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ABSTRACT

pigenetic alterations play an important role in the pathogenesis in
Emultiple myeloma, but their biological and clinical relevance is not

fully understood. Here, we show that DOTI1L, which catalyzes
methylation of histone H3 lysine 79, is required for myeloma cell sur-
vival. DOT1L expression levels were higher in monoclonal gammopathy
of undetermined significance and smoldering multiple myeloma than in
normal plasma cells. Treatment with a DOT1L inhibitor induced cell
cycle arrest and apoptosis in myeloma cells, and strongly suppressed cell
proliferation in vitro. The anti-myeloma effect of DOT1L inhibition was
confirmed in a mouse xenograft model. Chromatin immunoprecipita-
tion-sequencing and microarray analysis revealed that DOT1L inhibition
downregulated histone H3 lysine 79 dimethylation and expression of
IRF4-MYC signaling genes in myeloma cells. In addition, DOT1L inhibi-
tion upregulated genes associated with immune responses and interfer-
on signaling. Myeloma cells with histone modifier mutations or lower
IRF4/MYC expression were less sensitive to DOT1L inhibition, but with
prolonged treatment, anti-proliferative effects were achieved in these
cells. Our data suggest that DOT1L plays an essential role in the devel-
opment of multiple myeloma and that DOT1L inhibition may provide
new therapies for myeloma treatment.

Introduction

Multiple myeloma (MM) is a genetically complex disorder caused by monoclonal
proliferation of abnormal plasma cells. MM accounts for 1% of all cancers and 10%
of hematologic malignancies in the United States, and there are 101,000 deaths per
year caused by MM around the world." Despite development of a variety of new
therapeutic agents, including proteasome inhibitors, immunomodulatory drugs,
monoclonal antibodies and histone deacetylase inhibitors, MM remains an incur-
able disorder.”

Epigenetic alterations such as aberrant DNA methylation and histone modifica-
tion play key roles in the pathogenesis of MM and are thought to be potential ther-
apeutic targets.** For instance, the histone deacetylase (HDAC) inhibitor panobino-
stat reportedly exerts synergistic anti-myeloma effects when combined with borte-
zomib and dexamethasone, yielding a complete or near complete response in
27.6% of patients with relapsed or relapsed and refractory MM.” Notably, HDAC
inhibitors appear to affect a wide variety of non-histone proteins in addition to his-
tones, exerting anti-myeloma effects that include upregulation of CDKN7A and dis-
ruption of aggresomes.® Methylation of histone lysine residues is a major epigenetic
mechanism by which chromatin organization and gene expression are regulated.”
For instance, methylation of histone H3 lysine 4 (H3K4), H3K36 and H3K79 is asso-
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ciated with active transcription, while methylation of
H3K9 and H3K27 are well known to be repressive
marks.”* Moreover, dysregulation of histone methylation
appears to be involved in the pathogenesis of MM.
Mutations in genes encoding the histone modifiers H3K27
demethylase UTX (also known as KDM6A); H3K4
methyltransferases MLL, MLL2, and MLL3; H3K9 methyl-
transferase G9a (also known as EHMT2); and H3K36
methyltransferase MMSET (also known as WHSC1 or
NSD2) have been detected in MM.*"* MMSET is overex-
pressed in MM with t(4;14), which leads to a global accu-
mulation of H3K36 dimethylation (H3K36me2) and
reduction of H3K27me3." EZH2 is also reportedly overex-
pressed in MM, is associated with a poor prognosis, and is
considered a potential therapeutic target.”"* In the present
study, we aimed to examine the pathological and thera-
peutic implications of histone methylation in MM.

Methods

Cell lines and clinical specimens

MM cell lines (RPMI-8226, MM.1S, KMS-11, KMS-12BM,
KMS-12PE and U-266) were obtained and cultured as described
previously." All cell lines were authenticated using short tandem
repeat analysis performed by JCRB (Tokyo, Japan) or BEX (Tokyo,
Japan) between 2015 and 2017. Total RNA and genomic DNA
were extracted using RNeasy Mini Kits (Qiagen, Hilden,
Germany) and QlAamp DNA Mini Kits (Qiagen) according to the
manufacturer’s instructions. Specimens of bone marrow or periph-
eral blood were respectively collected from MM or plasma cell
leukemia (PCL) patients, after which CD138-positive cells were
isolated using a MACS manual cell separator (Miltenyi Biotec,
Bergisch Gladbach, Germany). CD138-positive cells were cultured
for 24 hours in RPMI-1640 medium supplemented with 20% fetal
bovine serum (FBS) and 1% penicillin/streptomycin/amphotericin
B, after which drug treatment and cell viability assays were per-
formed. This study was performed in accordance with the
Declaration of Helsinki and was approved by the Institutional
Review Board of Sapporo Medical University. Informed consent
was obtained from all patients before specimen collection.

Reagents

The H3K4 methyltransferase LSD1 inhibitor 52101 was pur-
chased from Merck Millipore (Burlington, MA, USA). The LSD1
inhibitor GSK2879552, H3K27 methyltransferase EZH2 inhibitor
GSK126, and H3K79 methyltransferase DOT1L inhibitor EPZ-
5676 were all purchased from Chemietek (Indianapolis, IN, USA).
The H3K9 methyltransferase G9a inhibitor UNCO0638, H3K27
demethylase JMJD3/UTX inhibitor GSKJ1, DOTIL inhibitor
SGC0946, and MYC inhibitor 10058-F4 were all purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Drug treatment and cell viability assay

To screen for anti-proliferative effects of histone methyltrans-
ferase or demethylase inhibitors, MM cell lines (3x10* to 1x10°
cells/well in 6-well plate) were treated with the respective drugs at
a concentration of 1 uM or with DMSO for up to 14 days, refresh-
ing the medium and drugs every 3 to 4 days. Cell viabilities were
assessed on days 3-4 and 11-14 using a Cell Counting Kit-8
(Dojindo, Kumamoto, Japan) and a microplate reader (Model 680;
Bio-Rad, Hercules, CA, USA) according to the manufacturer’s
instructions. To further analyze the effect of DOTIL inhibitors,
MM cell lines (2x10" to 8x10* cells/well in 6-well plate) or patient-
derived CD138-positive cells (1.3x10° to 3x10° cells/well in 6-well
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plate) were treated with the respective inhibitors at 0.25-1 uM or
with DMSO for up to 18 days, refreshing the medium and drug
every 3 days.

Xenograft studies

For xenograft studies, we used the ex vivo drug pre-treatment
method."”'® RPMI-8226 cells were pre-treated for 3 days with 1
uM SGC0946 or EPZ-5676 or with DMSO, after which 1x10 cells
were suspended in 200 ul of RPMI-1640 medium and subcuta-
neously injected into the bilateral thighs of 6-week-old C.B-17
SCID mice. Tumor size was measured every 3 days using digital
calipers, and tumor volume was calculated using the formula,
length x width?/2. All animal experiments were conducted in
compliance with the protocol approved by the Institutional
Animal Care and Use Committee of Sapporo Medical University.

Results

DOTLL is a potential therapeutic target in MM

To determine whether histone methylation modifiers
could be useful therapeutic targets in MM, we first tested
the effects of the following compounds on proliferation
of MM cell lines: the LSD1 inhibitors S2101 and
GSK2879552, the G9a inhibitor UNC0638, the EZH2
inhibitor GSK126, the JMJD3 inhibitor GSKJ1 and the
DOTIL inhibitor SGC0946 (Figure 1A). Five MM cell
lines were treated with the drugs (1 pM) for up to 14
days, and cell viabilities were assessed early (days 3-4)
and late (days 11-14) during the treatment. We found that
inhibitors of G9a, EZH2 and DOTIL each moderately
suppressed proliferation of more than 2 MM cell lines at
the early times (Figure 1A). Longer treatment with these
drugs led to stronger growth suppressive effects in most
of the MM cell lines, though not in KMS-12PE cells
(Figure 1A). By contrast, the LSD1 inhibitors were less
effective. We tested 2 LSD1 inhibitors (52101 for KMS-
12BM and MM.1S cells and GSK2879552 for RPMI-8226,
KMS-12PE and U-266 cells), but neither suppressed MM
cell proliferation and appeared to even promote it in most
cases (Figure 1A). Among them, we selected DOT1L for
further analysis, because its inhibition had a strong anti-
proliferative effect.

Analysis using published data sets revealed that expres-
sion of DOT1L is increased during the progression from
normal plasma cells (NPCs) to monoclonal gammopathy
of undetermined significance (MGUS) and smoldering
multiple myeloma (SmMM) (Figure 1B). By contrast, we
detected no significant difference in the levels of DOT/L
expression between SmMM and symptomatic MM
(SyMM) (Figure 1B). qRT-PCR showed that DOT1L is
expressed at various levels in the MM cell lines tested,
irrespective of their sensitivity to the DOTI1L inhibitor
(Figure 1C).

DOT1L inhibitors induce growth suppression, cell cycle
arrest and apoptosis in MM cells

To further evaluate the therapeutic potential of
DOTIL inhibition in MM, we treated MM cell lines with
two DOTIL inhibitors, SGC0946 and EPZ-5676.
Western blot analysis using an antibody specific for
mono-, di-, and trimethylated H3K79
(H3K79mel/me2/me3) showed that treatment with
either drug (1 uM, 3 days) significantly reduced levels of
H3K79mel/me2/me3 in RPMI-8226 cells (Ounline
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. ®
Supplementary Figure S1) and strongly suppressed prolifer-  primary tumors, we isolated CD138-positive cells from
ation of RPMI-8226, MM.1S, KMS-11 and KMS-12BM MM and PCL patients. We found that both drugs moder-
cells (Figure 2A). That the drugs were acting through ately suppressed the viability of primary tumor cells
DOTIL inhibition was confirmed by the finding that (Figure 2C).
shRNA-mediated DOT1L knockdown moderately sup- Cell cycle analysis using flow cytometry revealed that
pressed MM cell proliferation (Online Supplementary — treatment with SGC0946 (1 wM, 6 days) or EPZ-5676 (1
Figure S2). On the other hand, DOTIL inhibitors were wM, 6 days) led to increases in sub-G1 and GO-G1 phase
less effective or ineffective in KMS-12PE and U-266 cells  populations and decreases in S phase populations in
(Figure 2A). Moreover, ex vivo treatment with SGC0946 RPMI-8226 and MM.1S cells, which suggests DOTIL
or EPZ-5676 strongly suppressed tumor formation by inhibition induces G1-S arrest and apoptosis (Figure 3A).
MM cells in SCID mice (Figure 2B, Online Supplementary  Induction of apoptosis by DOTIL inhibitors was con-
Figure S3). To evaluate the effects of DOT1L inhibitors in  firmed using Annexin V staining assays (Figure 3B, Online
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Supplementary Figure S4). Cell cycle and apoptosis were
also analyzed at an earlier time point (3 days), and similar
results were observed in RPMI-8226 cells (Ownline
Supplementary Figure S5). By contrast, induction of cell
cycle arrest and apoptosis were relatively limited in
MM.1S cells at this time point, which is consistent with
the results of the cell viability assays (Online Supplementary
Figure S5, Figure S2A).

DOTLL inhibitors suppress IRF4 and MYC signaling
in MM cells

To clarify the molecular mechanism underlying the anti-
tumor effects of DOTIL inhibition, we next analyzed
H3K79me?2 levels and gene expression status in MM cells.
Earlier studies showed that 2 to 3 days of DOT1L inhibi-
tion resulted in evident depletion of H3K79me?2 in tumor
cells, while mRNA expression of target genes was signifi-
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Figure 2. Antitumor effects of DOTAL inhibitors in MM. (A) Results of cell viability assays in MM cell lines treated with the indicated concentrations of DOT1L
inhibitors. Results are normalized to untreated cells. Shown are means of 3 replications; error bars represent SEMs. (B) Tumor growth in mice injected with RPMI-
8226 cells pretreated with SGC0946 or EPZ-5676 (left thigh) or DMSO (right thigh). Growth curves are means of 5 replicates; error bars represent SEMs. (C) Results
of cell viability assays in primary tumor cells. CD138-positive cells isolated from MM or PCL patients were treated with DOTAL inhibitors (1 uM) for the indicated peri-
ods. A summary of the patients is at the top. Shown are means of 3-6 replications; error bars represent SEMs. sPCL: secondary plasma cell leukemia; MPB:
Melphalan + Prednisolone + Bortezomib; Bd: Bortezomib + Dexamethasone; Ld: Lenalidomide + Dexamethasone; MP: Melphalan + Prednisolone.
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cantly reduced after 6 to 7 days of treatment.”'* We there-
fore performed ChlIP-seq analysis of H3K79me2 in RPMI-
8226 and MM.1S cells treated for 3 days with 1 uM
SGC0946 or with DMSO, and gene expression microarray
analysis with cells treated with the drug for 6 days. ChIP-
seq analyses of RPMI-8226 and MM.1S cells respectively
identified 4483 and 1590 genes at which H3K79me?2 levels
were significantly reduced by DOTIL inhibition (Figure
4A, Online Supplementary Tables S1 and S2). Microarray
analysis revealed that expression of 912 and 390 genes
were downregulated (> 1.5-fold) by SGC0946 in these
cells (Online Supplementary Tables S3 and S4). Collectively,
we identified 249 genes in RPMI-8226 cells in which both

DOT1L is a therapeutic target in myeloma -

H3K79me2 and expression levels were significantly
decreased by SGC0946, while 67 genes were similarly
affected in MM. 1S cells (Figure 4A). We also identified 13
genes in which both H3K79me2 and expression levels
were decreased in both cell lines and 123 genes in which
either H3K79me2 levels or their expression levels were
decreased in these cell lines (Figure 4A). Among these, we
noted that 4 genes associated with IRF4 and MYC signal-
ing (MYC, IRF4, PRDM1 and KLE2) were affected in both
cell lines (Figure 4A). Visualization of the ChIP-seq data
clearly revealed decreased H3K79me2 levels in those 4
genes in both cell lines treated with SGC0946, though dif-
ferential peak call analysis failed to detect KLE2 in RPMI-
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Figure 4. Analysis of H3K79me2 and gene expression levels in MM cells treated with DOTAL inhibitors. (A) Integrated analysis of H3K79me2 and gene expression
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8226 cells (Figure 4B). The decreased H3K79me2 levels in  to detect suppression of MYC by SGC0946 in MM. 1S cells
these genes in MM cells treated with DOTI1L inhibitors  (Figure 4D). We also confirmed decreased levels of MYC
were further confirmed by a ChIP-qPCR analysis (Figure protein in MM cell lines treated with DOT1L inhibitors
4C). To validate binding of DOTIL to genes marked by  (Online Supplementary Figure S7), and we found that IRF4
H3K79me2, we performed ChIP qPCR and ChIP-seq expression was downregulated by DOT1L knockdown in
analysis using an anti-DOTI1L antibody. We observed MM cells (Online Supplementary Figure S2A).
enrichment of DOT1L in the IRF4-MYC signaling genes in
both cell lines (Online Supplementary Figure S6). DOT1L inhibitors affect immune responses and
In addition, qRT-PCR analysis confirmed decreased interferon signaling in MM cells
expression of the 4 genes in MM cell lines treated with In addition to their suppressive effects on H3K79me2
DOTIL inhibitors, though our microarray analysis failed and gene expression, DOTIL inhibitors also increased
A RPMI-8226 MM.1S
GOID GO Term P value GOID GO Term P value
1679  Immune system process 1.27E-20 1679  Immune system process 2.31E-09
5032 Immune response 1.27E-20 5032  Immune response 4.97E-07
5029  Defense response 1.35E-19 3906  Protein binding 1.75E-06
1985  Regulation of immune system process 3.57E-17 5198  Cell surface receptor signaling pathway 2.00E-06
5031 Inflammatory response 1.38E-16 16311 Response to cytokine 6.11E-06
25101 Regulation of response to stimulus 5.02E-16 31362 Cellular response to cytokine stimulus 2.54E-05
11151 Cytokine-mediated signaling pathway 1.14E-15 11151 Cytokine-mediated signaling pathway 2.78E-05
31362 Cellular response to cytokine stimulus 1.14E-15 1985  Regulation of immune system process 3.62E-05
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1987  Positive regulation of immune system process 1.10E-13 1555  Immune effector process 5.42E-05
6861  Response to biotic stimulus 3.09E-13 12802 Regulation of cell migration 5.43E-05
6859  Response to external stimulus 4.00E-13 19112 Regulation of locomotion 5.43E-05
5028  Response to stress 8.42E-13 19684 MHC class Il protein complex 6.27E-05
1555  Immune effector process 9.01E-12 12518 Signaling 7.92E-05
5198  Cell surface receptor signaling pathway 2.30E-11 21659  Single organism signaling 7.92E-05
22108 Leukocyte activation 4.30E-11 5186  Cell communication 1.23E-04
1997  Regulation of leukocyte activation 8.55E-11 41363  Regulation of cell motility 1.23E-04
16548 _Response to interferon-gamma 9.61E-11 31328 Cellular response to organic substance 1.52E-04
B RPMI-8226 MM.1S
Pathway P value Pathway P value
Type Il interferon signaling (IFNG) 0.00E-10 Allograft rejection 3.97E-09
Allograft rejection 3.27E-10 Spinal cord injury 5.32E-06
Interferon alpha-beta signaling 4.08E-10 Interferon alpha-beta signaling 6.31E-06
Regulation of toll-like receptor signaling pathway 1.81E-09 Insulin signaling 1.59E-05
Toll-like receptor signaling pathway 1.17E-08 Type Il interferon signaling (IFNG) 5.74E-05
Benzo(a)pyrene metabolism 9.18E-07 Myometrial relaxation and contraction pathways 7.12E-05
Cytokines and inflammatory response 2.28E-06 Kit receptor signaling pathway 5.38E-04
NOD pathway 1.34E-05 TCR signaling pathway 5.54E-04
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Figure 5, DOTAL inhibition affects immune responses and interferon signaling in MM cells. (A) GO analysis of genes of upregulated (> 1.5-fold) by SGC0946 (1 uM,
6 days) in RPMI-8226 and MM.1S cells. (B) Pathway analysis of genes upregulated by SGC0946 in the indicated MM cell lines. (C) qRT-PCR analysis of interferon-
stimulated genes in MM cells treated with the indicated DOTAL inhibitors. Results are normalized to ACTB expression. Shown are means of 3 replications; error bars
represent SEMs. *P<0.05; NS: not significant.
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Cytokine-mediated signaling pathway 8.54E-09 Myometrial relaxation and contraction pathways  5.60E-05
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Figure 6. Factors potentially associated with the sensitivity of MM cells to DOTAL inhibitors. (A) Mutations of cancer-related genes detected in KMS-12BM and KMS-
12PE. Genes shared by both cell lines are indicated by gray letters. fsDel: frameshift deletion. (B) gRT-PCR of MYC and IRF4. Results are normalized to ACTB expres-
sion. Shown are means of 3 replications; error bars represent SEMs. (C) Results of cell viability assays in KMS-12BM and KMS-12PE cells treated for 2 days with
the indicated concentrations of the MYC inhibitor 10058-F4. Results are normalized to cells treated with DMSO. Shown are means of 3 replications; error bars rep-
resent SEMs. (D) qRT-PCR analysis of MYC and IRF4 in KMS-12BM and KMS-12PE cells treated with the indicated DOTAL inhibitors (1 uM, 6 days). Shown are means
of 3 replications; error bars represent SEMs. (E) Results of cell viability assays in KMS-12PE and U-266 cells subjected to extended DOTLL inhibitor treatment. Cells
were treated with SGC0946 (1 uM) or DMSO for 9 days, after which 3x10* cells were placed in a new 6-well plate and cell viabilities were assessed at the indicated
times. Results are normalized to cells treated with DMSO. Shown are means of 3 replications; error bars represent SEMs. (F) Heat map showing genes downregulated
(> 1.5-fold) by SGC0946 (1 uM, 12 days) in KMS-12PE cells. (G, H) GO (G) and pathway (H) analyses of genes upregulated (> 1.5-fold) by SGC0946 (1 uM, 12 days)
in KMS-12PE cells. (I) Hypothesized mechanism underlying the antitumor effect of DOTAL inhibitors in MM cells.

- 162 haematologica | 2019; 104(1)




expression of a number of genes in MM cells. Microarray
analysis showed that 1255 probe sets were upregulated (>
1.5-fold) by SGC0946 in RPMI-8226 cells, as were 492
probe sets in MM.1S cells (Online Supplementary Tables S5
and S6). Among them, 143 probe sets (including 125 pro-
tein coding genes) were upregulated in both cell lines
(Online Supplementary Figure SSA). Gene ontology (GO)
analysis suggested that genes involved in “immune sys-
tem” and “immune response” were significantly enriched
among the upregulated genes in both cell lines (Figure 5A),
while pathway analysis revealed that genes associated
with “interferon (IEN) signaling” were significantly
enriched among the upregulated genes (Figure 5B). qRT-
PCR analysis confirmed that a series of IEN-stimulated
genes were upregulated by SGC0946 and EPZ-5676 in
MM cells (Figure 5C). However, ChIP-seq analysis
showed that H3K79me2 levels were not significantly
altered at these genes (Online Supplementary Figure SSB).
This suggests DOTIL inhibitors may affect immune
responses and IFN signaling through a H3K79me2-inde-
pendent mechanism in MM cells.

Gene mutations are potentially associated with the
DOTLL sensitivity in MM cells

Although the KMS-12BM and KMS-12PE cell lines were
established from the same patient,"” KMS-12PE cells were
less sensitive to DOT1L inhibitors and other epigenetic
drugs than KIMS-12BM cells (Figures 1A and 2A). To deter-
mine the molecular mechanism underlying this difference
in drug sensitivity, we carried out targeted sequencing of a
panel of cancer-related genes in these cell lines. In the 409
genes analyzed, mutations were detected in 12 genes in
KMS-12BM cells, while 14 mutations in 13 genes were
detected in KMS-12PE cells (Figure 6A, Ounline
Supplementary Table S7). Among these mutations, 8 were
found in both cell lines (Figure 6A). Notably, KMS-12PE
cells exhibited mutations in multiple histone modifier
genes (EP300, KMT2C and KMT2D), but KMS-12BM cells
did not (Figure 6A).

Extended treatment enhances the effect of DOT1L
inhibitors in MM cells

We next clarified whether IRF4-MYC signaling is asso-
ciated with the different sensitivities of KMS-12BM and
KMS-12PE cells to DOTIL inhibitors. gRT-PCR revealed
that MYC and IRF4 were expressed at lower levels in
KMS-12PE than KMS-12BM cells, suggesting lower IRF4-
MYC signaling may be associated with the impaired anti-
tumor effect of DOT1L inhibitors (Figure 6B). Consistent
with that idea, KMS-12PE cells were also less sensitive to
the MYC inhibitor 10058-F4 than were KMS-12BM cells
(Figure 6C). By contrast, RPMI-8226 cells, which were
sensitive to DOT1L inhibitors, were also highly sensitive
to 10058-F4 (Online Supplementary Figure S9).

It is noteworthy, however, that DOT1L inhibitors sup-
pressed expression of MYC and [RF4 in KMS-12PE cells
(Figure 6D). Moreover, extended treatment with DOTIL
inhibitors for up to 18 days led to strong growth suppres-
sion in the less sensitive KMS-12PE and U-266 cell lines
(Figure 6E). To clarify the mechanism underlying antitu-
mor effect of the extended treatment, we performed gene
expression microarray analysis with KMS-12PE cells treat-
ed with SGC0946 or DMSO for 12 days. This analysis
identified 509 (401 unique genes) probe sets that were
downregulated (> 1.5-fold) and 865 (739 unique genes)

that were upregulated (> 1.5-fold) by SGC0946 in KMS-
12PE cells (Online Supplementary Tables S8 and S9). Among
them, multiple IRF4-MYC signaling genes were downreg-
ulated by SGC0946 (Figure 6F). Moreover, gene ontology
and pathway analyses showed that genes associated with
“immune response” and “IFN signaling” were significantly
enriched among the upregulated genes (Figure 6G and H).
These results demonstrate that the time required for
DOTIL inhibitors to exert their effects varies among MM
cells.

Discussion

In the present study, we show that DOTIL inhibitors
exerted a strong anti-myeloma effect. Expression of
DOT1L is significantly higher in SmMM than NPC, sug-
gesting DOT1L may be causally associated with myelo-
magenesis.

DOTIL is the only known histone methyltransferase
that catalyzes mono-, di- and trimethylation at H3K79.7%
In mammals, most of H3K79 is unmethylated, and H3K79
methylation is linked to active transcription.”? DOTIL is
a component of large transcription complexes that also
include transcription factors such as AF4, AF9, AF10, ENL
and P-TEFb.**** Within these complexes, DOT1L may
initiate or sustain active transcription by mediating H3K79
methylation. DOTIL is also a potential drug target in
mixed lineage leukemia (MLL) gene rearranged leukemia.
DOTIL forms a complex with MLL fusion proteins, and
DOT1L-mediated H3K79 methylation leads to enhanced
expression of target oncogenes, including HOXA9 and
MEIS1.%” Recent studies have demonstrated the selective
and strong antitumor effects of DOT1L inhibitors against
MLL-rearranged leukemia.”"®** Similarly, DOTIL is a
potential therapeutic target in lung and breast cancer with
high DOT1L expression and neuroblastoma with MYCN
amplification.”*

We found that DOT1L inhibition targets the IRF4-MYC
axis in MM cells (Figure 6]). Aberrant activation of several
transcription factors, including MYC, MAE NF-kB and
IRF4, is involved in the development of MM.* MM cell
survival is strongly dependent on IRF4 and MYC, and
MYC is a direct target gene of IRF4 transactivation, while
IRF4 is a direct target of MYC.*® The IRF4-MYC axis is
thus considered to be an important therapeutic target in
MM, and a recent study showed that CBP/EP300 bromod-
omain inhibitors directly suppress IRF4 expression and
inhibit MM cell viability.** Moreover, dependence on the
KDMS3A-KLF2-IRF4 axis was recently reported in MM.*
KDMSA maintains KLF2 and IRF4 expression via H3K9
demethylation, and KLF2 directly targets [RF4 while IRF4
reciprocally activates KLF2, forming a positive autoregula-
tory circuit.® We found that DOT1L inhibition leads to
decreased levels of H3K79me?2 and repression of IRF4 and
its target genes, including MYC, PRDM1 (also known as
BLINMP1) and KLF2 in MM cells.** As previously shown,
H3K79me2 peaked just behind the transcriptional start
site of the active genes and gradually declined over the
course of the gene body,”** and it was significantly deplet-
ed in MM cells treated with a DOT1L inhibitor.

We found that genes associated with immune responses
and IEN signaling were significantly upregulated by
DOT1L inhibition in MM cells. The potential of IEN in the
clinical treatment of MM has long been recognized.

DOT1L is a therapeutic target in myeloma -
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Interferon-alpha (IFN-o) reportedly induces apoptosis and
inhibits growth in MM cell lines.” In the 1980s, IEN-a was
used as monotherapy in MM, with an overall response
rate of 15-20%.% In this study, we found that a series of
INF-stimulated genes were upregulated in MM cells by
DOTIL inhibitors, which may contribute to the drugs’
anti-myeloma effects. The mechanism underlying the
activation of immune response genes and INF signaling is
unclear. One possible mechanism is that DOT1L inhibi-
tion causes DNA damage that leads to stimulation of IFN
signaling.”” An earlier study reported that IRF4 functions as
a repressor by binding to the IFN-stimulated response ele-
ments of several genes, including IFN-stimulated gene 15
(ISG15), which suggests downregulation of IRF4 by
DOTIL inhibition may have caused upregulation of
ISG15.* More recent studies showed that DNA methyl-
transferase inhibitors stimulate an interferon response by
inducing endogenous double strand RNAs, which con-
tribute to the antitumor effect through DNA demethyla-
tion.**1It is presently unclear whether DOT1L inhibition
exerts similar effects in MM cells, however.

Finally, we investigated the mechanism determining
DOTIL sensitivity by focusing on two MM cell lines with
different sensitivities to DOTI1L inhibitors (KMS-12BM
and KMS-12PE). These cell lines were both established
from a 64-year-old female MM patient, KMS-12BM from
bone marrow and KMS-12PE from pleural effusion.”
Targeted sequencing of a panel of cancer-related genes
revealed that, although many of the mutations were pres-
ent in both cell lines, the less sensitive KMS-12PE cells har-

bored mutations in the histone modifier genes EP300,
KMT2C and KMT2D, which were absent in KMS-12BM
cells. A recent study reported that mutations in epigenetic
modifier genes were more frequently found in previously
treated MM patients than in newly diagnosed patients,
suggesting these mutations are associated with disease
progression and chemoresistance."” Thus, the mutation of
epigenetic modifier genes in KMS-12PE cells may be asso-
ciated with their reduced sensitivity to DOT1L inhibitors.
In addition, we also noted that KMS-12PE cells express
MYC and IRF4 at lower levels than KMS-12BM cells, sug-
gesting decreased dependence on the IRF4-MYC axis may
lead to lower sensitivity to DOT1L inhibitors in KMS-12PE
cells. It is noteworthy, however, that prolonged treatment
with DOTIL inhibitors exerted suppressive effects on
IRF4/MYC expression and cell viability in the less sensitive
MM cell lines. Our results suggest that DOT1L is a prom-
ising therapeutic target in MM, and further exploration of
DOTIL inhibitors for MM treatment is warranted.
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