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Abstract

Purpose—EZH2 and EZH1, the catalytic components of polycomb repressive complex 2 

(PRC2), trigger trimethylation of H3K27 (H3K27me3) to repress the transcription of target genes 

and are implicated in the pathogenesis of various cancers including multiple myeloma and prostate 

cancer. Here, we investigated the preclinical effects of UNC1999, a dual inhibitor of EZH2 and 

EZH1, in combination with proteasome inhibitors on multiple myeloma and prostate cancer.
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Experimental Design—In vitro and in vivo efficacy of UNC1999 and the combination with 

proteasome inhibitors was evaluated in multiple myeloma cell lines, primary patient cells, and in a 

xenograft model. RNA-seq and ChIP-seq were performed to uncover the targets of UNC1999 in 

multiple myeloma. The efficacy of the combination therapy was validated in prostate cancer cell 

lines.

Results—Proteasome inhibitors repressed EZH2 transcription via abrogation of the RB-E2F 

pathway, thereby sensitizing EZH2-dependent multiple myeloma cells to EZH1 inhibition by 

UNC1999. Correspondingly, combination of proteasome inhibitors with UNC1999, but not with 

an EZH2-specific inhibitor, induced synergistic antimyeloma activity in vitro. Bortezomib 

combined with UNC1999 remarkably inhibited the growth of myeloma cells in vivo. 

Comprehensive analyses revealed several direct targets of UNC1999 including the tumor 

suppressor gene NR4A1. Derepression of NR4A1 by UNC1999 resulted in suppression of MYC, 

which was enhanced by the combination with bortezomib, suggesting the cooperative blockade of 

PRC2 function. Notably, this combination also exhibited strong synergy in prostate cancer cells.

Conclusions—Our results identify dual inhibition of EZH2 and EZH1 together with proteasome 

inhibition as a promising epigenetics-based therapy for PRC2-dependent cancers.

Introduction

Polycomb repressive complex 2 (PRC2) represses the transcription of target genes through 

its catalytic components: enhancer of zeste homolog 2 (EZH2) and its homolog EZH1, 

catalyzing trimethylation of H3K27 (H3K27me3) (1). This repressive mark is removed by 

the histone demethylases ubiquitously transcribed tetratricopeptide repeat X chromosome 

(UTX; also known as KDM6A) and jumonji domain-containing protein 3 (JMJD3; also 

known as KDM6B) (2). PRC2 is closely linked to the control of stem cells and 

tumorigenesis (3). Specifically, EZH2 is frequently deregulated in cancer, and its 

overexpression was reported in solid malignancies such as prostate cancer (4) as well as in 

hematologic malignancies such as lymphoma in which EZH2-activating mutations were 

identified (5), suggesting that EZH2 is a new potential therapeutic target. Indeed, clinical 

trials of EZH2 inhibitors in a variety of cancers are ongoing (6). Recently, dual inhibitors of 

EZH2 and EZH1 have been developed to conquer PRC2-dependent cancers (7, 8). 

Noteworthy, it was shown that UNC1999 (9), a novel small-molecule inhibitor that is active 

against EZH2 (both wild-type and mutant) and EZH1, has a promising preclinical activity 

against MLL-rearranged leukemia in vitro and in vivo (7).

Multiple myeloma, which accounts for more than 1% of all cancer-related deaths (10), 

remains an incurable disease, thereby emphasizing the need for novel therapeutic approaches 

to improve patient outcome (11). In multiple myeloma, EZH2 overexpression correlates with 

the progression from monoclonal gammopathy of undetermined significance (MGUS) to 

multiple myeloma (12). Significantly, the identification of inactivating mutations in UTX in 

10% of myeloma samples underscores the important role of H3K27me3 in myelomagenesis 

(13). Moreover, EZH2 knockdown using siRNA leads to the inhibition of multiple myeloma 

cell growth (14). These data propose a possible use of EZH2 inhibitors in the treatment of 

multiple myeloma. Indeed, a few reports of the use of EZH2 inhibitors in multiple myeloma 

have recently emerged with varying degrees of success (15–17). However, neither detailed 
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molecular mechanisms of action of the novel agents nor the combination with currently 

available agents in vitro and in vivo has been thoroughly investigated. In the last decade, 

proteasome inhibitors such as bortezomib and carfilzomib together with other innovative 

therapeutics have dramatically improved the life expectancy of multiple myeloma patients 

(11). Despite this breakthrough, patients eventually develop resistance to treatment, 

therefore combining proteasome inhibitors with novel agents is one option to improve 

patient outcome (18). Whether the combination of proteasome inhibitors and novel PRC2 

inhibitors constitutes a new therapeutic strategy has not yet been explored.

Prostate cancer, a leading cause of death in men (10), is another malignancy in which EZH2 

plays a crucial role through its part as the catalytic unit of PRC2 (4) and also through PRC2-

independent coactivation of transcription factors such as androgen receptor (19). The 

success of bortezomib in multiple myeloma increased the interest in using it in 

nonhematologic malignancies (20). Thus, several phase I/II clinical trials were conducted 

using bortezomib alone and in combination with other agents for the treatment of prostate 

cancer; however, these studies reported only moderate to no improvement in patient outcome 

(21).

In this study, we investigated the potential of the dual inhibition of EZH2 and EZH1 together 

with proteasome inhibitors as a novel mechanistic approach for the treatment of PRC2-

dependent tumors such as multiple myeloma and prostate cancer.

Materials and Methods

Human samples from patients and healthy volunteers

Multiple myeloma cells and bone marrow stromal cells (BMSC) were collected from the 

bone marrow of newly diagnosed multiple myeloma patients at Chiba University Hospital. 

All patients provided written informed consent in accordance with the declaration of 

Helsinki, and patient anonymity was ensured. This study was approved by the Institutional 

Review Committee at Chiba University (Approval #532). Plasma cells were purified, and 

BMSCs were generated as previously described (22, 23). Peripheral blood samples collected 

from healthy volunteers were processed by Ficoll-Paque (GE Healthcare) gradient to obtain 

peripheral blood mononuclear cells.

Murine xenograft models of human multiple myeloma

Male NOD/Shi-scid, IL-2RgKOJic (NOG) mice were purchased from CLEA Japan Inc. 

Animal studies using MM.1S xenograft model were conducted according to Chiba 

University guidelines for the use of laboratory animals and approved by the Review Board 

for Animal Experiments of Chiba University (approval ID: 27-213). For single-agent 

UNC1999 model, mice were inoculated subcutaneously in the right flank with 5 × 106 MM.

1S cells in 100 μL RPMI1640. After detection of tumors, mice were treated for 3 weeks with 

25 mg/kg intraperitoneal UNC1999 twice a week (n = 7). A vehicle control group (n = 10) 

received intraperitoneal vehicle (5% DMSO in corn oil).

For the combination xenograft model, mice were inoculated subcutaneously in the right 

flank with 4 × 106 MM.1S cells in 100 μL RPMI1640. After detection of tumors, mice were 
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treated for 5 weeks with 15 mg/kg intraperitoneal UNC1999 3 days a week (n = 14); 0.5 

mg/kg subcutaneous bortezomib (Velcade) in the left flank twice a week (n = 13); or 15 

mg/kg intraperitoneal UNC1999 3 days a week and 0.5 mg/kg subcutaneous bortezomib 

twice a week (n = 13). A vehicle control group received intraperitoneal vehicle (5% DMSO 

in corn oil) and subcutaneous saline (n = 14).

For all mice groups, tumor volume was calculated from caliper measurements every 3 to 4 

days until day of first death in each group; mice were sacrificed when tumors reached 2,000 

cm3 or were ulcerated. Survival was evaluated from the first day of treatment until death.

Reagents

UNC1999 was produced at Icahn School of Medicine at Mount Sinai (9) and was diluted in 

DMSO to a stock of 10 mmol/L for cell culture experiments. For in vivo experiments, 

UNC1999 was slowly dissolved in 5% DMSO in corn oil with vigorous vortex followed by 

rotation to achieve a homogenous suspension of 60 or 100 mg/mL. GSK126 was purchased 

from CHEMIETEK and was diluted in DMSO to a stock of 20 mmol/L. Bortezomib and 

carfilzomib for cell culture experiments were obtained from Selleck Chemicals and were 

diluted in DMSO to stocks of 100 μmol/L. Bortezomib was purchased from Janssen 

Pharmaceutical KK for in vivo experiments and was diluted in normal saline to a 1 mg/mL 

stock. MG132 was obtained from Cayman Chemical and was diluted in DMSO to a stock of 

10 mmol/L.

RNA-seq library construction and sequencing analysis

Total RNA was purified from 2 × 106 MM.1S cells using the RNeasy plus Micro Kit 

(Qiagen). RNA concentration and integrity were verified using Agilent 2100 Bioanalyzer. 

Amplification, construction of the libraries, and sequencing were performed as previously 

described (24). TopHat (version 1.3.2; with default parameters) was used to align to the 

human reference genome (hg19 from University of California, Santa Cruz Genome Browser; 

http://genome.ucsc.edu/). Then, gene expression values were calculated as reads per kilobase 

of exon unit per million mapped reads (RPKM) using cufflinks (version 2.0.2).

Chromatin immunoprecipitation sequencing

Chromatin immunoprecipitation (ChIP) was performed using a previously described 

protocol (24), with the following modifications: MM.1S cells were digested with 

micrococcal nuclease (MNase). DNA libraries were prepared from 3 ng immunoprecipitated 

DNA and input samples using a ThruPLEX DNA-seq Kit (Rubicon Genomics) according to 

the manufacturer’s instructions.

Accession numbers

RNA-sequencing (RNA-seq) and ChIP-sequencing (ChIP-seq) data obtained in this study 

were deposited in DNA Data Bank of Japan (DDBJ; DDBJ, accession number 

DRA004880).
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Statistical analysis

Statistical significance of difference was measured by unpaired two-tailed Student t test or 

Welch test when the variance was judged as significantly different. P values less than 0.05 

were considered significant, using StatMate III version 3.18. Survival was assessed using 

Kaplan–Meier curves (Graph Pad Prism, version 4) and log-rank analysis using StatMate III 

version 3.18. The Kruskal–Wallis test was used when more than two groups needed to be 

compared. Pearson’s product–moment correlation was utilized to determine the presence of 

correlation. The combined effect of UNC1999 with bortezomib or carfilzomib was analyzed 

by isobologram analysis using the Compu-Syn software program (ComboSyn, Inc.; ref. 25).

Methods for human cell lines, supplementary reagents, immunoblot analysis, assay of 

apoptosis, assays of cytotoxicity, quantitative reverse transcription PCR (RT-PCR), ChIP 

assays, gene set enrichment analysis (GSEA), vectors, and luciferase assay are detailed in 

the Supplementary Methods on the Clinical Cancer Research website.

Results

UNC1999, a dual inhibitor of EZH2 and EZH1, inhibits the growth of multiple myeloma cells

Confirming a previous report by an siRNA method (14), knockdown of EZH2 by shRNA 

using lentiviral vectors leads to growth of inhibition in H929 myeloma cells following 

reduction in H3K27me3 levels with no significant change in H3K36me2 and H3K4me3 

histone modifications (Fig. 1A–C; Supplementary Fig. S1A), suggesting EZH2 dependency 

in multiple myeloma. Interestingly, we found that EZH1 knockdown by shRNA also induced 

growth inhibition in H929 cells, albeit less severe than that observed with EZH2 knockdown 

(Supplementary Fig. S1B). These data indicate that both EZH2 and EZH1 are essential for 

the growth of multiple myeloma cells. To examine the impact of pharmacologic inhibition of 

PRC2 activity on multiple myeloma cells, we used UNC1999 (7, 9) which exerts dual 

inhibition of the enzymatic activities of EZH2 and EZH1 (IC50, EZH2 <10 nmol/L; EZH1 

45 nmol/L). UNC1999 potently inhibited the growth of several multiple myeloma cell lines 

including drug-resistant cells (DOX40) in a dose- and time-dependent manner (Fig. 1D; 

Supplementary Fig. S1C and S1D). Moreover, UNC1999 treatment resulted in a significant 

concentration- and time-dependent reduction in H3K27me3 level with little to no effect on 

EZH2 protein level nor on H3K36me2 and H3K4me3 histone modifications (Fig. 1E; 

Supplementary Fig. S1E). Importantly, UNC1999 induced significant cytotoxicity in 

CD138+ bone marrow plasma cells (BMPC) of multiple myeloma patients (Fig. 1F). When 

tested on mononuclear cells from healthy donors, UNC1999 caused minimal cytotoxicity at 

concentrations up to 5 μmol/L. (Supplementary Fig. S1F).

To determine the impact of dual inhibition of EZH2 and EZH1 on multiple myeloma cells in 
vivo, we treated MM.1S xenograft–bearing NOG mice with 25 mg/kg of UNC1999 

intraperitoneally (IP) twice a week for 3 weeks. The growth of xenografts treated with 

UNC1999 was significantly reduced compared with control (P < 0.05 on day 22; Fig. 1G). 

Taken together, these data show that PRC2 components EZH2 and EZH1 are valid 

therapeutic targets in multiple myeloma both in vitro and in vivo.
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Bortezomib transcriptionally downregulates EZH2 via E2F inactivation

A recent study showed that bortezomib reduces EZH2 protein (26), which prompted us to 

thoroughly investigate the impact of proteasome inhibitors on EZH2. Interestingly, 

bortezomib downregulated not only EZH2 protein but also its mRNA in multiple myeloma 

cells in dose- and time-dependent manners (Fig. 2A–C). This was also observed using two 

other proteasome inhibitors, namely carfilzomib and MG132 (Fig. 2D and E; Supplementary 

Fig. S2A and S2B). However, EZH2 protein in bortezomib-resistant cell line KMS11/BTZ 

was not down regulated by bortezomib compared with the parental cell line KMS11 

(Supplementary Fig. S2C and S2D), suggesting a possible role of EZH2 downregulation in 

bortezomib-induced cytotoxicity.

To dissect the mechanism underlying the repression of EZH2 by bortezomib, we focused on 

the RB-E2F pathway as EZH2 is a downstream target of E2F transcription factors (27). We 

found that bortezomib down regulated E2F1 and E2F2 mRNA as well as E2F1 and 

phosphorylated RB proteins, suggesting that the RB-E2F pathway was abrogated by 

bortezomib (Fig. 2F and G). It is known that bortezomib blocks the degradation of cyclin-

dependent kinase inhibitors (CDKI), resulting in their accumulation and subsequent 

induction of cell-cycle arrest (28). Our data confirmed that CDKIs p21 and p27 were 

stabilized by bortezomib (Fig. 2H). We next confirmed the previous finding that E2F1 

transactivates EZH2 promoter (27) using luciferase reporter assay (Supplementary Fig. 

S3A). Moreover, ChIP assays in MM.1S cells revealed that bortezomib significantly 

inhibited the binding of E2F1 to EZH2 promoter (Fig. 2I). Notably, overexpression of E2F1 
leads to remarkable upregulation of EZH2 in H929 cells (Fig. 2J). In addition, E2F inhibitor, 

HLM006474, significantly down regulated EZH2 mRNA confirming that EZH2 repression 

by bortezomib is mediated through E2F1 (Supplementary Fig. S3B). These results indicate 

that bortezomib treatment leads to accumulation of CDKIs p21 and p27 with subsequent 

reduction of RB phosphorylation, resulting in inactivation of E2F family, which in turn 

down regulates EZH2 in multiple myeloma cells.

UNC1999 enhances cytotoxicity induced by proteasome inhibitors

To determine if EZH2 plays a role in the response and/or resistance to bortezomib, we next 

studied the gene expression of pretreatment samples from multiple myeloma patients 

enrolled on the APEX 039 clinical study who received bortezomib treatment (29). Our 

analysis using this database revealed that patients with higher levels of EZH2 expression 

have poorer response to bortezomib (Supplementary Fig. S4A and S4B). Furthermore, 

EZH2 overexpression using a lentiviral vector in RPMI8226 and H929 cells conferred 

resistance to bortezomib compared with cells transduced with an empty vector (Fig. 3A; 

Supplementary Fig. S5A). Interestingly, RPMI8226 cells transduced with EZH2 lentivirus 

vector gained growth advantage over those transduced with the empty vector 

(Supplementary Fig. S5B). To unveil the molecular mechanism underlying EZH2-dependent 

bortezomib resistance, we performed RNA-seq of RPMI8226 cells transduced with EZH2-

overexpressing or empty vectors. Analysis of RNA-seq data showed that MYC targets, 

ribosome, oxidative phosphorylation, and G1–S transition gene sets were strongly enriched 

in RPMI8226 cells overexpressing EZH2 (Supplementary Fig. S5C; Supplementary Table 

S5). These aggressive features of multiple myeloma cells overexpressing EZH2 might be 
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associated with acquired resistance to bortezomib. Importantly, UNC1999 treatment 

overcame this resistance to bortezomib conferred by EZH2 (Fig. 3A; Supplementary Fig. 

S5A), clearly supporting the rationale of the combination of UNC1999 and proteasome 

inhibitors such as bortezomib in multiple myeloma cells.

We found that UNC1999 enhanced the cytotoxicity induced by bortezomib or carfilzomib in 

multiple myeloma cell lines with significant suppression of EZH2 and H3K27me3 (Fig. 3B 

and C; Supplementary Fig. S6A–S6D), even in the presence of conditioned media derived 

from BMSCs to mimic the microenvironment of the bone marrow (Fig. 3D). Moreover, the 

enhanced cytotoxicity was similarly observed in DOX40 and KMS11/BTZ cell lines which 

are resistant to doxorubicin and bortezomib, respectively (Supplementary Fig. S6B and 

S6D). These results were validated using the combination index (CI; ref.25), which 

confirmed the synergism between UNC1999 and bortezomib or carfilzomib (CI < 1.0; Fig. 

3B and C; Supplementary Fig. S6A and S6B; and Supplementary Table S1A–S1E). In 

addition, UNC1999 enhanced the cytotoxicity induced by bortezomib in CD138+ BMPCs 

derived from multiple myeloma patients (Fig. 3E). In contrast, minimal cytotoxicity was 

observed in peripheral blood mononuclear cells isolated from healthy donors treated with the 

combination of UNC1999 and bortezomib (Supplementary Fig. S6E).

To elucidate the mechanisms of the cytotoxicity induced by this combination, we conducted 

flow cytometric analysis using Annexin V staining and found that the percentage of 

apoptotic cells had dramatically increased with the combination (Supplementary Fig. S7A). 

We also confirmed the induction of apoptosis as evidenced by the cleavage of caspases-3, -8, 

-9, and PARP in multiple myeloma cell lines treated with the combination (Supplementary 

Fig. S7B). These results indicate that increased apoptosis is one mechanism through which 

UNC1999 enhances the cytotoxicity induced by bortezomib in multiple myeloma cells.

We further investigated the efficacy of combined treatment of UNC1999 (15 mg/kg IP 3 

times a week) and low-dose subcutaneous bortezomib (0.5 mg/kg twice a week) in MM.1S 

xenograft model in NOG mice for 5 weeks. Notably, the combination significantly reduced 

the size of the tumors as compared with either single agent (Fig. 3F). Importantly, the 

combination treatment significantly prolonged the survival of mice without overt weight loss 

(Fig. 3G; Supplementary Fig. S7C). These results illustrate that UNC1999 enhances 

bortezomib-induced cytotoxicity of myeloma cells not only in vitro but also in vivo.

Genome-wide analyses unveil the UNC1999-target genes in multiple myeloma cells

To explore the genome-wide effects and target genes of UNC1999 and the combination with 

bortezomib, we performed RNA-seq of MM.1S cells treated with 5 μmol/L of UNC1999 for 

72 hours, 5 nmol/L of bortezomib for 48 hours, or the combination of both agents 

(UNC1999 for 72 hours with bortezomib in the last 48 hours) versus DMSO-treated cells, 

and ChIP-seq for H3K27me3 of UNC1999 versus DMSO-treated control cells of the same 

experiment. We defined “PRC2 targets” as those with H3K27me3 enrichment greater than 

2.0-fold over the input signal at the promoter region (transcriptional start site ± 2.0 kb) in 

MM.1S cells (Fig. 4A). ChIP-seq revealed that H3K27me3 levels at the promoters 

significantly decreased following UNC1999 treatment. Within PRC2 target genes, we 

defined genes that showed more than 2-fold reduction in H3K27me3 levels compared with 
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DMSO-treated cells as “UNC1999 target genes” (Fig. 4A). GSEA using our RNA-seq data 

confirmed that PRC2 target gene sets were significantly enriched in both UNC1999- and 

combination-treated cells (Fig. 4B; Supplementary Tables S2 and S3). Correspondingly, the 

expression of PRC2 target genes was significantly elevated in UNC1999- and combination-

treated MM.1S cells as compared with DMSO-treated control cells (Fig. 4C). Among the 

PRC2 target genes, we selected 74 genes with significantly enhanced expression (>1.5-fold 

UNC1999/Control) and remarkable reduction of H3K27me3 (≥2-fold) upon UNC1999 

treatment (Fig. 4D and Supplementary Table S4) as major UNC1999 target genes in MM.1S 

cells. These genes included nuclear receptor transcription factor, NR4A1 (also known as 

NUR77), cell growth–, differentiation-, and apoptosis-related, EGR1, the cell-cycle 

regulator, CDKN1C (also known as p57, KIP2), and component of NF-κB, LTB. Although 

LTB and EGR1 are novel tumor-suppressor candidates in multiple myeloma (30, 31), 

CDKN1C is known as a direct target of EZH2 (32) and a tumor suppressor with prognostic 

value in several cancers (33).

UNC1999-induced upregulation of NR4A1 suppresses MYC with resultant multiple 
myeloma growth suppression

Among the major UNC1999 target genes, we focused on NR4A1. The upregulation of 

NR4A1 by UNC1999 was confirmed by RT-PCR (Fig. 4E), and the other NR4A family 

genes NR4A2 (also known as NURR1) and NR4A3 (also known as NOR1) were also up 

regulated by UNC1999 (Supplementary Fig. S8A and S8B). Reduction of H3K27me3 levels 

at the NR4A1 promoter was confirmed by a ChIP assay (Fig. 4F). Remarkably, 

overexpression of NR4A1 leads to growth arrest in multiple myeloma cells (Fig. 4G), 

indicating a tumor-suppressive function of NR4A1 in multiple myeloma as previously 

implied (34). MYC (also known as c-Myc), one of the key genes in multiple myeloma 

pathogenesis, is reportedly a direct target of NR4As which repress its expression, and 

NR4A1 specifically occupies MYC promoter region upon NR4A expression (35). 

Importantly, we found that overexpression of NR4A1 resulted in remarkable downregulation 

of MYC (Fig. 4H). Moreover, MYC mRNA and its protein were suppressed by UNC1999 

(Fig. 4I and J), leading to repression of MYC target gene sets (Fig. 4K). This suppression of 

MYC was further enhanced by the combination treatment (Fig. 4I–K). To determine the 

clinical relevance of these findings, we examined the gene expression of NR4A1 and MYC 
in multiple myeloma samples of patients treated with bortezomib in the APEX 039 clinical 

study (29). Responsive (R) patients to bortezomib tended to have higher levels of NR4A1 
than nonresponsive (NR) ones. In addition, MYC expression was significantly higher in 

nonresponsive than responsive patients, suggesting an association between bortezomib-

resistance and MYC. (Supplementary Fig. S8C). Consistent with our in vitro data, EZH2 
levels were negatively correlated with NR4A1, albeit not statistically significant, and MYC 
and NR4A1 showed a significant inverse correlation (Supplementary Fig. S8D). Taken 

together, these data indicate that NR4A1 is one of the target genes of UNC1999 in multiple 

myeloma and triggers MYC downregulation which is enhanced by the combination with 

bortezomib.
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UNC1999 and bortezomib cooperatively suppress PRC2 function

Although bortezomib down regulated EZH2, it did not significantly enrich the polycomb 

gene set in GSEA of our RNA-seq data (NES 0.635, FDR q value 1.0, P value 1.0). 

Immunoblotting and RT-PCR confirmed the downregulation of EZH2 following bortezomib 

treatment; in contrast, EZH1, the homolog of EZH2, was maintained and the global 

H3K27me3 levels were not reduced at all (Fig. 5A and B). Correspondingly, the sensitivity 

of H929 cells to bortezomib was only slightly enhanced following shRNA knockdown of 

EZH2 (Supplementary Fig. S9A). Therefore, we examined the effect of simultaneous 

knockdown of EZH2 and EZH1 on myeloma cells. Although EZH1 knockdown alone 

impaired the growth of multiple myeloma cells, double knockdown of EZH2 and EZH1 
induced rapid cell death of H929 cells (Supplementary Fig. S1B). These results indicate that 

dual inhibition of EZH2 and EZH1 is required to obtain maximal anti-myeloma effect. Next, 

we performed side-by-side experiments to compare the dual inhibition of EZH2 and EZH1 

with the specific inhibition of EZH2 as a partner of bortezomib, using UNC1999 and 

GSK126 (IC50, EZH2 9.9 nmol/L; EZH1 680 nmol/L; ref. 36), respectively. We confirmed 

that GSK126, as a single agent, induces modest cytotoxicity in multiple myeloma cell lines 

(Supplementary Fig. S9B). UNC1999 exhibited much better combination effects than 

GSK126 in several cell lines as evidenced by combination index (Fig. 5C; Supplementary 

Fig. S9C; Supplementary Table S1F and S1G). In agreement with these findings, the 

combination of bortezomib with UNC1999, but not GSK126, further reduced the levels of 

EZH2 and H3K27me3 (Fig. 5D). These results strongly suggest that coinhibition of EZH2 

and its homolog EZH1 is necessary to fully block the activity of PRC2 and effectively 

enhance the sensitivity of myeloma cells to bortezomib.

UNC1999 demonstrates synergistic effects with bortezomib in prostate cancer

EZH2 overexpression was found to be associated with disease progression in advanced 

prostate cancer (4). We therefore studied the efficacy of the combination treatment of 

UNC1999 and bortezomib in prostate cancer cells. UNC1999 exhibited strong synergistic 

effects with bortezomib in LNCaP and DU145 cell lines (Fig. 6A; Supplementary Fig. S10; 

Supplementary Table S1H and S1I). Noticeably, side-by-side experiments clearly showed 

that combining bortezomib with UNC1999 demonstrated superior synergism than 

combining it with GSK126, the specific inhibitor of EZH2, emphasizing the importance of 

EZH1 inhibition in prostate cancer. (Fig. 6A; Supplementary Table S1H). Moreover, we 

observed EZH2 downregulation by bortezomib also in LNCaP cells (Fig. 6B). These results 

indicate that the strategy of dual inhibition of EZH2 and EZH1 in combination with 

proteasome inhibitors can be broadly applied to the treatment of PRC2-dependent tumors 

such as prostate cancer.

Discussion

In this study, we investigated the use of UNC1999, a dual inhibitor of EZH2 and EZH1, 

alone and in combination with proteasome inhibitors in multiple myeloma both in vitro and 

in vivo, as well as in prostate cancer. Our analysis illustrated that multiple myeloma patients 

with higher levels of EZH2 expression tended to respond poorly to bortezomib. In line with 

these observations, EZH2 overexpression by lentiviral vectors triggered bortezomib 
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resistance in multiple myeloma cells which could be overcome by UNC1999. Most 

importantly, we have demonstrated potent synergistic cytotoxic effects between UNC1999 

and proteasome inhibitors, and dissected the underlying mechanism of the synergy and its 

molecular signature in multiple myeloma cells. Furthermore, we showed that bortezomib 

markedly down regulated EZH2 transcription and its protein expression. Undeniably, the 

mechanisms of action of proteasome inhibitors are multi-faceted and include cell-cycle 

arrest through the accumulation of CDK inhibitors (37). Bortezomib stabilizes CDK 

inhibitors p21 and p27 leading to hypophosphorylation of RB, which in turn prevents E2F1 

from binding to its target genes including the E2F1 promoter, thereby repressing E2F1 
transcription (38). Importantly, E2F1 is known to transactivate EZH2 (27). As expected, 

bortezomib treatment down regulated E2F1 and decreased the binding of E2F1 to EZH2 
promoter.

We have previously shown that substantial amounts of H3K27me3 persist after deletion of 

Ezh2 in a mouse model of myelodysplastic syndrome (MDS) (39). This fact points out the 

role that EZH1 plays in maintaining reduced but notable levels of H3K27me3 in the absence 

of EZH2. In agreement, bortezomib-induced downregulation of EZH2 did not significantly 

impair PRC2 function. Importantly, we have demonstrated that the combination of 

UNC1999 and bortezomib resulted in superior cytotoxic effects than the combination of 

GSK126 and bortezomib in multiple myeloma and prostate cancer cells. This could be 

explained by the fact that UNC1999 effectively blocks PRC2 activity by inhibiting both 

EZH2 and EZH1, whereas GSK126 only inhibits EZH2, allowing residual PRC2 activity 

through EZH1. PRC2 targets tumor-suppressor genes and developmental regulator genes, 

thereby playing an oncogenic role in EZH2-dependent cancers (3). As expected and 

previously reported in leukemic cells (7), transcriptional profiling showed derepression of 

PRC2 target genes following UNC1999 treatment. Of note, we observed more significant 

derepression of PRC2 target genes in the combination of UNC1999 and bortezomib, 

suggesting cooperative inhibition of PRC2 function by the combination. Taken together, 

these observations suggest that the dual inhibition of EZH2 and EZH1 sensitizes multiple 

myeloma and prostate cancer cells to proteasome inhibition, and that epigenetic therapies 

targeting both EZH2 and EZH1 may be required to achieve a sustainable effect on PRC2-

dependent cancers (Fig. 6C).

Among the most upregulated genes in UNC1999-treated cells was NR4A1, and its 

upregulation was enhanced in cells treated with the combination of UNC1999 and 

bortezomib. Other members of the orphan nuclear receptor NR4A subgroup, NR4A2 and 

NR4A3, were also up regulated by UNC1999. NR4As are immediate early or stress 

response genes that can be induced by a vast number of stimuli such as growth factors, 

inflammatory cytokines, and mitogenic, and apoptotic signals (40). Of note, reduction of 

Nr4a1/3 gene expression leads to development of myelodysplastic and myeloproliferative 

diseases (MDS/MPN) (41), whereas targeted deletion of both genes induces lethal acute 

myeloid leukemia in mice (42). A recent study showed that overexpression of NR4A1 
induced massive apoptotic cell death of aggressive lymphoma cell lines (43). In multiple 

myeloma, NR4A1-mimicking peptide induced Bcl-B–dependent apoptosis in multiple 

myeloma cells (34). These findings define NR4A1 as a candidate tumor suppressor in 

multiple myeloma. Using overexpression experiments, we confirmed the antioncogenic role 
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of NR4A1 in multiple myeloma. Significantly, MYC is reportedly a direct target of NR4As 

(35). UNC1999 treatment profoundly suppressed MYC expression in multiple myeloma 

cells. As previously reported (44), bortezomib alone also down regulated MYC probably due 

to reduced E2F1, a transactivator of MYC (45), and enhanced UNC1999-induced 

suppression of MYC as evidenced by the marked suppression of MYC-related gene sets. 

Therefore, UNC1999 and bortezomib cooperatively repress the transcription of MYC, one 

of the most potent oncogenes in multiple myeloma, resulting in a remarkable synergistic 

effect.

Other notable UNC1999 targets included two novel candidate tumor suppressor genes in 

multiple myeloma: LTB and EGR1. LTB, a TNF family member (46), implicated in the NF-

κB pathway (47), was reportedly inactivated in multiple myeloma patients (30). EGR1 
encodes a protein that induces the expression of tumor suppressors such as TP53 (48) and 

PTEN (49). In multiple myeloma, recurrent mutations of EGR1 were reported (30). In 

addition, low expression of EGR1 strongly correlated with disease progression and 

knockdown of EGR1 in multiple myeloma cell lines conferred resistance to bortezomib (31). 

CDKN1C, which encodes the cyclin-dependent kinase inhibitor p57 (also known as kip2), is 

another direct target of UNC1999. Inactivation of CDKN1C by aberrant methylation of its 

promoter has been reported in several types of cancer (50). The detailed functions of these 

genes in the pathogenesis of multiple myeloma remain to be unveiled in future studies.

In conclusion, our findings demonstrate that targeting both EZH2 and EZH1, alone and in 

combination with proteasome inhibitors, could be a new therapeutic option for the treatment 

of PRC2-dependent cancers. Hopefully, this study will pave the way for clinical evaluation 

of this novel therapeutic approach.
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Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Although proteasome inhibitors have improved patient outcome in multiple myeloma, 

patients eventually develop drug resistance which needs to be overcome by novel 

combination strategies. In this study, we demonstrate that the combination of proteasome 

inhibitors with UNC1999, a dual inhibitor of EZH2 and EZH1, induces synergistic 

antimyeloma activity in vitro as well as in vivo. Importantly, EZH2 expression in primary 

multiple myeloma cells and cell lines is associated with bortezomib-resistance which is 

overcome by UNC1999. Bortezomib down regulates EZH2, thereby sensitizing EZH2-

dependent tumors to EZH1 inhibition. UNC1999 derepresses the tumor suppressor 

NR4A1, leading to suppression of MYC which is enhanced by the combination with 

bortezomib. This combination is also synergistic in EZH2-overexpressing prostate cancer 

cells. Our study lays the preclinical framework for the broad clinical applications of 

proteasome inhibitors combined with dual inhibitors of EZH2 and EZH1 in PRC2-

dependent cancers including multiple myeloma and prostate cancer.
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Figure 1. 
UNC1999 blocks the trimethylation of H3K27 with subsequent inhibition of the growth of 

multiple myeloma cells. H929 cells transduced with the indicated lentiviruses were selected 

by cell sorting for GFP expression and subjected to (A) quantitative RT-PCR analysis of 

EZH2 mRNA expression. The y-axis represents fold-change after normalization to GAPDH, 

and error bars represent SD of triplicates. B, Immunoblot analysis for the indicated proteins. 

GAPDH and H3 served as loading controls. C, Cell proliferation assay of H929 cells 

transduced with the indicated lentiviruses. Cell counting was performed using Trypan blue 
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on the indicated days of cultures. Data represent mean ± SD of triplicate cultures. D, Cell 

proliferation assays of MM.1S, H929, and RPMI8226 human myeloma cell lines treated 

with a range of concentrations of UNC1999 for 4 or 7 days. Cell counting was performed 

using Trypan blue staining. The y-axis is presented as the mean cell count ± SD of triplicate 

cultures. E, Immunoblot analyses for EZH2 and H3K27me3 after treatment of multiple 

myeloma cells with a range of concentrations of UNC1999 for 72 hours (left) or 5 μmol/L of 

UNC1999 for the indicated times (right). H3 and GAPDH served as loading controls. F, 

MTS assay showing viability of primary multiple myeloma cells isolated from patients 

treated with 5 μmol/L of UNC1999 for 48 hours relative to untreated control. Data represent 

mean ± SD (n = 2~4). G, In vivo analysis using murine xenograft model of human myeloma 

MM.1S cells inoculated into the flanks of NOG mice. When the tumor volume reached 

approximately 50 mm3, UNC1999 was administered intraperitoneally (25mg/kg), twice per 

week (n = 7) for 21 days. Tumor volume was calculated from caliper measurements and 

compared with vehicle-treated tumors (n = 10) at the indicated time points. Data represent 

mean ± SE. *, P < 0.05; **, P < 0.01;***, P < 0.001; NS, not significant.
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Figure 2. 
Bortezomib down regulates EZH2 via E2F inactivation. A, Immunoblot analysis for EZH2 

after treatment of MM.1S cells with the indicated concentrations of bortezomib for 24 hours. 

GAPDH served as a loading control. B and C, Quantitative RT-PCR analysis of EZH2 
mRNA expression in MM.1S cells treated with the indicated doses of bortezomib for 8 hours 

(B) or 5 nmol/L of bortezomib for the indicated times (C). The y-axis represents fold-change 

after normalization to GAPDH, and error bars represent SD of triplicates. D, Immunoblot 

analysis of EZH2 in MM.1S cells treated with the indicated doses of carfilzomib for 24 
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hours. GAPDH served as a loading control. E, Quantitative RT-PCR analysis of EZH2 
mRNA expression in MM.1S cells treated with the indicated doses of carfilzomib for 12 

hours. The y-axis represents fold-change after normalization to GAPDH, and error bars 

represent SD of triplicates. F, Quantitative RT-PCR analysis of E2F1 and E2F2 mRNA 

expression in MM.1S cells treated with 5 nmol/L of bortezomib for 12 hours. The y-axis 

represents fold-change after normalization to GAPDH, and error bars represent SD of 

triplicates. G and H, Immunoblot analyses for the indicated proteins in MM.1S cells upon 

(G) 24-hour or (H) 8-hour treatment with a range of concentrations of bortezomib. GAPDH 

and α-tubulin served as loading controls. I, ChIP analysis for E2F1 occupancy on EZH2 
promoter in MM.1S cells treated with 5 nmol/L of bortezomib or DMSO for 24 hours. 

OCT4 was used as a negative control. Values correspond to mean percentage of input 

enrichment ± SD of triplicate qPCR reactions of a single replicate. Schematic representation 

of the location of the primer sets is depicted (top). J, Quantitative RT-PCR analysis of 

mRNA expression of E2F1 and EZH2 in H929 cells transduced with E2F1-overexpressing 

or empty vectors. The y-axis represents fold-change after normalization to GAPDH, and 

error bars represent SD of triplicates.*, P < 0.05;**, P < 0.01; and***, P < 0.001.
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Figure 3. 
UNC1999 augments bortezomib-induced cytotoxicity both in vitro and in vivo. A, MTS 

assay showing the viability of RPMI8226 cells transduced with EZH2-overexpressing or 

empty vectors upon treatment with 5 μmol/L of UNC1999 (72 hours) and the indicated 

doses of bortezomib (last 48 hours) relative to untreated cells. Data represent mean ± SD of 

triplicates. Immunoblot analyses of the indicated proteins in EZH2-overexpressing or empty 

vector–transduced RPMI8226 cells are shown to the left of the graph. GAPDH and H3 

served as loading controls. B and C, MTS assays showing viability of (B) H929 and (C) 

Rizq et al. Page 20

Clin Cancer Res. Author manuscript; available in PMC 2018 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MM.1S cells upon treatment with the indicated doses of UNC1999 (72 hours) in 

combination with the indicated doses of bortezomib (B) or carfilzomib (C) (last 48 hours), 

respectively, relative to untreated control. Data represent mean ± SD of triplicates. 

Calculation of CI is shown to the right of each graph. D, MTS assay showing the viability of 

MM.1S cells upon treatment with the indicated doses of UNC1999 (72 hours) in 

combination with the indicated doses of bortezomib (last 48 hours) in the presence of 

normal medium or BMSC medium, relative to untreated control in normal medium. Data 

represent mean ± SD of triplicates. E, MTS assay showing the viability of primary multiple 

myeloma cells isolated from patients treated simultaneously with 5 μmol/L of UNC1999 and 

the indicated doses of bortezomib for 48 hoursrelative to untreated control. Data represent 

mean ± SD (n = 3~4). F, MM.1S cells were inoculated into the flanks of NOG mice. When 

the tumor volume reached approximately 40 mm3, mice were segregated into groups that 

received either vehicle (n = 14), 15 mg/kg of UNC1999 intraperitoneally 3 times per week 

(n = 14), 0.5 mg/kg of bortezomib subcutaneously twice per week (n = 13), or the 

combination of UNC1999 and bortezomib (n = 13) for 5 weeks. Tumor volume was 

calculated from caliper measurements at the indicated time points. Data represent mean ± 

SE. G, Kaplan–Meier survival analysis of mice described in F. Statistical significance of 

survival difference was determined by the log-rank test. *, P < 0.05; **, P < 0.01; ***, P < 

0.001; and NS, not significant.
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Figure 4. 
Identification of UNC1999-target genes in MM.1S cells. A, A scatter plot showing the 

correlation of the fold enrichment values (ChIP/input; TSS ± 2.0 kb) of H3K27me3 against 

the input signals of RefSeq genes between DMSO (control)- and UNC1999-treated MM.1S 

cells. Dotted diagonal line indicates 2-fold change. Blue box indicates PRC2 target genes 

(3,781 genes) with greater than 2-fold enrichment in H3K27me3 mark in the control. Red 

dots represent UNC1999 target genes with more than 2-fold reduction in H3K27me3 levels 

(2,167 genes). B, Gene set enrichment plots for PRC2 target genes defined in (A) in MM.1S 
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cells treated with UNC1999 alone (left) and combination (right) versus DMSO-treated 

control cells. NES, normalized enrichment score; q, FDR q value; P, P value. C, Box-and-

whisker plots showing the expression changes of the top 1,000 PRC2 target genes defined in 

(A) in DMSO-, UNC1999-, bortezomib-, and combination-treated MM.1S cells. Boxes 

represent 25 to 75 percentile ranges. Vertical lines represent 10 to 90 percentile ranges. 

Horizontal bars represent median. D, A scatter plot showing the correlation between the 

expression of genes and H3K27me3 levels in UNC1999- vs. DMSO-treated control MM.1S 

cells. Red dots indicate major UNC1999 target genes with significantly enhanced expression 

(>1.5-fold UNC1999/Control). Representative genes are highlighted. E, Quantitative RT-

PCR analysis of NR4A1 mRNA expression in MM.1S cells following treatment with 5 

μmol/L of UNC1999 for 72 hours. The y-axis represents fold-change after normalization to 

GAPDH, and error bars represent SD of triplicates. F, ChIP analysis for H3K27me3 

occupancy loss in promoter regions (TSS ± 2 kb) of NR4A1 in MM.1S cells treated with 5 

μmol/L of UNC1999 for 72 hours versus DMSO-treated cells. Values correspond to mean 

percentage of input enrichment ± SD of triplicate qPCR reactions of a single replicate. G, 

Cell proliferation assay of H929 cells (10,000 cells per well in 96-well plate) transduced 

with the indicated retroviruses for 48 hours prior to cell sorting for GFP expression. Cell 

counting was performed using Trypanblue atthe indicated times. The y-axis is presented as 

the mean cell number ± SD of quadruplicates. H, Quantitative RT-PCR analysis of MYC 
mRNA expression in H929 cells transduced with NR4A1-overexpressing or empty vectors. 

The y-axis represents fold-change after normalization to GAPDH, and error bars represent 

SD of triplicates. I, Quantitative RT-PCR analysis of MYC mRNA expression in MM.1S 

cells upon 72 hours of 5 μmol/L of UNC1999 and/or 5 nmol/L of bortezomib treatment for 

the last 12 hours. The y-axis represents fold-change after normalization to GAPDH, and 

error bars represent SD of triplicates. J, Immunoblot analysis for the indicated proteins in 

MM.1S cells upon 72 hours of 5 μmol/L of UNC1999 and/or 5 nmol/L of bortezomib 

treatment for the last 12 hours. GAPDH was used as a loading control. K, A representative 

MYC target gene set significantly enriched in MM.1S cells treated with UNC1999 alone 

(top) and combination (bottom) versus DMSO-treated cells. NES, normalized enrichment 

score; q, FDR q value; P, P value. *, P < 0.05; **, P < 0.01; and ***, P < 0.001.
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Figure 5. 
UNC1999 and bortezomib cooperatively suppress PRC2 function. A, Immunoblot analysis 

for the indicated proteins in MM.1S cells after treatment with the indicated concentrations of 

bortezomib for 24 hours. GAPDH and H3 served as loading controls. B, Quantitative RT-

PCR analysis of mRNA expression of EZH2 and EZH1 in MM.1S cells treated with 5 

nmol/L of bortezomib for 12 hours. The y-axis represents fold-change after normalization to 

GAPDH, and error bars represent SD of triplicates. C, MTS assays performed side by side 

showing the viability of H929 cells upon treatment for 72 hours with the indicated doses of 
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UNC1999 (left) or GSK126 (right) with the indicated doses of bortezomib in the last 48 

hours relative to untreated control. Data represent mean ± SD of triplicate cultures. CI 

calculation is shown below each graph. D, Immunoblot analysis for the indicated proteins in 

MM.1S cells upon 72 hours of 5 μmol/L of UNC1999 or GSK126 and/or 5 nmol/L of 

bortezomib treatment for the last 12 hours. GAPDH and H3 were used as loading controls. 

H3K27me3 amounts relative to total H3 are shown.
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Figure 6. 
UNC1999 enhances bortezomib-induced cytotoxicity in prostate cancer cells. A, MTS 

assays performed side-by-side showing viability of LNCaP cells upon simultaneous 

treatment for 72 hours with the indicated doses of UNC1999 (left) or GSK126 (right) in 

combination with the indicated doses of bortezomib relative to untreated control. Data 

represent mean ± SD of triplicate cultures. CI calculation is shown below each graph. B, 

Immunoblot analysis for the indicated proteins in LNCaP cells after treatment with the 

indicated concentrations of bortezomib for 72 hours. GAPDH and H3 served as loading 
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controls. C, A proposed model for the synergistic activity of UNC1999 and bortezomib. 

Bortezomib down regulates EZH2 through stabilization of CDK inhibitors and inhibition of 

E2F1, whereas UNC1999 enhances the effect of bortezomib by suppressing both EZH2 and 

EZH1. This leads to derepression of PRC2 target genes such as NR4A1 resulting in 

inhibition of growth and proliferation of tumor cells.
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