control for 4 h, and after overnight 

incubation, cells were treated with T-3775440 or dimethyl sulfoxide (DMSO) control for 72 h. Viability 

was expressed as cell proliferation relative to the siCTRL/DMSO cotreatment control.
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Figure 11 
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Figure 11. Cotreatment with T-3775440/pevonedistat results in AML cell transdifferentiation and 

durable growth suppression. 

(a, b) TF-1a cells were treated with vehicle, 50 nM T-3775440, 1 µM pevonedistat or T-3775440 and 

pevonedistat in combination for 24 h. Total RNA was used for microarray analysis. Gene set 

enrichment plots demonstrate the downregulation of erythroid signature genes (a) and upregulation of 

neutrophil signature genes (b). (c) TF-1a cells were treated with T-3775440 and pevonedistat as 

indicated. Whole-cell lysates were prepared and subjected to immunoblotting analysis. 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. (d) Cell 

proliferation assay after washout of compounds. TF-1a cells were treated with the indicated drugs 

alone or in combination for 72 h. Cells were then replated in the absence of the compounds and 

proliferation rates were determined using CellTiter Glo assay (n=3). 
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Figure 12 

 

Figure 12. Cotreatment with T-3775440 and pevonedistat modulates the expression of 

differentiation-associated genes. 

(a, b, d, e) TF-1a cells were treated with vehicle, 50 nM T-3775440, 1 µM pevonedistat, or T-3775440 

and pevonedistat in combination for 24 h. Total RNA was subjected to microarray analysis. A heat map 

shows fold changes in gene expression of erythroid signature genes (a) and neutrophil signature genes 
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(b). Upregulated and downregulated genes relative to dimethyl sulfoxide (DMSO) control are 

represented as red and blue, respectively. (c) TF-1a or MOLM16 cells were treated with T-3775440 

and pevonedistat as indicated for 24 h. Whole cell lysates were prepared and subjected to 

immunoblotting analysis. b-Actin was used as a loading control. (d) The mRNA expression level of 

CEBPA was obtained from the microarray analysis as in (a). (e) Cotreatment with T-

3775440/pevonedistat augments each drug-induced CD86 expression. TF-1a cells were treated with 

DMSO, 300 nM pevonedistat, 10 nM T-3775440, or pevonedistat and T-3775440 in combination for 

24 h. Total RNA was purified from the cells and subjected to quantitative reverse transcription – 

polymerase chain reaction (qRT-PCR) analysis. Bonferroni's multiple comparison test was employed 

(**P < 0.01, ***P < 0.001).
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Figure 13 
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Figure 13. The T-3775440/pevonedistat combination exhibits significant anti-AML effects in 

subcutaneous xenograft models. 

(a–c) Antitumor effects of T-3775440 in combination with pevonedistat (a), cytarabine (b) or 

azacitidine (c) were examined in TF-1a tumor subcutaneous models. Mice were subcutaneously (s.c.) 

inoculated in the flank with AML cells. Animals received T-3775440 once daily orally (p.o.) on a 5 

days on/2 days off schedule, pevonedistat three times weekly (on days 1, 3 and 5, s.c.), cytarabine three 

times weekly (on days 1, 3 and 5, intraperitoneally (i.p.)), or azacitidine two times weekly (on days 1 

and 4, s.c.). The values represent mean tumor volumes ± SEM (n=5). (d) Antitumor effects of the T-

3775440/pevonedistat combination were examined in a MOLM-16 model with the same dosing 

schedule as in (a). 
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Figure 14 
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Figure 14, continued 

 

Figure 14. The T-3775440/pevonedistat combination exhibits significant anti-AML effects in 

subcutaneous xenograft models. 

(a–g) Antitumor effects of T-3775440 in combination with pevonedistat (a, b), cytarabine (c, d), or 

azacitidine (e, f) were examined in TF-1a tumor subcutaneous models. Tumor growth curves for each 

individual mouse (a, c, e) and the changes in tumor volumes (b, d, f) from day 0 to day 15 are 

represented. The values represent mean tumor volume changes ± SEM (n = 5). Statistical significance 

was determined using Dunnett's multiple comparison test (*P < 0.05, ***P < 0.001). Animals received 

T-3775440 (once daily, on a 5 days on/2 days off schedule, p.o.), pevonedistat (three times weekly, on 

days 1, 3, and 5, s.c.), cytarabine (three times weekly, on days 1, 3, and 5, i.p.), or azacitidine (twice 

weekly, on days 1 and 4, s.c.). (g) Maximum body weight change (BWC) and mortality rate were 

represented for each combination. (h) Antitumor effects of T-3775440 in combination with 

pevonedistat in a MOLM16 tumor subcutaneous model. The changes in tumor volumes from day 0 to 

day 14 are represented.
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Figure 15 

 

 

Figure 15. One cycle treatment of the T-3775440/pevonedistat combination induced sustained 

tumor regression. 

Mice bearing TF-1a tumors were treated with T-3775440 (p.o.) once daily for 5 consecutive days and 

pevonedistat (s.c.) on days 1 and 4 (n = 6). (a) Values, mean tumor volume; bars, SEM. (b) Values, 

mean body weight; bars, SD. *P < 0.05, ***P < 0.001. Aspin-Welch t test was used for the statistical 

analyses.
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Figure 16 
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Figure 16, continued 

 

Figure 16. Coadministration of T-3775440/pevonedistat reduced leukemic burden and prolonged 

animal survival in an AML disseminated model. 

(a–f) Mice were inoculated via the tail vein with luciferase-labeled TF-1a cells (day 0). Mice were 

randomized into groups (n=9 per group) and treatment was initiated 10 days after cell injection (day 

10). T-3775440 was administrated once daily (p.o.), and pevonedistat three times per week (days 1, 3 

and 5, s.c.) according to the indicated dose and schedule. Tumor growth was monitored using an in 

vivo imaging system at days 11, 18, and 25. (a) Luminescence images of TF-1a-luc cell-bearing mice 

that received 20 mg/kg T-3775440 or vehicle are shown. (b) Whole-body luminescence of each 

treatment group is shown at the indicated time points. All values are means, and bars represent the 

s.e.m. (c) Bar charts showing relative tumor burden of each treatment group compared with that at 

days 11 and day 25. Means and SEM are shown. Statistical significance was determined using 

Dunnett's multiple comparison test (***P<0.001). (d) Representative luminescence images (day 25). 

(e, f) Kaplan–Meier analysis was conducted to compare survival curves between vehicle-treated 

mice and T-3775440, MLN4924 or combination-treated mice. Single agent groups (e) and 

combination groups (f) are shown separately with the control group. 
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Figure 17 

 

 

Supplementary Figure 12

Day 11

Day 18

Day 25

Day 11

Day 18

Day 25

Day 11

Day 18

Day 25

Day 11

Day 18

Day 25

Day 11

Day 18

Day 25

Day 11

Day 18

Day 25

Day 11

Day 18

Day 25

Day 11

Day 18

Day 25

Day 11

Day 18

Day 25

Day 11

Day 18

Day 25

Short exp. (0.5 sec) Long exp. (30 sec)

Vehicle

Short exp. (0.5 sec) Long exp. (30 sec)

Pevonedistat (60 mg/kg)

Short exp. (0.5 sec) Long exp. (30 sec)

T-3775440 (20 mg/kg)

Short exp. (0.5 sec) Long exp. (30 sec)

T-3775440 (20) + Pevonedistat (60)

Short exp. (0.5 sec) Long exp. (30 sec)

T-3775440 (10 mg/kg)

Short exp. (0.5 sec) Long exp. (30 sec)

T-3775440 (10) + Pevonedistat (60)

Short exp. (0.5 sec) Long exp. (30 sec)

T-3775440 (5 mg/kg)

Short exp. (0.5 sec) Long exp. (30 sec)

T-3775440 (2.5 mg/kg)

Short exp. (0.5 sec) Long exp. (30 sec)

T-3775440 (5) + Pevonedistat (60)

Short exp. (0.5 sec) Long exp. (30 sec)

T-3775440 (2.5) + Pevonedistat (60)

a



55 

 

Figure 17, continued 

 

 

Figure 17. Coadministration of T-3775440/pevonedistat shows anti-leukemic effects in an AML 

disseminated model. 

(a) Tumor growth was monitored on days 11, 18, and 25 after i.p. injection with luciferin, using an in 

vitro imaging system. Representative images of mice are shown. (b) Whole body luminescence was 

measured after the indicated treatment on day 25. Statistical significance was determined using 

Dunnett's multiple comparison test (***P < 0.001). Values, mean body weight; bars, SD. (c) Two mice 

treated with T-3775440/pevonedistat combination did not show any sign of tumor regrowth (day 133).  
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Table 1. Culture medium information for cell lines used in cell proliferation assays. 

Cell line Medium FBS  Supplement 

CMK-11-5 (JCRB) RPMI 1640 (Wako, 189-02145) 10% no 

CMK-86 (JCRB) RPMI 1640 (Wako, 189-02145) 10% no 

EOL-1 (DSMZ) RPMI 1640 (Wako, 189-02145) 10% no 

GF-D8 (DSMZ) RPMI 1640 (Wako, 189-02145) 20% 50 ng/ml rhGM-CSF (Wako, 075-04114) 

HEL92.1.7(ATCC) RPMI 1640 (Wako, 189-02145) 10% no 

HL-60 (ATCC) RPMI 1640 (Wako, 189-02145) 10% no 

HL-60/MX2 (ATCC) RPMI 1640 (Wako, 189-02145) 10% no 

Kasumi-1 (JCRB) RPMI 1640 (Wako, 189-02145) 10% no 

MOLM-16 (DSMZ) RPMI 1640 (Wako, 189-02145) 20% no 

NB4 (DSMZ) RPMI 1640 (Wako, 189-02145) 10% no 

OCI-AML3 (DSMZ) MEM α (Wako, 135-15175) 20% no 

OCI-M2 (DSMZ) IMDM (Gibco, 12440-053)    20% no 

TF-1a (ATCC) RPMI 1640 (Wako, 189-02145) 10% no 

TF-1a/Ara-C RPMI 1640 (Wako, 189-02145) 10% no 

THP-1 (ATCC) RPMI 1640 (Wako, 189-02145) 10% no 

CCRF-CEM (ATCC) RPMI 1640 (Wako, 189-02145) 10% Sodium Pyruvate (Gibco, 11360) 

MOLT-3 (ATCC) RPMI 1640 (Wako, 189-02145) 10% no 

RPMI8226 (JCRB) RPMI 1640 (Wako, 189-02145) 10% no 

KMS28BM (JCRB) RPMI 1640 (Wako, 189-02145) 10% no 

HepG2 EMEM (Wako, 051-07615) 10% Sodium Pyruvate (Gibco, 11360) 

NEAA (Gibco, 11140) 
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Table 2. Synergy score of T-3775440/pevonedistat combination in an AML cell panel. 

Cell line Meaning Blending synergy Combination index Incubation (h) FAB 

TF-1a Synergy 36.5 0.3 72 M6 

TF-1a/Ara-C Synergy 34.9 NA 72 M6 

NB4 Synergy 33.5 NA 120 M3 

Kasumi-1 Synergy 31.8 0.45 120 M2 

MOLM-16 Synergy 28.4 NA 120 M7 

HL-60/MX2 Synergy 23.3 0.42 120 M2 

HL-60 Synergy 19.6 0.41 120 M2 

HEL92.1.7 Additivity 14.6 NA 72 M6 

OCI-M2 Additivity 10.9 0.81 72 M1 

GF-D8 Additivity 8.6 NA 168 M7 

CMK-11-5 Additivity 4.3 0.96 72 M5 

THP-1 Additivity -5.5 NA 144 M4 

OCI-AML3 Additivity -7.9 NA 168 M4 

EOL-1 Additivity -17.3 NA 120 Eosinophilic 

CMK-86 Subadditivity -27.6 1.73 72 M7 

 

Abbreviations: AML, acute myeloid leukemia; CI, combination index; FAB, French–American–

British Classification; NA, not applicable. CI values in the range 0–0.7 and 0.7–1.3 are classified as 

synergy and additivity, respectively. When CI values were not associated, nonlinear blending values 

>20 and between −20 and +20 were classified as synergy and additivity, respectively. The experiments 

were conducted in duplicate for TF-1a, TF-1a/Ara-C, NB4, Kasumi-1, HL-60/MX2, HL-60, OCI-M2, 

GF-D8, OCI-AML3 and in triplicate for MOLM-16, HEL92.1.7, CMK-11–5, THP-1, EOL-1, CMK-

86. 
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Table 3. Effect of T-3775440 on the sensitivity of TF-1a cells to pevonedistat (related to Fig. 3a). 

T-3775440 
Relative cell proliferation (%) EC50 of pevonedistat 

(nmol/L) 

95% Confidence intervals 

(nmol/L) Bottom Top 

0 nM -3.0 96.2 770 583–1015 

4.6 nM 1.9 83.9 326*** 283–375 

21.5 nM 3.4 59.5 215*** 191–241 

100 nM 3.1 53.9 167*** 152–185 

 

NOTE: TF-1a cells were co-treated with pevonedistat and T-3775440 at the indicated concentrations 

for 72 h. EC50 values and their 95% confidence intervals were calculated using nonlinear regression 

analysis of the percentage inhibition. One-way ANOVA along with post-Dunnett's multiple 

comparison test were performed to compare the EC50 values obtained from the nonlinear regression 

analysis [***P < 0.001, versus control (0 nM)].  
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Table 4. Effect of GFI1 family protein knockdown on the sensitivity of TF-1a cells to pevonedistat 

(related to Fig. 3e). 

siRNA 
Relative cell proliferation (%) EC50 of pevonedistat 

(nmol/L) 

95% Confidence intervals 

(nmol/L) Bottom Top 

siControl 0.3  97.1  427 365–499 

siLSD1#1 2.2  89.7  168* 150–187 

siLSD1#2 2.4  89.1  153* 140–166 

siGFI1B#1 2.2  67.2  196* 170–227 

siGFI1B#2 2.1  63.4  232* 208–259 

siGFI1#1 -0.3  90.2  395 317–492 

siGFI1#2 -0.4  88.7  402 336–480 

 

NOTE: TF-1a cells were treated with the indicated siRNAs for 6 h and re-plated. After overnight 

incubation, cells were treated with pevonedistat for 72 h. For each siRNA treatment, the EC50 values 

of pevonedistat were calculated. All assays were done in triplicate (n = 3). EC50 values and their 95% 

confidence intervals were calculated using nonlinear regression analysis of the percentage inhibition. 

siLSD1 and siGFI1B, but not siGFI1, augmented the anti-proliferative activity of pevonedistat in TF-

1a cells. One-way ANOVA and post-Dunnett's multiple comparison test were performed to compare 

the EC50 values obtained from the nonlinear regression analysis (*P < 0.05, versus siControl). 
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 Table 5. Effects of DTL knockdown on the sensitivity of TF-1a cells to T-3775440 (related to Fig. 

10b). 

siRNA 
Relative cell proliferation (%) 

EC50 of pevonedistat (nM) 
95% Confidence intervals 

(nM) Bottom Top 

siCTRL 50.21 94.21 11.1 9.0–13.7 

siDTL 9.653 39.34 5.1*** 4.1–6.5 

 

NOTE: TF-1a cells were treated with the indicated siRNAs for 6 h and re-plated. After incubation 

overnight, cells were treated with pevonedistat for 72 h. For each siRNA treatment, the EC50 values of 

T-3775440 were calculated. All assays were done in quadruplicate. EC50 values and their 95% 

confidence intervals were calculated using nonlinear regression analysis of the percentage inhibition. 

Unpaired t test was performed to compare the EC50 values obtained from the nonlinear regression 

analysis (***P < 0.001, versus siControl). 
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Table 6. Median survival time after administration of T-3775440, pevonedistat, or the indicated 

combination in the TF-1a-luc disseminated model (related to Fig. 16). 

Group Median survival (days) p value 

Control 30 NA 

2.5 mg/kg T-3775440 43 < 0.0001 

5 mg/kg T-3775440 46 < 0.0001 

10 mg/kg T-3775440 50 < 0.0001 

20 mg/kg T-3775440 54 0.0004 

60 mg/kg pevonedistat 36 < 0.0001 

T-3775440 (2.5) + pevonedistat (60) 62 0.0004 

T-3775440 (5) + pevonedistat (60) 68 0.0004 

T-3775440 (10) + pevonedistat (60) 60 0.0004 

T-3775440 (20) + pevonedistat (60) 77 0.0004 

 

NOTE: Statistical analysis was performed with a Log-rank test (p <0.00555 after the Bonferroni 

correction was considered statistically significant). 
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Part 2 

TP-064, a potent and selective small molecule inhibitor of PRMT4 for multiple myeloma 
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Abstract 

 

Protein arginine methyltransferase (PRMT) 4 (also known as coactivator-associated arginine 

methyltransferase 1; CARM1) is involved in a variety of biological processes and is considered as a 

candidate oncogene owing to its overexpression in several types of cancer. Selective PRMT4 inhibitors 

are useful tools for clarifying the molecular events regulated by PRMT4 and for validating PRMT4 as 

a therapeutic target. In this study, I identified TP-064, a potent, selective, and cell-active chemical 

probe of human PRMT4 and revealed its co-crystal structure with PRMT4. TP-064 inhibited the 

methyltransferase activity of PRMT4 with high potency (half-maximal inhibitory concentration, IC50 

< 10 nM) and selectivity over other PRMT family proteins, and reduced arginine dimethylation of the 

PRMT4 substrates BRG1-associated factor 155 (BAF155; IC50 = 340 ± 30 nM) and Mediator complex 

subunit 12 (MED12; IC50 = 43 ± 10 nM). TP-064 treatment inhibited the proliferation of a subset of 

multiple myeloma cell lines, with affected cells arrested in G1 phase of the cell cycle. TP-064 and its 

negative control (TP-064N) will be valuable tools to further investigate the biology of PRMT4 and the 

therapeutic potential of PRMT4 inhibition. 
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Introduction 

 

Protein arginine methyltransferases (PRMTs) catalyze arginine methylation of proteins, which 

involves the transfer of the methyl group of S-adenosyl-L-methionine (SAM) to the terminal guanidino 

nitrogens of arginine. This reaction can give rise to three types of methylarginine species including 

monomethylarginine (MMA), symmetric dimethylarginine (SDMA), and asymmetric 

dimethylarginine (ADMA). PRMTs are classified according to their methylation products as Type I 

(PRMT1, 2, 3, 4, 6, and 8, which can convert arginine to MMA and ADMA), Type II (PRMT5 and 9, 

which produce MMA and SDMA), and Type III (PRMT7, which generates MMA only) [58]. Arginine 

methylation influences target interactions with other proteins and modulates their physiological 

functions [59]. 

PRMT4, also known as coactivator-associated arginine methyltransferase 1, is a Type I PRMT 

that methylates arginines 17 and 26 of histone H3 [60] as well as non-histone proteins involved in a 

variety of biological processes including transcriptional activation [61], RNA splicing [62], cell cycle 

regulation [63], DNA damage response [64], and cell differentiation [65]. PRMT4 is dysregulated in 

several diseases and has been linked to breast [63], prostate [66], and colorectal cancer [67] and 

positively regulates transcriptional activators including Wnt/β-catenin in colorectal cancer [68], 

estrogen receptor-α in breast cancer [69], Runt-related transcription factor 1 in myeloid leukemia [70], 

and the Switch/sucrose non-fermentable chromatin remodeling complex in breast cancer [71]. These 

reports suggest that PRMT4 is a potential therapeutic target in certain types of cancer. 

Potent, selective, and cell-active small molecule PRMT4 inhibitors can be useful tools for 

clarifying the molecular events regulated by protein arginine methylation and for validating PRMT4 

as a therapeutic target. A number of PRMT4 inhibitors have recently been reported [72]. For example, 

potent and selective PRMT4 inhibitors were developed that did not exhibit cellular activity [73, 74], 

while a cell-active inhibitor of Type I PRMTs that is not selective for PRMT4 was also reported [75]. 

Since Type I PRMTs (except for PRMT8) are ubiquitously expressed [76], improving the selectivity 



65 

 

for PRMT4 can avoid adverse events caused by other Type I PRMT inhibitors. Recently, a potent, 

selective, and cell-active inhibitor has been reported, EZM2302, which shows activity in preclinical 

models of multiple myeloma [77]. 

Here I described the development of a potent and selective PRMT4 inhibitor with high cellular 

activity. The co-crystal structure of PRMT4 in complex with N-methyl-N-((2-(1-(2-

(methylamino)ethyl)piperidin-4-yl)pyridin-4-yl)methyl)-3-phenoxybenzamide (TP-064) provided 

structural evidence for the specificity of inhibition. I also showed that TP-064 inhibited the growth of 

a subset of multiple myeloma (MM) cell lines. These results indicate that TP-064 may be an effective 

drug for the treatment of MM that acts by targeting PRMT4. 
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Materials and Methods 

 

Synthesis of TP-064 and TP-064N 

 

Experimental procedure for 3 

 

Tert-butyl 4-(4-(hydroxymethyl)pyridin-2-yl)-5,6-dihydropyridine-1(2H)-carboxylate 

Potassium phosphate (22.2 g, 104.89 mmol, 3 eq.) was added to a solution of (2-chloropyridin-4-

yl)methanol (5 g, 34.965 mmol, 1 eq.) and tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

5,6-dihydropyridine-1(2H)-carboxylate  (12.97 g, 41.958 mmol, 1.2 eq.) in 1,4 dioxane:ethanol:water 

(70 ml, 6:2:2) with stirring and argon bubbling for 10 min. This was followed by addition of 
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[1,1bis(diphenylphosphino)ferrocene]-palladium(II) dichloride (1.42 g, 1.748 mmol, 0.05 eq.) in 

sealed tube under dry atmosphere. The resultant reaction mixture was heated at 120°C for 18 h. The 

progress of the reaction was monitored by thin-layer chromatography (TLC). After completion of the 

reaction, the solution was filtered through a celite bed and washed with ethyl acetate; the filtrate was 

concentrated under reduced vacuum pressure to obtain the crude compound, which was purified by 

silica gel (60–120 mesh) column chromatography, eluted with 60% ethyl acetate/pet ether to obtain 3 

(7.5 g, yield: 75%) as a yellow solid. The proton nuclear magnetic resonance (1H NMR) (400 MHz, 

CDCl3) values were as follows: δ 1.48 (9H, s), 2.62-2.64 (2H, m), 3.63 (2H, t, J = 5.38 Hz), 4.09–4.14 

(2H, m), 4.74 (2H, s), 6.60 (1H, s), 7.14 (1H, d, J = 4.89 Hz), 7.37 (1H, s), 8.50 (1H, d, J = 4.89 Hz). 

Liquid chromatography–mass spectrometry (LC–MS) (M+H): 291.17. 

 

Experimental procedure for 4 

 

Tert-butyl 4-(4-(hydroxymethyl)pyridin-2-yl)piperidine-1-carboxylate 

The stirred and degassed solution of 3 (8.5 g, 29.274 mmol, 1 eq.) in methanol (200 ml) was combined 

with 10% Pd/C (0.311 g, 2.927 mmol, 0.1 eq.) and subjected to hydrogenation under balloon pressure 
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for 18 h. The progress of the reaction was monitored by TLC. After completion of the reaction, the 

solution was filtered through a celite bed and washed with methanol, and the filtrate was concentrated 

under reduced vacuum pressure to obtain 4 (7.1 g, yield: 97%) as an off-white gummy liquid. The 1H 

NMR (400 MHz, CDCl3) values were as follows δ 1.47 (9H, m), 1.66–1.76 (3H, m), 1.89–1.92 (3H, 

m), 2.80–2.89 (3H, m), 4.25 (1H, brs), 4.73 (2H, s), 7.12 (1H, d, J = 5.38 Hz), 7.16 (1H, s), 8.50 (1H, 

d, J = 4.89 Hz). LC–MS (M+H): 293.21. 

 

Experimental procedure for 5 

 

Tert-butyl 4-(4-((methylamino)methyl)pyridin-2-yl)piperidine-1-carboxylate 

The stirred solution of 4 (5 g, 17.1 mmol, 1 eq.) in tetrahydrofuran (40 ml) was combined with 

triethylamine (5.18 g, 51.304 mmol, 3 eq.) and thionyl chloride (2.35 g, 20.52 mmol, 1.2 eq.) at 0°C. 

The resultant reaction mixture was allowed to stir at room temperature for 1 h before adding 40 ml 

methylamine (2 M in tetra-n-butylammonium fluoride) at room temperature . The mixture was stirred 

at room temperature for 18 h, with the progress of the reaction monitored by TLC. After completion 

of the reaction, the mixture was concentrated under reduced vacuum pressure to obtain the crude 
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compound, which was purified by silica gel (60–120 mesh) column chromatography, eluted with 5% 

methanol/dichloromethane to obtain 5 (5.09 g, yield: 62%) as a pale yellow gummy liquid. The 1H 

NMR (400 MHz, DMSO-d6) values were as follows: δ 1.41 (9H, s), 1.54–1.58 (2H, m), 1.82 (2H, d, 

J = 10.76 Hz), 2.50 (3H, s), 2.82–2.88 (3H, m), 3.01–3.03 (2H, m), 3.97 (2H, s), 4.02–4.09 (1H, s), 

7.22–7.37 (2H, m), 8.50 (1H, d, J = 5.38 Hz). LC–MS (M+H): 306.21. 

 

Experimental procedure for 7 

 

Tert-butyl-4-(4-((N-methyl-3-phenoxybenzamido)methyl)pyridin-2-yl)piperidine-1-carboxylate 

(1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxid hexafluorophosphate) 

(11.4 g, 30.12 mmol, 2 eq.) and N,N-diisopropylethylamine (5.8 g, 45.18 mmol, 3 eq.) were added to 

the stirred solution of 3-phenoxybenzoic acid (3.87 g, 18.073 mmol, 1.2 eq.) in dimethylformamide 

(30 ml) at room temperature with stirring for 5 min; 5 (4.6 g, 15.06 mmol, 1 eq.) in dimethylformamide 

(10 ml) was then added at room temperature with stirring for 18 h. The progress of the reaction was 

monitored by TLC. After completion of the reaction, the solution was diluted with water and extracted 

with ethyl acetate. The Ethyl acetate layer was washed with water and brine solution and dried over 

anhydrous Na2SO4, then filtered and evaporated under reduced pressure to obtain the crude compound. 
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This was purified by silica gel (60–120 mesh) column chromatography, eluted with 60% ethyl 

acetate/pet ether to obtain compound 7 (2.9 g, Yield: 38.6%) as a pale yellow gummy liquid. The 1H 

NMR (300 MHz, CDCl3) values were as follows: δ 1.47 (9H, s), 1.68-1.72 (2H, m), 1.83–1.90 (2H, 

m), 2.80–3.02 (6H, m), 4.23–4.26 (2H, m), 4.48–4.70 (2H, m), 6.91–7.19 (8H, m), 7.33–7.35 (3H, m), 

8.48–8.50 (1H, m). LC–MS (M+H): 502.34. 

 

Experimental procedure for 8 

 

N-methyl-3-phenoxy-N-((2-(piperidin-4-yl)pyridin-4-yl)methyl)benzamide hydrochloride 

1,4-Dioxane in HCl (2M) (10 ml) was added to the stirred solution of 7 (2.5 g, 5.186 mmol, 1 eq.) in 

1,4 dioxane (10 ml) at 0°C and the resultant mixture was stirred at room temperature for 1 h. The 

progress of the reaction was monitored by TLC. After completion of the reaction, the solution was 

concentrated under reduced pressure to obtain the crude compound, which was co-distilled with 

dichloromethane and washed with n- pentane to obtain 8 (1.91 g, yield: 79.5%) as a pale yellow solid. 

The 1H NMR (300 MHz, DMSO-d6) values were as follows: δ 1.97–2.06 (4H, m), 2.93–3.02 (5H,  

m), 3.11–3.18 (1H, m), 3.34–3.38 (2H, m), 4.66 (2H, brs), 6.98–7.01(2H, m), 7.06–7.21 (3H, m), 7.29 

(2H, s), 7.35–7.47 (3H, m), 8.51-8.53 (1H, m), 8.82 (1H, brs), 9.38 (1H, brs). LC–MS [(M-2HCl)+H]: 
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402.25. 

Experimental procedure for 10 

 

Tert-butyl methyl(2-(4-(4-((N-methyl-3-phenoxybenzamido)methyl)pyridin-2-yl)piperidin-1-

yl)ethyl)carbamate 

Sodium triacetoxyborohydride (0.527 g, 2.490 mmol, 5 eq.) was added to the stirred solution of 8 (0.2 

g, 0.498 mmol, 1 eq.) and 9 (0.172 g, 0.996 mmol, 2 eq.) in ethanol (20 ml) at 0°C; the resultant 

reaction mixture was allowed to stir at room temperature for 18 h. The progress of the reaction was 

monitored by TLC. After completion of the reaction, the solution was basified with saturated sodium 

bicarbonate solution and extracted with ethyl acetate. The ethyl acetate layer was washed with water 

and brine solution, dried over anhydrous Na2SO4, filtered, and evaporated under reduced pressure to 

obtain the crude compound, which was purified by silica gel (60–120 mesh) column chromatography 

and eluted with 3% methanol/ dichloromethane to obtain 10 (0.14 g, yield: 50.3%) as a brown gummy 

liquid, which was confirmed by LC–MS. LC–MS (M+H): 559.38. 
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Experimental procedure for TP-064 

 

N-methyl-N-((2-(1-(2-(methylamino)ethyl)piperidin-4-yl)pyridin-4-yl)methyl)-3-phenoxybenzamide 

1,4-Dioxane in HCl (2M) (2 ml) was added to the stirred solution of 10 (0.14 g, 0.882 mmol, 1 eq.) in 

1,4 dioxane (5 ml) was added at 0°C and the resulting reaction mixture was allowed to stir at room 

temperature for 1 h. The progress of the reaction was monitored by TLC. After completion of the 

reaction, the reaction mixture was concentrated under reduced pressure to obtain the crude compound, 

which was co-distilled with dichloromethane and diethyl ether, basified with triethylamine, and 

concentrated. The free acid was purified by preparative high-performance LC to obtain TP-064 (55.5 

mg, yield: 48.6%) as a brown semi-solid. The 1H NMR (400 MHz, DMSO-d6) values were as follows: 

δ 1.73–1.76 (4H, m), 1.95–2.05 (2H, m), 2.31 (3H, s), 2.40 (2H, t, J = 6.26 Hz), 2.60 (3H, t, J = 6.26 

Hz), 2.88–2.94 (5H, m), 4.46–4.63 (2H, m), 6.94–7.48 (12H, m), 8.43 (1H, brs). LC–MS (M+H): 459.1. 
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Experimental procedure for TP-064N 

 

N-((2-(1-(2-methoxyethyl)piperidin-4-yl)pyridin-4-yl)methyl)-N-methyl-3-phenoxybenzamide 

A mixture of N-methyl-3-phenoxy-N-((2-(piperidin-4-yl)pyridin-4-yl)methyl)benzamide 

hydrochloride (2000 mg, 4.57 mmol), 1-bromo-2-methoxyethane (698 mg, 5.02 mmol), and N, N-

diisopropylethylamine (3.99 ml, 22.83 mmol) in CH3CN (15 ml) was stirred at 50°C for 5 h. The 

mixture was neutralized with saturated NaHCO3 aq. at 0°C and extracted with ethyl acetate. The 

organic layer was separated, washed with water and brine, dried over MgSO4, and concentrated under 

vacuum. The residue was purified by column chromatography (NH silica gel, eluted with 50%–100% 

ethyl acetate in hexane) to obtain N-((2-(1-(2-methoxyethyl)piperidin-4-yl)pyridin-4-yl)methyl)-N-

methyl-3-phenoxybenzamide TP-064N (740 mg, 1.610 mmol, 35.3%) as a white solid. The 1H NMR 

(300 MHz, DMSO-d6) values were as follows: δ ppm 1.59–1.84 (m, 4 H) 2.05 (t, J = 10.27 Hz, 2 H) 

2.43–2.49 (m, 2 H) 2.60 (br. s., 1 H) 2.84–3.03 (m, 5 H) 3.24 (s, 3 H) 3.44 (t, J = 5.93 Hz, 2 H) 4.34–

4.76 (m, 2 H) 6.82–7.29 (m, 8 H) 7.29–7.61 (m, 3 H) 8.43 (br. s., 1 H). LC–MS (M+H): 460.2. 
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Reagents 

[3H]SAM was purchased from PerkinElmer Life Sciences (Waltham, MA, USA; cat. no. 

NET155V001MC; specific activity range: 12–18 Ci/mmol). SAM was obtained from AK Scientific 

(Union City, CA, USA). Biotinylated peptide substrates were purchased from Tufts University Peptide 

Synthesis Core Facility (Boston, MA, USA). 

 

Enzymatic assays for PRMTs 

The assay conditions and protein constructs used in this study are presented in Tables 7 and 

8, respectively. The protein purification procedures have been previously described [74, 78, 79, 80]. 

In the scintillation proximity assay (SPA), specific amounts of enzyme and biotinylated peptide 

substrate were mixed with the compound and the reaction was initiated by adding SAM. IC50 values 

were measured at the apparent Km concentrations of the substrate and SAM. The reaction was quenched 

by adding an equal volume of 7.5 M guanidine hydrochloride, and the reaction product was measured 

by SPA using FlashPlate Plus and TopCount NXT HTS plate reader (both from Perkin Elmer Life 

Sciences). 

 

Selectivity assay 

The selectivity assay was performed as previously described [81]. The effect of test 

compounds on the methyltransferase activities of Euchromatic histone-lysine N-methyltransferase 2 

(G9a), G9a-like protein (GLP), Suppressor of variegation 3-9 homolog (SUV39H)1, SUV39H2, 

SUV420H1, SUV420H2, SET domain (SETD)2, SETD8, SETD bifurcated 1 (SETDB1), SETD7, 

Mixed-lineage leukemia (MLL)1 trimeric complex, MLL3 pentameric complex, Enhancer of zeste 

homolog (EZH)2 trimeric complex, PRMT1, PRMT3, PRMT4, PRMT5/Methylosome protein 

(MEP)50 complex, PRMT6, PRMT7, PRMT8, PRMT9, PR domain zinc finger protein (PRDM)9, 

SET and MYND domain-containing (SMYD)2, SMYD3, and DNA methyltransferase (DNMT)1 was 

assessed by monitoring the incorporation of a tritium-labeled methyl group into substrates with the 
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scintillation proximity assay [82]. Briefly, a 10-μl reaction containing 3H-SAM and substrate at 

concentrations close to the apparent Km values for each enzyme was prepared. Two concentrations (1 

and 10 μM) of compound were tested. The reactions were quenched with 10 μl of 7.5 M guanidine 

hydrochloride; 180 μl of 20 mM Tris buffer (pH 8.0) were added, and the mixture was transferred to a 

96-well FlashPlate followed by incubation for 1 h. The counts per minute (CPM) was measured on a 

TopCount plate reader; the CPM in the absence of compound or enzyme was defined as 100% activity 

and background (0%), respectively, for each dataset. 

For DNMT1, the double-stranded DNA substrate was prepared by annealing two 

complementary strands (biotinylated forward strand: B-GAGCCCGTAAGCCCGTTCAGGTCG and 

reverse strand: CGACCTGAACGGGCTTACGGGCTC) that were synthesized by Eurofins MWG 

Operon (Louisville, KY, USA). A filter-based assay was used for DOT1L, Nuclear receptor binding 

SET domain protein (NSD)1, NSD2, NSD3, ASH1-like histone lysine methyltransferase (ASH1L), 

DNMT3A/3L, and DNMT3B/3L in which 10 μl of reaction mixture were incubated at 23°C for 1 h, 

followed by addition of 50 μl of 10% trichloroacetic acid (TCA). The mixture was transferred to filter 

plates (Millipore, Billerica, MA, USA) that were centrifuged at 2,000 rpm (Allegra X-15R; Beckman 

Coulter, Brea, CA, USA) for 2 min, washed twice with 10% TCA and once with ethanol (180 μl), and 

centrifuged. After drying, 100 μl MicroScint-O (Perkin Elmer) was added to each well and the plates 

were centrifuged to remove the liquid. A 70-μl volume of MicroScint-O was added and the CPM was 

measured with a TopCount plate reader. 

 

Substrate competition assays 

The substrate competition assays were performed by measuring IC50 values at various 

concentrations of one substrate (e.g., peptide) and at saturating concentrations of the other (e.g., SAM) 

and vice versa, as previously described [83]. 
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Orthogonal binding confirmation 

SPR experiments were performed using a Biacore T200 system (GE Healthcare, Little 

Chalfont, UK). Approximately 6,500 response units of PRMT4 were amino-coupled onto one flow 

cell of a CM5 chip according to manufacturer's protocol, while another flow cell was left empty for 

reference subtraction. SPR analysis was performed in HBS-EP buffer composed of 20 mM HEPES 

(pH 7.4), 150 mM NaCl, 3 mM EDTA, and 0.05% Tween-20 with 5% dimethylsulfoxide (DMSO), 

and 50 μM SAH. TP-064 was prepared at concentrations of 500, 125, 31.3, and 7.8 nM by serial 

dilution. Kinetic determination experiments were performed at 20°C using single cycle kinetics with 

an on time of 180 s, off time of 300 s, and a flow rate of 100 μl min−1. To favor complete dissociation 

of the compound for the subsequent cycle, HBS-EP with 5% DMSO and no SAH was run for 300 s at 

50 μl min−1, and two blank cycles were run between each cycle. Kinetic curve fitting and KD 

calculations were performed with a 1:1 binding model using Biacore T200 Evaluation software. DSLS 

was performed as previously described [84] using 100 mM HEPES (pH 7.5), 150 mM NaCl, 3% 

DMSO, and 0.4 mg ml−1 (6 μM) protein in a 10-μl reaction volume. 

 

Crystallization, data collection, and structure determination 

A DNA fragment encoding the methyltransferase domain of human PRMT4 (residues 140–

480) was cloned into a baculovirus expression vector pFBOH-MHL 

(http://www.thesgc.org/sites/default/files/toronto_vectors/pFBOH-MHL.pdf). The protein was 

expressed in Sf9 cells as an N-terminal hexa-His tag fusion protein and purified by metal chelating 

affinity chromatography (TALON resin; Clontech, Mountain View, CA, USA) followed by size-

exclusion chromatography (Superdex 200; GE Healthcare). Pooled fractions containing PRMT4 were 

subjected to tobacco etch virus treatment to remove the His-tag. The protein was purified to 

homogeneity by ion-exchange chromatography. 

Purified PRMT4 (6.1 mg ml−1) was mixed with TP-064 at a 1:5 molar ratio of protein:inhibitor 

and crystallized with the sitting drop vapor diffusion method at 20°C by mixing 2 μl of protein solution 
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with 1 μl of the reservoir solution containing 20% PEG3350, 0.2 M ammonium sulfate, and 0.1 M 

Tris-HCl (pH 8.5). 

X-ray diffraction data for PRMT4 + TP-064 were collected at 100 K on a Rigaku FR-E 

superbright X-ray generator. Data were processed using the HKL-3000 suite [85]. The structure of 

PRMT4 + TP-064 was isomorphous to PDB entry 4IKP, which was used as a starting model. REFMAC 

[86] was used for structure refinement. Geometric restraints for compound refinement were prepared 

with GRADE v.1.102 developed at Global Phasing Ltd. (Cambridge, UK). The COOT graphics 

program [87] was used for model building and visualization, and MOLPROBITY [88] was used for 

structure validation. 

 

Docking 

The X-ray crystal structure of rPRMT3 (PDB 1F3L) [89] and human PRMT6 (PDB 5E8R) 

[75] were used according to a previously described docking protocol [74]. Docking calculations were 

performed using Glide SP (Schrodinger, NY, USA) with default settings. Hydrogen bonding 

constraints were imposed with Glu326 and His476 of PRMT3 and Glu155 and His317 of PRMT6. 

 

Cell culture 

786-O, A498, A549, A704, AML-193, C2BBe1, Caki-1, Caki-2, CAMA-1, Caov-3, Caov-4, 

COLO-205, DMS114, DMS53, G-401, HCT116, HCT15, HCT-8, HPAC, HPAF-II, Hs 746T, HT1080, 

HT-29, JEG-3, KATOIII, LS174T, MDA-MB-231, MDA-MB-361, MDA-MB-468, MG-63, MIA-

PaCa-2, MM.1R, MM.1S, MSTO-211H, NCI-H1755, NCI-H2228, NCI-H226, NCI-H23, NCI-H2452, 

NCI-H28, NCI-H460, NCI-H520, NCI-H522, NCI-H661, NCI-H69, NCI-H810, NCI-H929, RKO, 

SK-MEL-2, SK-MEL-24, SK-MEL-28, SK-MEL-5, SKOV-3, SW1271, SW1417, SW620, SW780, 

SW948, T-24, T47D, T84, TF-1a, THP-1, U266B1, and U2OS cell lines were purchased from 

American Type Culture Collection (Manassas, VA, USA). CMK-11-5, COLO201, COLO320 DM, 

Daudi, Kasumi-1, KMM-1, KMS-11, KMS-12-BM, KMS-12-PE, KMS-20, KMS-26, KMS-27, KMS-
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28BM, KYSE70, MCF-7, MOLM-16, PL-21, RPMI8226, and SKNO-1 cell lines were from the 

Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan). The A2780 cell line was from 

DS Pharma Biomedical (Osaka, Japan). The CACO-2 cell line was from RIKEN BioResource Center 

(Tsukuba, Japan). OVCAR-4 and SF268 cell lines were from National Cancer Institute (Bethesda, MD, 

USA). The PA-TU-8902 cell line was from Creative Bioarray (Shirley, NY, USA). SW48 cell line was 

from Horizon Discovery (Cambridge, UK). The OCI-Ly19 cell line was a gift from Dr. Louis Staudt 

(National Cancer Institute). The HEK293T cell line was a gift from Sam Benchimol, York University. 

Table 9 summarizes the source and culture conditions of each cell line. 

 

Western blotting 

HEK293 cells were lysed in lysis buffer composed of 20 mM Tris-HCl (pH 8.0), 150 mM 

NaCl, 1 mM EDTA, 10 mM MgCl2, 0.5% TritonX-100, and 12.5 U ml−1 benzonase (Sigma-Aldrich, 

St. Louis, MO, USA) and containing complete EDTA-free protease inhibitor cocktail (Roche 

Diagnostics, Indianapolis, IN, USA). After incubation for 3 min at room temperature, sodium dodecyl 

sulfate (SDS) was added to a final concentration of 1%. Cell lysates were resolved on 4–12% Bis-Tris 

protein gels (Invitrogen, Carlsbad, CA, USA) with MOPS buffer (Invitrogen) and transferred for 1.5 

h (80 V) onto a polyvinylidene difluoride membrane (Millipore) in Tris-glycine transfer buffer 

containing 20% MeOH and 0.05% SDS. Blots were blocked for 1 h in blocking buffer composed of 

5% milk and 0.1% Tween 20 in phosphate-buffered saline (PBS) and then incubated overnight at 4°C 

in blocking buffer containing primary antibodies against MED12 (1:1000) (Abnova, Taipei, Taiwan; 

H00009968-A01), MED12 with asymmetrically dimethylated arginine (1:1000; gift from Dr. Mark 

Bedford and Cell Signaling Technology, Danvers, MA, USA), BAF155 (1:500) (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA; sc32763), or R1064-dimethylated BAF155 (1:2000) (Millipore; 

ABE1339). After five washes with 0.1% Tween 20 in PBS, the blots were incubated with goat-anti 

rabbit (IR800-conjugated; 926-32211) and donkey anti-mouse (IR 680; 926-68072) antibodies (both 

1:5000 and from LI-COR Biosciences, Lincoln, NE, USA) in Odyssey blocking buffer (LI-COR 
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Biosciences) for 1 h at room temperature, and washed five times with 0.1% Tween 20 in PBS. The 

signal was detected on an Odyssey scanner (LI-COR Biosciences) at 800 and 700 nm. 

Cultured MM cells were harvested and lysed in ice-cold SDS lysis buffer composed of 62.5 

mM Tris-HCl (pH 7.5), 1% SDS, and 10% glycerin. The lysates were separated by SDS-

polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane using an iBlot 

Transfer Stack and iBlot Gel Transfer Device (Thermo Fisher Scientific, Waltham, MA, USA). After 

incubation with StartingBlock T20 PBS blocking buffer (Pierce, Rockford, IL, USA), the membrane 

was incubated overnight at 4°C with primary antibodies against BAF155 (1:1000) (Cell Signaling 

Technology; 11956) and dimethyl-BAF155 (1:1000) (Millipore; ABE1339) in Can Get Signal solution 

1 (Toyobo Life Science, Osaka, Japan). After five washes with 0.1% Tween 20 in PBS, the blots were 

incubated with horseradish peroxidase-conjugated anti-rabbit IgG (1:5000) (Cell Signaling 

Technology; 7074) in Can Get Signal solution 2 (Toyobo Life Science) for 30 min at room temperature 

and washed five times with 0.1% Tween 20 in PBS. The membrane was incubated with ImmunoStar 

LD (Wako Pure Chemical Industries, Osaka, Japan), and signals were detected with an ImageQuant 

LAS-3000 imaging system (Fujifilm, Tokyo, Japan). 

 

Cell proliferation assay 

Cells were seeded in tissue culture plates and TP-064 was added immediately or after 24 h 

(described in Table 9). After 72 or 144 h, cell viability was evaluated based on intracellular ATP 

concentrations using the CellTiter-Glo luminescent cell viability kit (Promega, Madison, WI, USA). 

Chemiluminescence was measured with a microplate reader. IC50 values were calculated by 4-

parameter logistic regression using GraphPad Prism software. K562 cells were cultured in RPMI 10% 

FBS. Cell viability was determined on MACSquant (Miltenyi) flow cytometer by SytoxBlue 

(Invitrogen) dye exclusion. The drug response effects were calculated by using GraphPad Prism 

software fractional response calculations. 
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siRNA transfection 

The following siRNAs were obtained from Thermo Fisher Scientific: non-silencing (Silencer 

negative control siRNA#2, AM4637), siPRMT4#1 (Silencer select CARM1, s20579), siPRMT4#2 

(Silencer select CARM1, s20577). siRNAs were transfected into cells using GenomeONE-Si (Ishihara 

Sangyo) following the manufacturer's protocol. Statistical comparisons were carried out using the 

Aspin–Welch's t-test. 

 

Quantitative reverse transcription–polymerase chain reaction (RT-PCR) analysis 

Following the designated treatment, total RNA was isolated from cells and purified using an 

RNeasy Mini Kit (Qiagen). Reverse transcription reactions were performed using a Verso cDNA 

synthesis kit (ThermoFisher Scientific). Quantitative real-time PCR analysis was performed with a 

ViiA7 system (Applied Biosystems, Foster City, CA) and TaqMan Fast Advanced Master Mix with 

TaqMan probes against indicated genes (Applied Biosystems). The 2–ΔΔCt method was applied to 

analyze the data, using GAPDH mRNA expression as an internal control. The normalized abundance 

of target mRNAs was expressed relative to the corresponding value for cells treated with non-silencing 

siRNAs. The following TaqMan probes were used for quantitative RT-PCR analysis: PRMT4 

(Hs1092577_m1, Thermo Fisher Scientific), GAPDH (4333764T, Thermo Fisher Scientific). 

 

Ion ampliseq transcriptome analysis 

Total RNA was isolated and purified from KMS-11, KMS-20, KMS-26, KMS-27, KMS-

28BM, MM.1R, MM.1S, NCI-H929, RPMI8226, and U266B1 cells using an RNeasy Mini kit (Qiagen, 

Valencia, CA, USA). A total of 10 ng RNA was reverse transcribed using the Ion AmpliSeq 

Transcriptome Human Gene Expression kit (Thermo Fisher Scientific) following the manufacturer's 

protocol. cDNA libraries were amplified and barcoded using Ion AmpliSeq Transcriptome Human 

Gene Expression core panel and Ion Xpress Barcode Adapter (Thermo Fisher Scientific). The prepared 

libraries were purified using Agencourt AMPure XP (Beckman Coulter), quantified with the Ion 
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Library TaqMan Quantitation kit (Thermo Fisher Scientific), diluted to 75 pM, and pooled equally. 

Emulsion PCR, enrichment, and loading were performed on an Ion Chef Instrument. Templated 

libraries were sequenced on an Ion Proton system using the Ion P1 Hi-Q Chef kit and the Ion P1 Chip 

kit v.3 (Thermo Fisher Scientific). Ion Proton reads were analyzed using the AmpliSeqRNA analysis 

plugin (v.5.2.1.2) in Torrent Suite software (Thermo Fisher Scientific). The data are publically 

available via the NCBI GEO database (GSE110180). 

 

Cell cycle analysis 

To measure DNA content for cell cycle distribution analysis, cells were incubated with 70% 

ethanol/PBS (v/v) overnight. Fixed cells were stained with propidium iodide and analyzed on a FACS 

LSRFortessa system (BD Biosciences, Franklin Lakes, NJ, USA). 
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Results and Discussion 

 

Identification and characterization of the selective PRMT4 inhibitor TP-064 

TP-064 was developed as a small-molecule inhibitor of PRMT4 (Figure 18A) by chemically 

optimizing seed compounds identified by high-throughput chemical library screening with a 

methyltransferase. I found that TP-064 inhibited the methyltransferase activity of PRMT4, with an 

IC50 value of < 10 nM (Figure 18B). The binding of TP-064 to PRMT4 was confirmed by differential 

static light scattering (DSLS), with aggregation temperature (Tagg) increasing by about 6°C at 80 μM 

(Figure 18C). Surface plasmon resonance (SPR) analysis revealed that binding only occurred in the 

presence of S-adenosyl methionine (SAM), yielding a Kd value of 7.1 ± 1.8 nM, with kon = 1.1 ± 0.1 

× 105 M−1s−1 and koff = 0.7 ± 0.1 × 10−3 s−1 from kinetic fitting (Figure 18D). The steady state response 

and 1:1 binding model fitting is also presented in Figure 18E. A similar binding profile was also 

obtained in the presence of S-adenosyl-L-homocysteine (SAH) (Figure 19). The observation that the 

presence of SAM is required for TP-064 binding suggests that SAM binds first, and PRMT4 may 

follow a similar ordered kinetic mechanism as reported by Brown et. al. for PRMT1 [90]. I found that 

switching the terminal aminomethyl (TP-064) to a methoxy moiety to obtain N-((2-(1-(2-

methoxyethyl)piperidin-4-yl)pyridin-4-yl)methyl)-N-methyl-3-phenoxybenzamide (TP-064N) clearly 

reduced the inhibitory activity against PRMT4 (IC50 2.5 ± 0.6 μM; Figure 18B). TP-064N binding to 

PRMT4 was not observed by DSLS (Figure 18C). The high structural similarity and marked difference 

in potency indicated that TP-064N could serve as a negative control compound for TP-064. 

 Selectivity of TP-064 against all known human PRMTs except for PRMT2, which was not 

active in my experiment, was evaluated. As summarized in Figure 20A, TP-064 showed high 

selectivity for PRMT4 over other PRMTs (> 100 fold) (Figure 20A). It was inactive against the other 

family members (IC50 > 10 μM) except for PRMT6 (IC50 of 1.3 ± 0.4 μM), which is the most 

structurally related to PRMT4 among PRMT family [91] and PRMT8 (IC50 of 8.1 ± 0.6 μM). To further 

assess the selectivity of TP-064, I tested it against 24 protein lysine methyltransferases and DNA 
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methyltransferases. TP-064 did not inhibit any of these methyltransferases up to 10 μM (Figure 20A). 

Negative control compound TP-064N was completely inactive against other methyltransferases 

(Figure 20A). 

 To determine the mode of inhibition of TP-064, we investigated the effects of the cofactor 

SAM and substrate peptide concentration on the IC50 values of TP-064 against PRMT4. Increasing 

SAM or peptide concentration did not significantly affect the IC50 values of TP-064 against PRMT4 

(Figure 20B), suggesting a non-competitive mode of inhibition, which was previously reported for 

other inhibitors of methyltransferases including PRMT4 [74] that target the substrate-binding pocket 

[78, 92]. 

 Next I evaluated the effect of TP-064-mediated inhibition of endogenous PRMT4 in cell-

based assays. BRG1-associated factor (BAF)155 and Mediator complex subunit (MED)12 are direct 

substrates of PRMT4; arginine dimethylation of these proteins is drastically reduced in PRMT4-

deficient cells [71, 93]. It was found that TP-064 treatment reduced dimethylation of BAF155 (IC50 = 

340 ± 30 nM) and MED12 (IC50 = 43 ± 10 nM) in a dose-dependent manner (Figure 21), whereas TP-

064N up to concentrations of 10 μM did not inhibit BAF155 and MED12 dimethylation (Figure 22). 

Differences in cellular IC50 values for various PRMT4 substrates are not unexpected, as the binding 

affinities of different substrates could be significantly different as well as the slow substrate turnover 

rates such as they have been reported for BAF155 complex components [94] could result in higher 

IC50 values. These results indicate that TP-064 is a potent, highly selective, and cell-active PRMT4 

inhibitor that can serve as a useful tool for studying the physiological and pathological functions of 

PRMT4. 

 

Co-crystal structure of PRMT4 in complex with TP-064 

To clarify the molecular mechanism of TP-064 inhibition, a co-crystal structure of the 

catalytic domain of human (h)PRMT4 with TP-064 and the cofactor product SAH was obtained, and 

a structure was determined at 1.88 Å resolution (PDB code 5U4X) (Figure 23A); the crystal diffraction 
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data and refinement statistics are shown in Table 10. The structure showed that TP-064 was bound to 

the substrate-binding site adjacent to SAH. The methylaminoethyl tail of TP-064 occupied the 

arginine-binding pocket and formed three hydrogen bonds with PRMT4: two were between the side 

chain of Glu258 and backbone carbonyl group of Met260, and one was between N1 and the side chain 

of His415, suggesting the importance of this moiety for strong PRMT4 inhibition. The other moieties 

of TP-064 engaged in hydrogen bonding with the side chain of Asn266 and hydrophobic interactions 

(Figure 23A). 

To determine the structural basis for the observed selectivity of TP-064 for PRMT4 over other 

PRMTs, a docking model of this compound in complex with PRMT3 and PRMT6 with Glide [95] was 

generated using the crystal structure of rat (r) PRMT3 (PDB code 1F3L) and hPRMT6 (PDB code 

5E8R). In the PRMT4 complex, TP-064 engaged in a π-stacking interaction with Phe153 and formed 

a hydrogen bond with Asn266 (Figure 23B). The π-stacking was lost with PRMT6 (Figure 23C), and 

both interactions were lost with PRMT3 (Figure 23D). Hydrophobic interactions with Pro473, Phe475, 

and water-mediated hydrogen bonding with Lys471 and Ser146 were also observed only with PRMT4. 

These results were supported by molecular dynamics and molecular mechanics/generalized Born 

surface area calculations, which showed that the binding energy of TP-064 was stronger with PRMT4 

than with PRMT3 and 6 (Table 11). These observations suggest that structural features determine the 

specific inhibition by TP-064 of PRMT4 over other Type I PRMTs. 

Although a clear pattern of competitive inhibition for TP-064 was not observed (Figure 20B), 

the crystal structure showed that TP-064 occupied the substrate-binding site of PRMT4. This was not 

unexpected, since a similar pattern was previously reported for inhibitors of PRMT4 [74] and other 

methyltransferases [78, 92]. It was suggested that in such cases the binding affinity of the peptide 

substrate is derived from regions outside the arginine-binding pocket. Thus, TP-064 can occupy this 

pocket without interfering with substrate-PRMT4 binding to form the substrate-TP-064-PRMT4 

complex. 
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TP-064 inhibits MM cell proliferation 

To evaluate the effects of TP-064 on cancer cell proliferation, I tested a panel of 89 (69 solid 

and 20 hematologic) cancer cell lines (Table 9). The cells were treated with 3 μM TP-064 for 3 days 

and viability was evaluated based on intracellular ATP concentration. TP-064 inhibited the growth of 

a subset of MM cell lines (red dots in Figure 24A). To confirm this result, I carried out a dose titration 

experiment for a longer treatment period—i.e., 12 MM cell lines were cultured with TP-064 for 6 days. 

TP-064 treatment inhibited the growth of NCI-H929, RPMI8226, and MM.1R cells in a dose-

dependent manner (Figure 24B), but had no effect on acute myeloid leukemia, colon cancer, or lung 

cancer cell lines (Figure 25), suggesting that the efficacy of TP-064 was dependent on the context. As 

expected, TP-064N did not affect cell growth of MM cells (Figure 26). In addition, to further validate 

the role of PRMT4 in MM cell growth, we performed PRMT4 knockdown in NCI-H929 cells and 

observed PRMT4 knockdown-induced growth inhibition (Figure 27). Thus, pharmacological 

inhibition of PRMT4 by small molecules may be a therapeutic option for some MM treatment. 

To identify a biomarker for predicting the sensitivity of MM cells to TP-064 treatment, I 

obtained the steady-state transcriptome data of the MM cells used in the growth inhibition assay 

(GSE110180). At first, the correlation between sensitivity to TP-064 and PRMT4 mRNA expression 

was investigated. However, the anti-proliferative effect of TP-064 was not associated with PRMT4 

mRNA levels in the tested cancer cell lines (R2 = 0.15; Figure 24C). This indicates that the sensitivity 

of cancer cells to TP-064 cannot be predicted solely by their expression of PRMT4, and involves other 

proteins or pathways. Further analysis of the gene expression data in the TP-064 sensitive cells and 

insensitive cells may shed light on sensitivity markers for the TP-064 treatment in MM cells. 

 

Pharmacodynamic biomarker inhibition by TP-064 in MM cells 

To confirm the inhibition of PRMT4 activity in TP-064-sensitive and insensitive MM cells, 

the dimethylation level of BAF155, as a pharmacodynamic biomarker upon TP-064 treatment, was 

examined. TP-064-sensitive NCI-H929 and TP-064-insensitive KMS-27 and U266B1 cells were 
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treated with various concentrations of TP-064 or TP-064N for 72 h and cell lysates were evaluated by 

western blotting to determine the expression and dimethylation levels of BAF155. Dimethyl-BAF155 

level was reduced by TP-064 treatment in a dose-dependent manner in both TP-064-sensitive and -

insensitive cells (Figure 28A), whereas TP-064N had no effect. The fact that the observed reduction 

by TP-064 was not correlated with TP-064 sensitivity suggests that the mechanism of action of TP-

064 does not involve BAF155 dimethylation. Although dimethyl-BAF155 cannot be used as a 

biomarker for predicting TP-064 efficacy, it can nonetheless be used to monitor target inhibition in 

future pre-clinical and clinical studies of PRMT4 inhibitors. 

 

TP-064 induces G1 cell cycle arrest in NCI-H929 cells 

To clarify the mechanism of TP-064-induced growth inhibition in MM cells, I analyzed cell 

cycle by flow cytometry. TP-064 treatment reduced the proportion of NCI-H929 cells in S and G2/M 

phases while increasing the G1 phase fraction (Figure 28B). TP-064N treatment showed no/little effect 

on cell cycle of the cells. These results imply that PRMT4 inhibition by TP-064 induced G1 cell cycle 

arrest, although the underlying mechanism remains to be determined. Given that PRMT4 is known to 

be involved in multiple biological functions and has a wide range of histone and non-histone substrates, 

comprehensive analyses of the transcriptome, proteome, and methylome and chromatin 

immunoprecipitation sequencing in TP-064-treated cells can provide insight into the regulation of 

PRMT4-mediated growth and survival in MM cells as well as biomarkers for evaluating the efficacy 

of PRMT4 inhibitors. 

Recently, CRISPR-based genetic screening has revealed a synergistic interaction between 

PRMT4 and the histone lysine methyltransferase Disruptor of telomeric silencing 1-like (DOT1L) in 

the K562 chronic myelogenous leukemia cell line [96]. Although K562 cells have no response to 

DOT1L inhibitor SGC0946 and a weak response to TP-064 but not TP-064N, the combination of 

DOT1L inhibitor SGC0946 and TP-064 but not TP-064N elicited a stronger cytotoxic response (Figure 
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29), suggesting that PRMT4 can be combined with other agents for cancer treatment. Further study is 

needed to reveal the mechanism of synergistic interaction between PRMT4 and DOT1L. 
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Conclusion 

 

In this study, I have identified TP-064, a novel potent, selective, and cell-active PRMT4 

inhibitor and its inactive analog TP-064N. TP-064 had anti-proliferative effects in a subset of MM cell 

lines and potential synergistic activity with another methyltransferase (DOT1L). These results suggest 

that small molecule inhibitors of PRMT4 can serve as tools for investigating PRMT4 pharmacology 

in health and disease and may be used to treat MM and other forms of cancer, including in combination 

with conventional drugs. 
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Figures and Tables 

 

Figure 18 
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Figure 18. TP-064 is a potent inhibitor of PRMT4. 

(A) Chemical structure of TP-064 and its negative control, TP-064N. (B) TP-064 (blue) inhibits 

PRMT4 activity with an IC50 value of < 10 nM under balanced conditions. TP-064N (red) has no effect 

on PRMT4 activity up to 100 nM. (C) The binding of TP-064 to PRMT4 was confirmed by DSLS with 

stabilization at about 6°C. No binding was observed with TP-064N. (D, E) SPR analysis of the TP-

064 binding to PRMT4 in the presence of 50 μM SAM. (D) A representative sensorgram (black dots) 

is shown with the kinetic fit (solid green). A Kd value of 7.1 ± 1.8 nM, with kon = 1.1 ± 0.1 × 105 M−1 

s−1 and koff = 0.7 ± 0.1 × 10−3 s−1, was obtained from triplicate experiments. (E) The steady state 

response (black circles) and 1:1 binding model fitting (red dashed line) is presented. 
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Figure 19 

 

Figure 19. SPR analysis of TP-064 binding to PRMT4 in the presence of 50 μM SAH. 

(A) A representative sensorgram (black dots) is shown with the kinetic fit (solid green). A Kd value of 

6.9 ± 1.1 nM, with kon = 2.02 ± 0.03 × 105 M−1 s−1 and koff = 1.4 ± 0.2 × 10−3 s−1, was obtained from 

triplicate experiments. (B) The steady state response (black circles) and 1:1 binding model fitting (red 

dashed line) is presented. 
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Figure 20 

 

Figure 20. Selectivity and mechanism of action of TP-064. 

(A) Selectivity of TP-064N at 10 μM (■) and 1 μM (■) and of TP-064 at 10 μM (■) and 1 μM (■) for 

PRMT1, 3, 4, 5, 6, 7, 8, and 9 as well as for 24 histone and DNA methyltransferases was assessed. 

Dose response data are presented in the top panel as IC50 (μM). (B) Mechanism of action of TP-064 

was assessed by determining IC50 of both substrates values at various concentrations.  
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Figure 21 

 

Figure 21. TP-064 inhibits PRMT4 substrate methylation in cells. 

(A) TP-064 inhibits the dimethylation of PRMT4 substrates. HEK293 cells were treated with indicated 

concentrations of TP-064 for 3 days and dimethylation levels of BAF155 and MED12 in whole cell 

extracts were analyzed by western blotting. (B) Quantitation of data in (A). Graphs represent nonlinear 

curve fits of dimethyl-BAF155 and dimethyl-MED12 signal intensities normalized to total BAF155 

or MED12, respectively. Data represent mean ± SEM of two independent experiments prepared in 

triplicate. 
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Figure 22 

 

Figure 22. Effect of TP-064N on PRMT4 cellular activity. 

TP-064N did not inhibit the methylation of BAF155 or MED12 up to 10 μM. HEK293 cells were 

treated with indicated concentration of TP-064 and TP-064N for 3 days and whole cell extracts were 

analyzed by western blotting for dimethylation of BAF155 R1064 and MED12 R1862. 
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Figure 23 

 

Figure 23. X-ray crystal structure and binding mode of TP-064, SAH, and PRMT4. 

(A) Ribbon diagram of X-ray co-crystal structure of PRMT4 in complex with TP-064 and SAH (PDB 

code: 5U4X). (B–D) Binding mode of TP-064 against PRMT4 (B) and predicted binding mode of TP-

064 against PRMT6 (C) and PRMT3 (D) are shown as stick diagrams. Residues in the active site are 

shown as cyan sticks. Dashed lines represent intermolecular hydrogen bonds. 
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Figure 24 
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Figure 24. TP-064 inhibits growth in multiple myeloma (MM) cell lines. 

(A) A panel of 89 different cancer cell lines was cultured with 3 μM TP-064 for 3 days and cell viability 

was determined with the CellTiter-Glo assay. Decrease in viability relative to DMSO-treated cells was 

defined as growth inhibition and is shown as a water-fall plot (n = 3). Red dots indicate MM cell lines. 

(B) MM cells were treated with TP-064 for 6 days and cell growth was assayed with CellTiter-Glo. 

Data are presented as mean ± standard deviation (n = 3). IC50 values were calculated by nonlinear 

regression analysis of % inhibition. TP-064 inhibits the growth of NCI-H929, RPMI8226, and MM.1R 

cells in a dose-dependent manner. (C) Correlation between the antiproliferative activity of TP-064 and 

PRMT4 mRNA expression in MM cell lines. X and Y axes indicate the relative ATP level at 3 μM TP-

064 and PRMT4 mRNA levels in the 10 indicated MM cell lines, respectively. ATP concentration was 

calculated based on chemiluminescence values relative to the 0 nM value (control) in each cell line. 

PRMT4 mRNA expression levels in MM cells were determined with the Ion Ampliseq transcriptome 

assay and were normalized to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in each 

cell line. 
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Figure 25 

 

Figure 25. Effect of TP-064 on proliferation of various cancer cell lines. 

TP-064 did not exhibit anti-proliferative activity in acute myeloid leukemia, colon cancer, or lung 

cancer cell lines treated with indicated concentrations of TP-064 for 6 days. Relative ATP concentration 

was calculated based on chemiluminescence relative to the 0 nM value (control). Data are presented 

as mean ± standard deviation (n = 3). 
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Figure 26 

 

Figure 26. TP-064N does not affect the cell growth of MM cell lines. 

MM cells were treated with indicated concentration of TP-064N for 6 days and cell viability was 

measured by CellTiter-Glo luminescent cell viability kit. Data are presented as mean ± standard 

deviation (n = 3). 
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Figure 27 

 

 

Figure 27. PRMT4 knockdown inhibited NCI-H929 cell growth. 

NCI-H929 cells were transfected with siPRMT4 and cultured indicated period. (A) Cell viabilities 

were evaluated at day 3 and day 6 by CellTiter-Glo luminescent cell viability kit. Data are presented 

as mean ± SD (n = 4). *P < 0.01, **P < 0.001, significant differences with the Aspin-Welch's t-test 

when compared with the values of the non-silencing control. (B) Total RNA was isolated from cells 

at day3 and PRMT4 mRNA expression was evaluated by quantitative RT-PCR. 
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Figure 28 

 

Figure 28. Cellular responses of MM cells treated with TP-064. 

(A) Cells were treated with indicated concentration of TP-064 for 3 days and whole cell extracts were 

analyzed by western blotting for BAF155 dimethylation. IC50 values were calculated by nonlinear 

regression analysis of % inhibition. (B) NCI-H929 cells were treated with DMSO, 1 μM TP-064 or 1 

μM TP-064N for 72 h, and DNA content was determined by flow cytometry. Sub-G1, G1, S, and G2-

M cell fractions are indicated. 
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Figure 29 

 

Figure 29. Inhibition of DOT1L (SGC0946) and PRMT4 (TP-064) additively suppresses K562 

cell growth. 

K562 cells were treated with 3 µM of TP-064 or TP-064N and 5 µM of SGC0946 for 6 days. The 

inhibitors were topped up after 3 days. After 6 days, cells were stained with SYTOX Blue dead cell 

stain and the number of viable cells was determined by flow cytometry. Data are presented as mean ± 

SD (n = 5). The predicted additive effect was calculated as Fa + Fb × (1 − Fa), where Fa and Fb are 

the fractional responses to TP-064 and SGC0946, respectively. 
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Table 7. Assay conditions for PRMT enzymatic assays 

Enzyme 
Protein 

(nM) 

Peptide 

substrate (μM) 

3H-SAM (μM) SAM (μM) Buffer 
Incubation time 

at 23°C (min) 

PRMT1 15 0.13 2 2.6 
20 mM Tris-HCl (pH 8.0), 0.01% 

Triton X-100, 5 mM DTT 
45 

PRMT3 20 0.57 4 24.3 
20 mM Tris-HCl (pH 7.5), 0.01% 

Tween-20, 5 mM DTT 
45 

PRMT4 20 0.74 0.5 1.42 
20 mM Bicine (pH 8.5), 0.01% 

Triton X-100 
30 

PRMT5-

MEP50 
15 0.07 0.6 0 

20 mM Tris-HCl (pH 8.5), 0.01% 

Tween-20, 5 mM TCEP 
30 

PRMT6 50 0.6 1.15 1.15 
20 mM BTP (pH 7.5), 0.01% 

Tween-20, 10  mM DTT 
30 

PRMT7 25 0.3 1.1 0 
20 mM Tris-HCl (pH 8.5), 0.01% 

Tween-20, 5 mM DTT 
45 

PRMT8 20 0.7 0.5 1.7 
20 mM Tris-HCl (pH 8.0), 0.01% 

Triton X-100, 5 mM DTT 
30 

PRMT9 10 0.07 5 32.7 

20 mM BTP (pH 7.5), 0.01% 

Tween-20, 10 mM DTT, 0.5 mM 

EDTA 

20 

BTP, Bis-Tris-Propane-HCl; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; MEP50, methylosome protein 50; 

PRMT, protein arginine methyltransferase; SAM, S-adenosyl-L-methionine; TCEP, (Tris(2-carboxyethyl)phosphine. 
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Table 8. Protein constructs used in PRMT enzymatic assays 

Protein 
GenBank accession 

number 

Number of amino acids 

in full-length protein 
Amino acids covered 

PRMT1 NP_001527.3 371 30–371 

PRMT3 XP_011518138.1 426 
106–426 (within the identical 

region of the two isoforms) 

PRMT4 NP_954592.1 608 1–608 

PRMT5-MEP50 

NP_006100.2(PRMT5) 637 (PRMT5) 1–637 (PRMT5) 

NP_077007.1 (MEP50) 342 (MEP50) 1–342 (MEP50) 

PRMT6 AAH73866.1 375 1–375 

PRMT7 NP_061896.1 692 1–692 

PRMT8 AAH22458.2 394 1–394 

PRMT9 NP_612373.2 845 1–845 

MEP50, methylosome protein 50; PRMT, protein arginine methyltransferase  
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Table 9. Cell lines used in this study 

Cell line Tissue 
Tissue 

Pathology 
Source 

Catalog 

Number 

Purchased 

Date 
Culture Media FBS Supplement 

Treatment 

(time after 

plating) 

786-O kidney  
renal cell 

adenocarcinoma  
ATCC CRL-1932 2013/9/10 

RPMI1640 

(Wako, 189-

02145)  

10%   24 hr 

A2780 ovarian 

ovarian 

endometroid 

adenocarcinoma 

DS pharma 

biomedical 
93112519 2008/4/29 

RPMI1640 

(Wako, 189-

02145) 

10% 
1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 

A498 kidney carcinoma ATCC HTB-44 2013/2/19 
E-MEM (Wako, 

051-07615) 
10% 

1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 

1x NEAA (Thermo Fisher, 11140-

050) 

24 hr 

A549 lung  carcinoma ATCC OCB-33 2013/6/18 
F12K (Wako, 

080-08565)  
10%   24 hr 

A704 kidney adenocarcinoma  ATCC HTB-45 2014/1/29 
E-MEM (Wako, 

051-07615) 
10% 

1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 

1x NEAA (Thermo Fisher, 11140-

050) 

24 hr 

AML-193 
peripheral 

blood  

acute monocytic 

leukemia  
ATCC CRL-9589 2015/1/8 

IMDM (Thermo 

Fisher, 12440-

053) 

5% 
5 ng/mL GM-CSF, 5 µg/mL Insulin, 5 

µg/mL Transfelin 
24 hr 

C2BBe1 colon 
colorectal 

adenocarcinoma 
ATCC CRL-2102 2014/9/25 

D-MEM (Wako, 

043-30085) 
10% 0.01 mg/ml human transferrin 24 hr 
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CACO-2 colon 
colorectal 

adenocarcinoma 
RIKEN RCB0988 2015/2/25 

E-MEM (Wako, 

051-07615) 
20% 

1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 

1x NEAA (Thermo Fisher, 11140-

050) 

24 hr 

Caki-1 kidney:skin 
clear cell 

carcinoma  
ATCC HTB-46 2002/9/10 

McCoy's 5A 

(Wako, 16600-

082)  

10%   24 hr 

Caki-2 kidney 
clear cell 

carcinoma  
ATCC HTB-47 2014/1/21 

McCoy's 5A 

(Wako, 16600-

082)  

10%   24 hr 

CAMA-1 
mammary 

gland/breast 
adenocarcinoma  ATCC HTB-21 2013/5/30 

E-MEM (Wako, 

051-07615) 
10% 

1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 

1x NEAA (Thermo Fisher, 11140-

050) 

24 hr 

Caov-3 ovary adenocarcinoma  ATCC HTB-75 2013/6/24 
D-MEM (Wako, 

043-30085)  
10%   24 hr 

Caov-4 ovary 
ovarian 

carcinoma 
ATCC HTB-76 2015/1/8 

L-15 (Thermo 

Fisher, 11415-

064) 

20% 
7.5 w/v% Sodium Bicarbonate 

Solution（wako, 195-16411) 
24 hr 

CMK-11-5 
peripheral 

blood 

leukemia,acute 

megakaryoblastic 
JCRB IFO50430 2014/1/16 

RPMI1640 

(Wako, 189-

02145)  

10%   24 hr 

COLO201 colon adenocarcinoma  JCRB JCRB0226 2015/2/18 

RPMI1640 

(Wako, 189-

02145)  

10%   24 hr 



107 

 

COLO-

205 
colon 

Dukes' type D, 

colorectal 

adenocarcinoma  

ATCC CCL-222 2008/4/17 

RPMI1640 

(Wako, 189-

02145) 

10% 
1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 

COLO320 

DM 
colon adenocarcinoma  JCRB JCRB0225 2015/2/18 

D-MEM (Wako, 

043-30085)  
10%   24 hr 

Daudi blood 
lymphoma, 

Burkitt's  
JCRB JCRB9071 2015/5/13 

RPMI1640 

(Wako, 189-

02145)  

10%   24 hr 

DMS114 lung  
carcinoma; small 

cell lung cancer  
ATCC CRL-2066 2013/6/5 

Waymouth's 

MB752/1 

(Thermo Fisher, 

11220-053)  

10%   24 hr 

DMS53 lung  
carcinoma; small 

cell lung cancer  
ATCC CRL-2062 2013/6/5 

Waymouth's 

MB752/1 

(Thermo Fisher, 

11220-053)  

10%   24 hr 

G-401 kidney 

rhabdoid tumor 

(formerly 

classified as 

Wilms' tumor)  

ATCC CRL-1441 2014/1/21 

McCoy's 5A 

(Wako, 16600-

082)  

10%   24 hr 

HCT116 colon 
colorectal 

carcinoma 
ATCC CCL-247 2013/2/26 

McCoy's 5A 

(Wako, 16600-

082)  

10%   24 hr 

HCT15 colon 
colorectal 

carcinoma 
ATCC CCL-225 2011/10/25 

RPMI1640 

(Wako, 189-

02145) 

10% 
1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 
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HCT-8 colon 

ileocecal 

colorectal 

adenocarcinoma 

ATCC CCL-244 2015/2/19 

RPMI1640 

(Wako, 189-

02145)  

10%   24 hr 

HEK293T kidney 

Epithelial from 

human kidney 

embryo 

Kind gift from 

Sam 

Benchimol, York 

University 

  2009 

DMEM (Thermo 

Fisher, 11965-

092 ) 

10%   immediately 

HPAC pancreas adenocarcinoma ATCC CRL-2119 2014/9/25 

F12/DMEM(1:1) 

(Thermo Fisher, 

11330-032) 

5% 

0.002 mg/ml insulin, 0.005mg/ml 

transferrin, 

40 ng/ml hydrocortisone, 10ng/ml 

EGF 

24 hr 

HPAF-Ⅱ pancreas  adenocarcinoma  ATCC CRL-1997 2014/3/20 
E-MEM (Wako, 

051-07615) 
10% 

1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 

1x NEAA (Thermo Fisher, 11140-

050) 

24 hr 

Hs 746T stomach 
gastric 

carcinoma 
ATCC HTB-135 2014/9/25 

D-MEM (Wako, 

043-30085)  
10%   24 hr 

HT1080 
connective 

tissue  
fibrosarcoma  ATCC CCL-121 2014/6/19 

E-MEM (Wako, 

051-07615) 
10% 

1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 

1x NEAA (Thermo Fisher, 11140-

050) 

24 hr 

HT-29 colon 
colorectal 

carcinoma 
ATCC HTB-38 2013/9/25 

McCoy's 5A 

(Wako  16600-

082)  

10%   24 hr 

JEG-3 placenta  choriocarcinoma  ATCC HTB-36 2014/3/20 
E-MEM (Wako, 

051-07615) 
10% 

1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 
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1x NEAA (Thermo Fisher, 11140-

050) 

K562 bone marrow 

chronic 

myelogenous 

leukemia 

ATCC CCL-243 2013/11/19 

IMDM (Thermo 

Fisher, 12440-

053) 

10%   immediately 

Kasumi-1 blood myeloblast JCRB JCRB1003 2014/1/16 

RPMI1640 

(Wako, 189-

02145)  

10%   24 hr 

KATOⅢ stomach 
gastric 

carcinoma  
ATCC HTB-103 2014/3/20 

IMDM (Thermo 

Fisher, 12440-

053) 

20%   24 hr 

KMM-1  
subcutaneous 

tumor 
multiple myeloma JCRB JCRB1180 2015/6/10 

RPMI1640 

(Wako, 189-

02145)  

10%   immediately 

KMS-11 
pleural 

effusion 
multiple myeloma JCRB JCRB1179 2015/6/24 

RPMI1640 

(Wako, 189-

02145)  

10%   immediately 

KMS-12-

BM 
bone marrow multiple myeloma JCRB JCRB0429 2016/2/24 

RPMI1640 

(Wako, 189-

02145)  

10%   immediately 

KMS-12-

PE 

pleural 

effusion 
multiple myeloma JCRB JCRB0430 2016/2/24 

RPMI1640 

(Wako, 189-

02145)  

10%   immediately 

KMS-20 blood multiple myeloma JCRB JCRB1196 2015/6/10 

RPMI1640 

(Wako, 189-

02145)  

10%   immediately 
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KMS-26 
pleural 

effusion 
multiple myeloma JCRB JCRB1187 2015/6/10 

RPMI1640 

(Wako, 189-

02145)  

10%   immediately 

KMS-27 
peripheral 

blood 
multiple myeloma JCRB JCRB1188 2015/6/24 

RPMI1640 

(Wako, 189-

02145)  

10%   immediately 

KMS-

28BM 
bone marrow multiple myeloma JCRB JCRB1192 2015/6/10 

RPMI1640 

(Wako, 189-

02145)  

10%   immediately 

KYSE70 esophagus 
squamous cell 

carcinoma 
JCRB JCRB0190 2014/3/19 

D-MEM (Wako, 

043-30085) 
2%   24 hr 

LS174T colon 

Dukes' type 

B,colorectal 

adenocarcinoma  

ATCC CL-188 2014/7/29 
E-MEM (Wako, 

051-07615) 
10% 

1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 

1x NEAA (Thermo Fisher, 11140-

050) 

24 hr 

MCF-7 
mammary 

gland/breast 
adenocarcinoma  JCRB JCRB0134 2015/8/5 

RPMI1640 

(Wako, 189-

02145) 

10% 
1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 

MDA-MB-

231 

mammary 

gland/breast 
adenocarcinoma ATCC HTB-26 2002/11/13 

D-MEM (Wako, 

043-30085)  
10%   24 hr 

MDA-MB-

361 

mammary 

gland/breast 
adenocarcinoma  ATCC HTB-27 2009/1/14 

L-15 (Thermo 

Fisher, 11415-

064) 

20% 
7.5 w/v% Sodium Bicarbonate 

Solution（wako, 195-16411) 
24 hr 

MDA-MB-

468 

mammary 

gland/breast 
adenocarcinoma  ATCC HTB-132 2013/11/19 

RPMI1640 

(Wako, 189-

02145) 

10% 
1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 
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MG-63 bone osteosarcoma  ATCC CRL-1427 2014/3/26 
E-MEM (Wako, 

051-07615) 
10% 

1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 

1x NEAA (Thermo Fisher, 11140-

050) 

24 hr 

MIA-

PaCa-2 
pancreas  carcinoma  ATCC CRL-1420 2013/11/21 

D-MEM (Wako, 

043-30085)  
10%   24 hr 

MM.1R B lymphocyte multiple myeloma ATCC CRL-2975 2012/7/25 

RPMI1640 

(Wako, 189-

02145)  

10%   immediately 

MM.1S B lymphocyte multiple myeloma ATCC CRL-2974 2012/7/18 

RPMI1640 

(Wako, 189-

02145)  

10%   immediately 

MOLM-16 blood 
acute myeloid 

leukemia 
DSMZ ACC 555 2014/2/13 

RPMI1640 

(Wako, 189-

02145) 

20%   24 hr 

MSTO-

211H 
lung 

biphasic 

mesothelioma 
ATCC CRL-2081 2014/4/23 

RPMI1640 

(Wako, 189-

02145)  

10% 
1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 

NCI-

H1755 
lung adenocarcinoma ATCC CRL-5892 2015/2/19 

RPMI1640 

(Wako, 189-

02145)  

10%   24 hr 

NCI-

H2228 
lung  adenocarcinoma  ATCC CRL-5935 2013/2/13 

RPMI1640 

(Wako, 189-

02145)  

10% 
1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 
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NCI-H226 lung 

squamous cell 

carcinoma; 

mesothelioma  

ATCC CRL-5826 2012/9/25 

RPMI1640 

(Wako, 189-

02145)  

10%   24 hr 

NCI-H23 lung 

adenocarcinoma; 

non-small cell 

lung cancer 

ATCC CRL-5800 2012/6/5 

RPMI1640 

(Wako, 189-

02145)  

10% 
1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 

NCI-

H2452 
lung mesothelioma ATCC CRL-5946 2014/1/7 

RPMI1640 

(Wako, 189-

02145)  

10% 
1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 

NCI-H28 lung 
stage4, 

mesothelioma 
ATCC CRL-5820 2014/1/7 

RPMI1640 

(Wako, 189-

02145)  

10% 
1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 

NCI-H460 lung 
carcinoma; large 

cell lung cancer  
ATCC HTB-177 2003/7/7 

RPMI1640 

(Wako, 189-

02145)  

10% 
1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 

NCI-H520 lung 
squamous cell 

carcinoma 
ATCC HTB-182 2015/2/19 

RPMI1640 

(Wako, 189-

02145)  

10%   24 hr 

NCI-H522 lung 

adenocarcinoma; 

non-small cell 

lung cancer 

ATCC CRL-5810 2012/6/5 

RPMI1640 

(Wako, 189-

02145)  

10% 
1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 

NCI-H661 lung 
carcinoma; large 

cell lung cancer  
ATCC HTB-183 2014/2/13 

RPMI1640 

(Wako, 189-

02145)  

10% 
1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 
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NCI-H69 lung  
carcinoma; small 

cell lung cancer 
ATCC HTB-119 2012/11/8 

RPMI1640 

(Wako, 189-

02145)  

10%   24 hr 

NCI-H810 lung 
large lung 

carcinoma 
ATCC CRL-5816 2015/2/19 

DMEM/F12 

(Thermo Fisher, 

10565-018) 

5% 

0.005 mg/mL Insulin, 0.01 mg/mL 

Transferrin, 30 nM Sodium selenite, 

10 nM Hydrocortisone, 10 nM beta-

estradiol 

24 hr 

NCI-H929 
B 

lymphocytes 
multiple myeloma ATCC CRL-9068 2012/7/18 

RPMI1640 

(Wako, 189-

02145) 

10% 
0.05 mM 3-mercapto-1,2-propanediol 

(Wako, 139-16452) 
immediately 

OCI-Ly19 blood 
GCB-DLBC 

lymphoma 

NCI, Louis 

Staudt Lab 
- 2013/6/18 

IMDM (Thermo 

Fisher, 12440-

053) 

20%   24 hr 

OVCAR-4 ovary adenocarcinoma NCI NA 2010/3/1 

RPMI1640 

(Wako, 189-

02145) 

10% 
1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 

PA-TU-

8902 
pancreas adenocarcinoma 

Creative 

bioarray 

CRD-

CSC-

C0312 

2013/11/28 
D-MEM (Wako, 

043-30085)  
10%   24 hr 

PL-21 white blood 

Immature cells 

with azuophilic 

granule 

JCRB JCRB1319 2014/1/16 

RPMI1640 

(Wako, 189-

02145) 

20%   24 hr 

RKO colon carcinoma ATCC CRL-2577 2014/10/2 
E-MEM (Wako, 

051-07615) 
10% 

1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 

1x NEAA (Thermo Fisher, 11140-

050) 

24 hr 
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RPMI8226 blood multiple myeloma JCRB JCRB0034 2014/11/27 

RPMI1640 

(Wako, 189-

02145)  

10%   immediately 

SF268 

central 

nervous 

system 

highly anaplastic 

astrocytoma 
NCI 0507456 2010/3/1 

RPMI1640 

(Wako, 189-

02145) 

10% 
1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 
24 hr 

SK-MEL-2 skin 
malignant 

melanoma  
ATCC HTB-68 2014/9/12 

E-MEM (Wako, 

051-07615) 
10% 

1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 

1x NEAA (Thermo Fisher, 11140-

050) 

24 hr 

SK-MEL-

24  
skin 

malignant 

melanoma  
ATCC HTB-71 2013/7/25 

E-MEM (Wako, 

051-07615) 
15% 

1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 

1x NEAA (Thermo Fisher, 11140-

050) 

24 hr 

SK-MEL-

28 
skin  

malignant 

melanoma  
ATCC HTB-72 2014/3/12 

E-MEM (Wako, 

051-07615) 
10% 

1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 

1x NEAA (Thermo Fisher, 11140-

050) 

24 hr 

SK-MEL-5 skin 
malignant 

melanoma  
ATCC HTB-70 2002/7/? 

F12/DMEM(1:1) 

(Thermo Fisher, 

11330-032)  

10%   24 hr 

SKNO-1 bone marrow 
myeloblastic 

leukemia  
JCRB JCRB1170 2014/12/25 

RPMI1640 

(Wako, 189-

02145) 

20% 10 ng/mL GM-CSF 24 hr 
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SKOV-3 ovary 

adenocarcinoma, 

derived from 

metastatic site: 

ascites 

ATCC HTB-77 2009/1/14 

McCoy's 5A 

(Wako, 16600-

082)  

10%   24 hr 

SW1271 lung  
carcinoma; small 

cell lung cancer  
ATCC CRL-2177 2014/9/25 

L-15 (Thermo 

Fisher, 11415-

064) 

10% 
7.5 w/v% Sodium Bicarbonate 

Solution（wako, 195-16411) 
24 hr 

SW1417 colon  

Dukes' type C, 

grade III, 

colorectal 

adenocarcinoma  

ATCC CCL-238 2014/3/20 

L-15 (Thermo 

Fisher, 11415-

064) 

10% 
7.5 w/v% Sodium Bicarbonate 

Solution（wako, 195-16411) 
24 hr 

SW48 colon adenocarcinoma  
Horizon 

Discovery 

HD PAR-

006 
2011/3/2 

L-15 (Thermo 

Fisher, 11415-

064) 

10% 
7.5 w/v% Sodium Bicarbonate 

Solution（wako, 195-16411) 
24 hr 

SW620 colon 

Dukes' type C, 

colorectal 

adenocarcinoma  

ATCC CCL-227 2002/10/13 

L-15 (Thermo 

Fisher, 11415-

064) 

10% 
7.5 w/v% Sodium Bicarbonate 

Solution（wako, 195-16411) 
24 hr 

SW780 
urinary 

bladder 

transitional cell 

carcinoma  
ATCC CRL-2169 2013/4/2 

L-15 (Thermo 

Fisher, 11415-

064) 

10% 
7.5 w/v% Sodium Bicarbonate 

Solution（wako, 195-16411) 
24 hr 

SW948 colon  

Dukes' type C, 

grade III, 

colorectal 

adenocarcinoma  

ATCC CCL-237 2014/2/25 

L-15 (Thermo 

Fisher, 11415-

064) 

10% 
7.5 w/v% Sodium Bicarbonate 

Solution（wako, 195-16411) 
24 hr 
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T-24 
urinary 

bladder 

transitional cell 

carcinoma  
ATCC HTB-4 2013/5/23 

McCoy's 5A 

(Wako, 16600-

082)  

10%   24 hr 

T47D 
mammary 

gland/breast 
ductal carcinoma  ATCC HTB-133 2001/4/10 

RPMI1640 

(Wako, 189-

02145) 

10% 

1 mM Sodium Pyruvate (Thermo 

Fisher, 11360-070) 

10 µg/ml insulin human recombinant 

(Thermo Fisher, 12585-014) 

24 hr 

T84 colon 
colorectal 

carcinoma  
ATCC CCL-248 2013/8/20 

F12/DMEM(1:1) 

(Thermo Fisher, 

11330-032) 

5%   24 hr 

TF-1a bone marrow  erythroleukemia  ATCC CRL-2451 2014/1/22 

RPMI1640 

(Wako, 189-

02145)  

10%   24 hr 

THP-1 blood 

peripheral blood; 

monocyte; acute 

monocytic 

lukemia 

ATCC TIB-202 2010/1/13 

RPMI1640 

(Wako, 189-

02145)  

10%   24 hr 

U266B1 B lymphocyte multiple myeloma ATCC TIB-196 2012/7/18 

RPMI1640 

(Wako, 189-

02145) 

15%   immediately 

U2OS bone osteosarcoma  ATCC HTB-96 2013/6/18 

McCoy's 5A 

(Wako, 16600-

082)  

10%   24 hr 
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Table 10. Crystallography data and refinement statistics 

 CARM1 + TP-064 

PDB Code 5U4X 

Data collection  

Space group P21212 

Cell dimensions  

a, b, c (Å) 75.09, 98.92, 207.55 

(°) 90.00, 90.00, 90.00 

Resolution (Å) (highest resolution shell) 
50.00–1.88 

(1.91–1.88) 

Unique reflections 126636 

Rmerge(%) 8.9 (102.1) 

I/I 22.5 

Completeness (%) 99.9 (100.0) 

Redundancy 7.7 (7.3) 

  

Refinement  

Resolution (Å) 50.00–1.88 

No. reflections (test set) 123618 (2521) 

Rwork/Rfree (%) 21.5/18.8 

No. atoms  

Protein 10792 

Cofactor 104 

Compound 136 

Water 700 

B-factors (Å2)  

Protein 28.9 

Cofactor 22.6 

Compound 25.6 

Water 34.4 

RMSD  

Bond lengths (Å)  0.009 

Bond angles (°) 1.387 

Ramachandran plot % residues  

Favored 96.9 

Additional allowed 2.8 

Generously allowed 0 

Disallowed 0.3 
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Table 11. Binding free energy (DG) for TP-064 complexes calculated with the GBSA method* 

Complex GGBSA (kcal/mol) 

PRMT4 + TP-064 −64.6 

PRMT3 (1F3L) + TP-064 −54.2 

PRMT6 (5E8R) + TP-064 −55 

 

*The protocol for the molecular dynamics simulations in this study are the same as that used in our 

previous study (DOI: 10.1021/acs.jmedchem.6b00668). 

GBSA, generalized Born surface area; PRMT3/4/6, protein arginine methyltransferase 3/4/6; TP-064, 

N-methyl-N-((2-(1-(2-(methylamino)ethyl)piperidin-4-yl)pyridin-4-yl)methyl)-3-phenoxybenzamide. 
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General discussion 
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 Epigenetic dysregulations are hypothesized as important oncogenic mechanisms in cancer 

cells and therefore thought to be promising target for anti-cancer drug. In this study, I focused attention 

on two epigenetic regulator proteins, LSD1 and PRMT4 as anti-cancer drug targets. First, a synergistic 

interaction between the LSD1 inhibitor T-3775440 and the NAE inhibitor pevonedistat was evaluated 

in AML models (part 1). Second, a potent, selective and cell-active PRMT4 inhibitor, TP-064 was 

developed and its anti-tumor activity was evaluated in various types of cancer cell lines (part 2). 

In part 1, I demonstrated a synergistic interaction between the LSD1 inhibitor T-3775440 and 

the NAE inhibitor pevonedistat in specific types of AML models. Mechanistically, cotreatment with 

these two agents induced cell transdifferentiation of erythroid leukemia cells cooperatively, as 

indicated in transcriptomic analysis (Figure 11a and b). I found that GATA1 was downregulated and 

c-JUN was upregulated by T-3775440- and pevonedistat-treatment (Figure 11c). As GATA1 and c-

JUN are known as the master regulator of megakaryocytic–erythroid lineage and granulocytic–

monocytic lineage, respectively [50, 51, 52, 54, 55], the key mechanism underlying the synergistic 

transdifferentiation induced by the T-3775440/peconedistat combination is suggested to be executed 

by these lineage-restricted transcription factors. It has previously been reported that T-3775440 

treatment upregulated CD86, a granulocyte/macrophage marker in TF-1a cells, and cells that expressed 

higher levels of CD86 exhibited more severely impaired proliferation than cells with lower levels of 

CD86, suggesting a close linkage between transdifferentiation and T-3775440–mediated growth 

inhibition [22]. Furthermore, knockdown of PU.1, which is the critical transcription factor for myeloid 

differentiation, reversed not only T-377540–dependent transdifferentiation but also cell growth 

suppression and apoptosis [22]. These observations further indicate that the transdifferentiation plays 

a critical role in T-3775440/pevonedistat combination–mediated cell growth inhibition/apoptosis. 

 Consistent with previous studies [33, 44], pevonedistat induced DNA rereplication by 

stabilizing CDT1 in the S phase, leading to DNA damage and apoptosis (Figure 8a). I found that this 

DNA rereplication-induced DNA damage and cell death were significantly augmented by T-3775440 

(Figure 8a and b), suggesting that AML cells under rereplication stress are highly susceptible to T-



121 

 

3775440 treatment. It was reported that LSD1 was recruited to sites of DNA damage, preferentially in 

late S/G2 phase, and promoted ubiquitylation of histone H2A/H2AX, thus enabling a full DNA damage 

response [56]. Recently, Hahm et al. [97] reported that LSD1 mediated demethylation of ubiquitin-like 

with PHD and RING finger domains 1 (UHRF1), a key epigenetic regulator of DNA methylation 

maintenance and heterochromatin formation [98, 99, 100]. It has also been reported that UHRF1 has 

an important role in DNA damage response [101, 102, 103]. UHRF1 is methylated by SET7 and 

demethylated by LSD1, and UHRF1 methylation catalyzes the conjugation of polyubiquitin chains to 

PCNA and promotes homologous recombination for DNA repair [97]. These observations suggest that 

LSD1 inhibition by T-3775440 sensitizes cells to pevonedistat-induced DNA damage by disabling the 

DNA repair machinery, although the exact mechanisms have yet to be clarified. 

 I investigated the combination effects of T-3775440 with cytarabine, daunorubicine and 

azacitidine, which are used for the treatment of AML and/or MDS, in addition to pevonedistat, in a 

round-robin manner. The result indicated that the best combination partner for T-3775440 was 

pevonedistat, and vice versa (Figure 3c and Figure 5). Regarding the combination with pevonedistat, 

cytarabine and azacitidine showed clear synergism, albeit the synergistic interaction with T-

3775440/pevonedistat was stronger than them. Cytarabine is the nucleoside analog class of anti-cancer 

drug that is incorporated into elongating DNA strands in the S phase and generate DNA double strand 

breaks [104]. Nawrocki et al. reported the synergistic interaction of cytarabine and pevonedistat in 

AML cells [105]. Mechanistically, pevonedistat disrupted nucleotide metabolism and depleted 

intracellular nucleotide pools in cells, resulted in increased incorporation of cytarabine into the DNA 

and increased DNA damage. This suggests that the mechanisms of combination synergy of 

cytarabine/pevonedistat is dependent on pevonedistat-mediated cell sensitization to cytarabine-

induced DNA damage. As I mentioned before, T-3775440 can sensitize cells to pevonedistat-induced 

anti-tumor effect via two distinct mechanisms, DNA damage response and transdifferentiation. It is 

possible that the synergistic interaction in transdifferentiation is one of the reasons why T-

3775440/pevonedistat combination is superior to cytarabine/pevonedistat combination. Azacitidine is 
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the nucleoside analog class of anti-cancer drug which was developed as inhibitor of DNA methylation 

[106, 107, 108]. Azacitidine is thought to be incorporated into cellular DNA and/or RNA and exert 

anti-tumor efficacy via two major mechanisms, (a) demethylation of DNA by inhibiting DNA 

methyltransferases and reactivation of silenced genes; and (b) induction of DNA damage due to the 

formation of DNA adducts [109]. Further studies are needed how DNA methyltransferase inhibitor 

activity of azacitidine impact on the combination efficacy with pevonedistat, in addition to DNA 

damaging activity like cytarabine. On the other hand, antagonistic interaction was shown in the 

daunorubicine/pevonedistat combination, in consistent with previous report [110]. Daunorubicin is an 

anthracycline antibiotic which is intercalated into DNA strands and generate DNA double strand breaks 

[111]. Al-Aamri et al. reported that daunorubicine induced G2/M or G1 cell cycle arrest in acute 

lymphoid leukemia cell lines [112]. As pevonedistat act as rereplication inducer in S phase, it is 

suggested that the non-S phase arrest induced by daunorubicine cause antagonistic interaction in the 

combination. Of note, I demonstrated that the combination of T-3775440 with pevonedistat was the 

best of all other combinations. These data suggest that a T-3775440/pevonedistat combination regimen 

represents a novel strategy to treat resistant/refractory AML, beyond conventional induction 

chemotherapy. 

 In part 2, I described the development of a potent, selective and cell-active PRMT4 inhibitor, 

TP-064. To my knowledge, this is the most potent and selective PRMT4 inhibitor in in vitro assay and 

thus TP-064 can serve as a useful tool for studying the physiological and pathological functions of 

PRMT4. Recently, Drew et al. reported the cell-potent, orally bioavailable, and selective PRMT4 

inhibitor, EZM2302 and its anti-tumor efficacy in in vitro/vivo MM model [77]. In future, evaluation 

of TP-064 in in vivo assay, such as pharmacokinetics, in vivo target engagement and efficacy study, 

and comparison study to EPZ2302 will be needed for further investigation of the pathological role of 

PRMT4 in MM. 

 The cancer cell panel screening and subsequent MM-focused cell panel growth inhibition 

study revealed that TP-064 inhibited the proliferation of a subset of MM cell lines (Figure 24A and B). 
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Previously reported in vitro experiments using genetic knockdown of PRMT4 have shown anti-

proliferative effect of knockdown in several cancer cell lines. These results have suggested a potential 

role for PRMT4 in modulating WNT-induced expression of β-catenin genes in colorectal cancer [63], 

coactivating transcriptional activity of the androgen receptor in prostate cancer [66] and regulating 

estrogen-mediated transcriptional activation in breast cancer [67]. Interestingly, treatment of colorectal 

and breast cancer cell lines with the PRMT4 inhibitor TP-064 had no anti-proliferative effect (Figure 

24A and Figure 25), suggesting that a potential non-catalytic activity of PRMT4, such as a protein 

scaffolding function, is involved in the proliferation in these cancer cell types. In fact, expression of a 

catalytically inactive PRMT4 mutant reduces but does not eliminate transcriptional coactivation, 

suggesting that non-catalytic mechanisms also exist [113, 114]. In this study, I showed that TP-064 

bound to the substrate binding pocket of PRMT4 (Figure 23A), though its IC50 value was not affected 

by substrate peptide concentration (Figure 20B), suggesting a non-competitive mode of inhibition. 

These results suggest that the binding affinity of the peptide substrate is derived from regions outside 

of the arginine-binding pocket. Therefore, it is predicted that TP-064 could not inhibit the non-catalytic 

function of PRMT4, because TP-064 did not affect the protein-protein interaction of PRMT4 and its 

substrate proteins. Further studies with inhibitors of PRMT4 methyltransferase activity such as TP-

064 will enable a more detailed study to segregate these catalytic and non-catalytic mechanisms of 

action to oncogenesis. 

 In this study, I demonstrated anti-proliferative effects of PRMT4 inhibition by TP-064 

treatment in a subset of MM cell lines, although the underlying mechanisms of action is yet to be 

elucidated. I showed that TP-064 treatment reduced the proportion of NCI-H929 cells in S and G2/M 

phases while increasing the G1 phase fraction (Figure 28B), suggesting that PRMT4 inhibition by TP-

064 induced G1 cell cycle arrest. It has been reported that PRMT4 positively regulates the expression 

of Cyclin E1 and E2, well-known G1/S checkpoint molecules, by methylating arginines 17 and 26 of 

histone H3 in the promoter region of these genes [63, 115]. These evidences suggest that anti-

proliferative activity of TP-064 is, at least in part, dependent on the TP-064 treatment-induced G1 cell 
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cycle arrest, which is mediated by inhibition of CCNE1/2 transcription. In addition, though PRMT4 is 

demonstrated to be involved in cell proliferation in a subset of MM cells, PRMT4 mRNA expression 

itself is not correlated to the sensitivity to TP-064 treatment (Figure 24C). This suggests that TP-064 

exert its anti-proliferative effect in cells with specific context other than PRMT4 expression. Further 

mechanistic analysis should be needed for understanding of the mode of action of PRMT4 in MM cell 

proliferation. Given that PRMT4 is known to be involved in multiple biological functions and has a 

wide range of substrates, comprehensive analyses such as the transcriptome, proteome, and methylome 

and chromatin immunoprecipitation sequencing in TP-064-treated cells can provide insight into the 

regulation of PRMT4-mediated growth and survival in MM cells as well as biomarkers for evaluating 

the efficacy of PRMT4 inhibitors. 

 In conclusion, the findings described in part 1 demonstrate that a synergistic interaction 

between the LSD1 inhibitor T-3775440 and the NAE inhibitor pevonedistat yielded significant anti-

AML effects including complete remission in preclinical erythroid leukemia models. As described in 

part 2, a potent, selective and cell-active PRMT4 inhibitor, TP-064 was developed. Treatment with TP-

064 resulted in anti-proliferative activity in MM cell lines. TP-064 is a tool compound that can be used 

to further explore the biological/pathological role of PRMT4 in multiple myeloma and other oncology 

indications. These findings indicate that the LSD1/NAE inhibitor combination strategy and PRMT4 

inhibition are worth consideration for the treatment of AML and MM, respectively.  
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