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Abstract
Alzrigat, M. 2017. Targeted Inhibition of Polycomb Repressive Complexes in Multiple
Myeloma. Implications for Biology and Therapy. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Medicine 1296. 53 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-554-9805-4.

Multiple myeloma (MM) is a hematological malignancy of antibody producing plasmablasts/
plasma cells. MM is characterized by extensive genetic and clonal heterogeneity, which have
hampered the attempts to identify a common underlying mechanism for disease establishment
and development of appropriate treatment regimes. This thesis is focused on understanding the
role of epigenetic regulation of gene expression mediated by the polycomb repressive complexes
1 and 2 (PRC1 and 2) in MM and their impact on disease biology and therapy.

In paper I the genome-wide distribution of two histone methylation marks; H3K27me3 and
H3K4me3 were studied in plasma cells isolated from newly diagnosed MM patients or age-
matched normal donors. We were able to define targets of H3K27me3, H3K4me3 and bivalent
(carry both marks) which are, when compared to normal individuals, unique to MM patients.
The presence of H3K27me3 correlated with silencing of MM unique H3K27me3 targets in
MM patients at advanced stages of the disease. Notably, the expression pattern of H3K27me3-
marked genes correlated with poor patient survival. We also showed that inhibition of the
PRC2 enzymatic subunit EZH2 using highly selective inhibitors (GSK343 and UNC1999)
demonstrated anti-myeloma activity using relevant in vitro models of MM. These data suggest
an important role for gene repression mediated by PRC2 in MM, and highlights the PRC2
component EZH2 as a potential therapeutic target in MM.

In paper II we further explored the therapeutic potential of UNC1999, a highly selective
inhibitor of EZH2 in MM. We showed that EZH2 inhibition by UNC1999 downregulated
important MM oncogenes; IRF-4, XBP-1, BLIMP-1and c-MYC. These oncogenes have been
previously shown to be crucial for disease establishment, growth and progression. We found
that EZH2 inhibition reactivated the expression of microRNAs genes previously found to
be underexpressed in MM and which possess potential tumor suppressor functions. Among
the reactivated microRNAs we identified miR-125a-3p and miR-320c as predicted negative
regulators of the MM-associated oncogenes. Notably, we defined miR-125a-3p and miR-320c
as targets of EZH2 and H3K27me3 in MM cell lines and patients samples.  These findings
described for the first time PRC2/EZH2/H3K27me3 as regulators of microRNA with tumor
suppressor functions in MM. This further strengthens the oncogenic features of EZH2 and its
potential as a therapeutic target in MM.

In paper III we evaluated the therapeutic potential of targeting PRC1 in MM using the
recently developed chemical PTC-209; an inhibitor targeting the BMI-1 subunit of PRC1. Using
MM cell lines and primary cells isolated from newly diagnosed or relapsed MM patients, we
found that PTC-209 has a potent anti-MM activity. We showed, for the first time in MM, that
PTC-209 anti-MM effects were mediated by on-target effects i.e. downregulation of BMI-1
protein and the associated repressive histone mark H2AK119ub, but that other subunits of the
PRC1 complex were not affected. We showed that PTC-209 reduced MM cell viability via
significant induction of apoptosis. More importantly, we demonstrated that PTC-209 shows
synergistic anti-MM activity with other epigenetic inhibitors targeting EZH2 (UNC1999)
and BET-bromodomains (JQ1). This work highlights the potential use of BMI-1 and PRC1
as potential therapeutic targets in MM alone or in combination with other anti-MM agents
including epigenetic inhibitors.
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KDM6A Lysine Demethylase 6A 
KDM6B Lysine Demethylase 6B 
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miRNA, miR MicroRNA 
MM Multiple myeloma 
MMSET Multiple myeloma set domain 
PCs Plasma cells 
PcG Polycomb group protein 
PCL Plasma cell leukaemia 
PRC1 Polycomb repressive complex 1 
PRC2  Polycomb repressive complex 2 
PTMs Posttranslational modifications 
SMM Smoldering multiple myeloma 
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Introduction 

Multiple Myeloma 
Multiple myeloma (MM) is a malignancy of antibody producing plas-
mablasts/plasma cells (PCs). The MM clone is derived from a post-germinal 
center, isotype-switched, long living PC retaining the capacity to proliferate 
[1]. The disorder is characterized by clonal proliferation of the malignant 
PCs almost exclusively in the bone marrow (BM), monoclonal protein pro-
duction, osteolytic bone lesions, renal failure and immunodeficiency [2-5]. 
MM accounts for 1% of neoplastic disorders and 13% of hematological ma-
lignancies [2-5]. The median age at diagnosis is approximately 70 years with 
males developing the disease more frequently than females [2-5]. Current 
treatments of newly diagnosed MM patients are based on combinations of 
novel therapeutics agents including proteasome inhibitors (bortezomib), 
immunomodulatory agent (IMiDS) (lenalidomide and thalidomide), cortico-
steroids (dexamethasone and prednisone) and alkylating agents (cyclophos-
phamide and melphalan) [6-8]. Despite the fact that these treatment strate-
gies have improved the median survival time, the vast majority of MM pa-
tients eventually encounter refractory disease, and thus MM is still consid-
ered incurable and the need for improved therapy is imperative. 

The Biology of Multiple Myeloma 
MM is the last stage of a multistep process resulting in the malignant trans-
formation of asymptomatic premalignant proliferative clonal PCs derived 
from post-germinal center B-cells. The current view is that nearly all MM 
cases are derived from a premalignant benign phase known as monoclonal 
gammopathy of undetermined significance (MGUS). MGUS may progress 
into a premalignant and asymptomatic smoldering multiple myeloma (SMM) 
and finally to the symptomatic MM (Figure 1). MM can eventually develop 
into a disseminated form known as plasma cell leukemia (PCL) [1, 9, 10]. 
The multistep development of MM is dependent on two main factors: 1) 
intrinsic factors i.e. genetic and epigenetic changes that occur in PCs during 
the course of the disease [11] and 2) extrinsic factors represented by the MM 
PCs interactions with the BM microenvironment [12]. 
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The genetic abnormalities in MM are divided into two main categories: pri-
mary early chromosomal aberrations and secondary late-onset chromosomal 
translocations and gene mutations. These genetic lesions are important play-
ers in the development of MM as they affect the expression and function of 
important genes that regulate cell proliferation, survival, differentiation and 
transformation. Based on primary genetic events, MM can be divided into 
two different groups; hyperdiploid and non-hyperdiploid. The hyperdiploid 
group is characterized by trisomies of odd-numbered chromosomes, while 
the non-hyperdiploid group is known to harbor translocations involving the 
immunoglobulin heavy chain (IgH) loci [10, 13]. 
 

 
Figure 1. Schematic model of MM stages and molecular pathogenesis. MM 
develops from a germinal center B-cell. The current view is that MM is preceded by 
the pre-malignant condition MGUS, which could progress in some cases into the 
smoldering MM. MM is the symptomatic tumor that resides in the BM (intramedul-
lary). MM tumor cells may obtain the capacity to grow in extramedullary places e.g. 
in the blood, which is termed plasma cell leukemia. Several oncogenic events are 
now identified in MM e.g., primary as well as secondary Ig translocations, numeri-
cal chromosomal abnormalities, epigenetic changes, acquired mutations in onco-
genes and tumor suppressor genes. Reprinted with permission from Macmillan Pub-
lishers Ltd: Nature Review Cancer, (Morgan, GJ. et al.2012) [10]. 

In MM, hyperdiploidy is associated with a favorable prognosis, while non-
hyperdiploidy has been correlated with bad prognosis. The IgH transloca-
tions lead to dysregulation of oncogenes (Table 1); such as cyclin D1 
(CCND1) in case of t(11;14), cyclin D3 (CCND3) in t(6;14) [14] and the 
musculoaponeurotic fibrosarcoma oncogene homolog B (MAFB) in case of 
t(14;20) [15, 16]. These chromosomal translocations have been used for 
prognostic stratification in patients with MM (Table 1) [17]. It is, however, 
worth mentioning that IgH translocations are also frequently detected in the 
asymptomatic cases of MGUS and SMM and therefore may be regarded as 
necessary, but not sufficient to drive the transformation to the multiple mye-
loma [11, 14]. These findings highlight the importance of secondary or late 
genetic and epigenetic changes as well as BM microenvironment in MM 
pathogenesis. Consequently, the prognostic value of the primary IgH trans-
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locations in MM as single events has been highly debated [18, 19]. Second-
ary late onset translocations and mutations involved in MM progression in-
clude complex immunoglobulin (Ig) and non-Ig translocations targeting the 
MYC oncogene, gain of function mutations in oncogenes such as BRAF, 
NRAS and KRAS, loss of function of tumor suppressors e.g. P53, RB1, 
PTEN, CDKN2A and CDKN2C. In addition, mutations in genes of the NFkB 
pathway [20, 21] and epigenetic regulators such as the histone demethylases 
KDM6A (known as UTX) [22] and KDM6B (also known as JMJD3 or UTY) 
have been documented in MM [10, 20]. 
 
Table 1: Prevalence and prognostic value of primary IgH translocations in MM 

IgH 
Transclocation 

MGUS 
and 

SMM 
(%)

MM 
(%) 

Upregulated 
oncogene 

Prognostic 
value 

Ref 

t(4;14)(p16.3;q32) 3-13 11 
FGFR3 and 

MMSET 
Adverse [16] 

t(6;14)(p21;q32) Unknown 4 CCND3 Unknown [14] 

t(11;14)(q13;q32) 15-30 16 CCND1 Favorable [14] 

t(14;16)(q32;q23) 3 3 MAFC Adverse [16] 

t(14;20)(q32;q12) 1-5 1.5 MAFB Adverse 
[15, 
16] 

Genetic lesions in MM alter the expression of cell surface markers on MM 
cells and that, in turn affects the interactions between the malignant PCs and 
BM cells or extracellular matrix (ECM) proteins. This plays an essential role 
in MM initiation and progression. Such interactions are mediated by cell 
surface receptors e.g. integrins, cadherins, selectins and the Ig superfamily of 
cell adhesion molecules. Interactions between the MM and BM cells alter 
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the BM fluid compartment, which consists of cytokines and growth factors 
secreted by the myeloma cells and BM cells (Figure 2). Interleukin 6 and 10 
(IL-6 and 10), vascular endothelial growth factor (VEGF), insulin-like 
growth factor 1 (IGF1) and transforming growth factor beta 1 (TGFβ1) 
among others, are major cytokines and growth factors that enhance myeloma 
cell growth, survival, migration, drug resistance, myeloma cells homing to 
the BM and induction of osteolytic bone lesions [3, 4, 12, 23]. The end result 
of the accumulated genetic lesions in MM cells and changes in MM cells-
BM interactions is the clonal expansion of the abnormal malignant plasma 
cells to occupy the BM hematopoietic stem cell niche. 

Multiple Myeloma Clonal Heterogeneity 
In 1967, Peter Nowell proposed the concept of clonal heterogeneity and evo-
lution to cancer pathogenesis. He adapted the Darwinian theory of random 
genetic mutations and environmental driven selection for the generation of 
cancer clones described as the “survival of the fittest clones”, which are re-
sponsible for disease progression and relapse [24]. The advances in DNA 
sequencing, gene expression and genomic hybridization technologies have 
proved that clonal heterogeneity is a typical feature of MM [10, 21, 25-27]. 

In 2012, Bergsagel and colleagues performed a cytogenetic study on 28 MM 
patients during the course of the disease. They revealed that the genomes of 
cytogenetically defined high-risk MM patients display extensive changes 
during disease progression and response to therapy [26]. Using array com-
parative genome hybridization to follow one high risk MM patient with 
t(4;14) translocation, Bergsagel and colleagues revealed the existence of two 
major sub-clones that compete and alternate in dominance in response to 
therapy [26]. Using massive parallel sequencing of paired tumor/normal 
plasma samples derived from 203 MM patients Lohr et al. showed that near-
ly all tumors analyzed in the study exhibited evidence of clonal heterogenei-
ty, with most patients harboring a minimum of 3 sub-clones (not including 
the major clone) and some patients harboring as many as seven [21]. Later 
on, whole-exome and whole-genome sequencing have shown that intra-
clonal heterogeneity in MM is present at all stages of the disease from 
MGUS to PCL [28]. A recent study elegantly described this complex pattern 
of clonal heterogeneity in MM using exome sequencing coupled with copy 
number variation and cytogenetic analysis [27]. The authors revealed four 
diverse patterns of clonal evolution in MM patients i.e. no change in the 
clonal composition, linear evolution, differential clonal response, and 
branching evolution [27]. 
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Figure 2. Schematic representation of cross-talk between plasma cells and bone 
marrow microenvironment in multiple myeloma. MM plasma cells interact with 
the BM cells and the ECM through cell adhesions molecules. These interactions 
increase the production of growth factors and cytokines, which operate through 
autocrine and paracrine actions. The ultimate aim of these interactions is to stimulate 
the MM PCs growth, drug resistance, migration, angiogenesis and the induction of 
osteolytic bone lesions. IL- (Interleukin)-6, 8 and 1β; IGF-1; insulin like growth 
factor-1; VEGF, vascular endothelial growth factor; MIP1α, macrophage inflamma-
tory protein 1-alpha; SDF-1, stromal derived factor-1; DKK-1, dickkopf homolog-1. 
Reprinted with permission from John Wiley and Sons: Journal of Cellular Biochem-
istry (Mitsiades, CS. et al. 2007) [23]. 

The intra-tumor genetic and clonal heterogeneity in MM certainly limit the 
clinical benefits of personalized and targeted therapies. In most cases treat-
ments induce partial response by suppressing drug sensitive clones, without 
affecting the resistant clones, allowing them to dominate the tumor [27]. 
These findings point toward the utilization of combination therapies target-
ing co-existing sub-clones, as well as the investigation of alternative mecha-
nisms of importance for MM pathogenesis, i.e. epigenetic mechanisms, 
which could unravel new potential targets for pharmacological intervention. 
The contribution of epigenetic mechanisms to clonal heterogeneity in MM is 
becoming increasingly apparent. Recently, epigenetic mechanisms have been 
proposed as contributors to clonal heterogeneity and plasticity in MM [29]. 
In this study, epigenetic regulators were suggested to play essential roles in 
the bidirectional switch between a quiescent, less differentiated and low 
frequency subpopulation of malignant cells to the differentiated and highly 
proliferative dominant clone [29]. Collectively, these efforts underscore the 
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sophisticated and brilliant plastic nature of tumor cells and may explain the 
high relapse frequency commonly observed in MM patients. 

Multiple Myeloma Tumor Initiating Cells 
The current view on tumor initiation suggests the presence a subset of cells 
within the tumor, which display the main features of stem cells i.e. capacity 
of self-renewal, cytostatic drug resistance and induction of disease relapse 
[30]. Many studies have suggested that the MM initiating cell alternatively 
could belong to the hematopoietic stem/progenitor cells, B-cells or plasma 
cells [31, 32]. Different groups have also suggested the presence of two cell 
populations; CD138- (immature) and CD138+ (mature) PCs in MM with 
clonogenic potential in vitro and in vivo. Matsui et al. demonstrated the 
clonogenic potential of CD138- fraction (including CD34-, CD19+ and CD 
20+), but not the CD138+ cells, in nonobese diabetic/ severe combined im-
munodeficiency (NOD/SCID) mice [33]. In contrast, the clonogenic ability 
of CD138+ tumor cells derived from MM patients’ specimens was demon-
strated when implanted into SCID rabbit model [34]. Recently, our group 
provided evidence that both CD138- and CD138+ MM PCs have clonogenic 
potential in vitro and in vivo [35]. We noticed, however, that CD138+ PCs 
exhibited increased tumor formation capacity over the CD138- PCs in the 
5T33 MM mouse model [35]. It is worth mentioning that discrepancies in 
these results could be reasoned to differences between the animal models 
and the bone marrow environment requirements of tumor establishment used 
in the different studies. Taken together, the data from these studies collec-
tively suggest that the tumor initiating capacity of MM is not restricted to 
CD138 expression in the MM tumor clone. 

Models of Multiple Myeloma 
Multiple Myeloma research, utilizing different in vitro and in vivo models of 
MM, has largely increased our understanding of the biology of MM and 
aided in the development of different preclinical and clinical treatment strat-
egies. The following is a brief overview of current relevant models that are 
being used in myeloma research. 

In vitro Multiple Myeloma Models 
Purified human primary MM cells and authentic MM cell lines are the pre-
ferred models for in vitro studies in myeloma research. One obstacle when 
using primary patient samples is that these cells do not proliferate and there-
fore cannot be maintained for long periods of time in cell culture. MM cell 
lines have been extensively used to understand the biology and targeted 
treatment of MM. Currently; there are about 80 authentic MM cell lines that 
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have been established in cultures from MM patients with advanced, often 
terminal, disease stage. MM cells derived from BM of non-progressive dis-
ease require the presence of a stromal feeder layer or conditioned medium 
with IL-6 to grow in culture [36]. Many MM cell lines such as RPMI-8226, 
LP-1, INA-6, U266, KMS-11, JJN3, KMS-12BM, OPM-2, and L363 are 
authenticated to be derived from MM patients and are now established tools 
used worldwide as in vitro MM models [36]. 

In vivo Multiple Myeloma Models 
Current knowledge in MM has greatly benefited from the development of in 
vivo animal models for MM. A representative model for MM must reflect 
and imitate the biological and clinical characteristics of the disease in hu-
mans, i.e. it must exhibit the same genetic aberrations of myeloma cells, 
clinical symptoms of the patients and MM cell-BM interactions. There are 
some in vivo MM models that have been proven to represent many aspects of 
the human disease and are being widely used to understand the biology of 
MM and the development of anti-MM therapies. Of these models the 5T 
murine model, the SCID-human (SCID-hu) model and the MYC dependent 
Vk*MYC mouse model are most frequently used in MM research [37]. 

5TMM Mouse Model 
The 5T murine model of MM is a syngeneic mouse model originally derived 
from aging C57BL/KaLwRij black mice which spontaneously develop MM 
[38]. The syngeneic 5TMM models, characteristically similar to the human 
condition, have two unique advantages: they are immune competent and they 
faithfully recapitulate BM homing [38]. The 5T model exists in several vari-
ants, two of which have been extensively characterized and utilized: 1) the 
5T2MM model, which represents the slow progressing form of MM and, to a 
very large extent, resembles the human form of the disease [39]. 2) The 
5T33MM model represents the aggressive rapidly growing form of MM 
[39]. Clinically, these two models largely resemble the human MM disease 
e.g. serum M-component, localization of MM cells to the BM, angiogenesis 
and osteolytic bone lesions [39, 40]. Thus, the 5TMM mice models are con-
sidered relevant in studying the etiology of human MM and can be used for 
treatment studies in large scale also combining drugs previously found rele-
vant in in vitro studies. 

SCID-human Mouse Model  
The severe combined immunodeficient (SCID) mouse model is derived from 
the BALB/c C.B-17 inbred mouse strain, in which spontaneous point muta-
tions in chromosome 16 have occurred. The SCID mice are characterized by 
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an intact innate immunity but lack the adaptive (T and B- cell) immunity 
[41] and therefore, are ideal animal models for studying human cancers. The 
SCID human mice model is a human MM model where the SCID mice serve 
as a host for the human MM cells and human fetal bone xenografts. Human 
fetal bone xenograft is intended to generate the human bone microenviron-
ment to make it possible for primary human MM cells and cell lines to grow 
in the mice [42, 43]. Although, the model provides a suitable MM cells-BM 
network of interactions [42, 43], the SCID-human model has raised ethical 
concerns due to fetal bone xenografts. 

The Vk*MYC Mouse Model 
In the Vk*MYC mouse model a conditional activation of the MYC gene is 
achieved by the activation-induced deaminase (AID), which is required for 
Ig class switch recombination and somatic hyper-mutation in germinal center 
B-cells [44]. In human MM, MYC activation has previously been correlated 
with disease progression from MGUS to MM [45]. The Vk*MYC mice de-
velop indolent MM, while control C57BL/6 mice develop MGUS with age. 
Vk*MYC mice displayed the biological and clinical features highly charac-
teristic of the human disease [44]. Thus, the Vk*MYC MM mouse model 
could be used to study the biology of MM in its native microenvironment. 

Epigenetic Regulation in Multiple Myeloma 
Epigenetics describes the study of heritable changes in gene expression and 
cellular phenotypes independent of the DNA sequence. Epigenetic changes 
affect DNA templated processes such as DNA replication and repair, gene 
transcription and RNA splicing [46]. Several epigenetic mechanisms have 
been proven to be involved in gene regulation including: DNA methylation, 
histone protein posttranslational modification, chromatin remodeling and 
non-coding RNA [47]. Epigenetic mechanisms are important regulators of 
fundamental biological processes such as pluripotency, cellular differentia-
tion and reprogramming [47, 48]. Deregulation of epigenetic mechanisms is 
evident in cancer with the current massive research efforts focusing on tar-
geting aberrant epigenetic factors and profiles in the battle against cancer 
[49-51]. In addition to genetic abnormalities, the role of epigenetic mecha-
nism is increasingly evident in the development of MM [52]. 

DNA Methylation in Multiple Myeloma 
DNA methylation is the most studied epigenetic mechanism in mammals. It 
is defined as the covalent addition of a methyl group on the carbon-5 posi-
tion of cytosine nitrogenous base, especially at CpG dinucleotide islands at 



 19

promoter regions, which leads to gene silencing [53]. DNA methylation is 
catalyzed by a set of enzymes called DNA methyltransferases 1, 3A and 3B 
(DNMT1, DNMT3a and DNMT3b). DNMT3a and DNMT3b are considered 
as de novo DNA methyltransferases, while DNMT1, also known as mainte-
nance DNMT, is responsible for maintaining DNA methylation after replica-
tion. However, some studies have suggested that all DNMTs possibly pos-
sess both de novo and maintenance functions [54-56]. Initially, DNA meth-
ylation was suggested to be a permanent epigenetic mark; however, this idea 
has recently been challenged by the identification of an active process of 
DNA demethylation catalyzed by enzymes belonging to the ten-eleven trans-
location (TET) protein family [57-59]. 

Multiple Myeloma, as for most tumors, is characterized by global DNA hy-
pomethylation and hypermethylation at the promoter regions of tumor sup-
pressor genes. Several studies have reported on the hypermethylation of 
known tumor suppressor and cell cycle control genes in MM e.g. cyclin-
dependent kinase inhibitor 2A and 2B (CDKN2Aand CDKN2B) [60, 61], 
paired box 1 (PAX1), adenomatous polyposis coli (APC), suppressor of cy-
tokine signaling 2 (SOCS2) [62], glutathione peroxidase 3 (GPX3), retinol-
binding protein 1 (RBP1), secreted protein, acidic, cysteine-rich (SPARC), 
and transforming growth factor β induced (TGFBI) [63]. All these studies 
suggest that promoter hypermethylation increases during the course of the 
disease, reaching its maximum in plasma cell leukemia and MM cell lines. 
However, a recent study using whole-genome bisulfite sequencing and high-
density arrays reported that MM is characterized by regional DNA hyper-
methylation embedded in extensive hypomethylated regions [64]. In contrast 
to the common knowledge that DNA methylation is enriched at promoter 
CpG islands, these MM hypermethylated regions were located outside CpG 
islands and were enriched in intronic enhancer regions harboring binding 
sites of B cell-specific transcription factors [64]. Similar to other tumors, the 
global hypomethylation in MM leads to genomic instability, and correlates 
with disease progression [65] and poor prognosis [66]. The cause and conse-
quences of abnormal DNA methylation pattern in MM is currently unknown; 
however, increased expression of DNMT1, DNMT3a [60, 62, 63] and miR-
22 that negatively regulates TET2 [67] have been documented in MM, 
which may in part explain the deregulation in DNA methylation patterns 
observed in MM. 

MicroRNA in Multiple Myeloma 
MicroRNAs (miRNAs, miRs) are small (around 22 nucleotides) endogenous 
non-coding RNAs that regulate gene expression in a sequence specific man-
ner. MiRNAs regulate the expression of target genes through the degradation 
of mRNA or translational inhibition depending on the sequence complemen-
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tarity between miRNAs and their target mRNA molecules [68]. MiRNAs are 
important regulators of several biological processes including cell prolifera-
tion, differentiation and death [69]. Therefore, miRNAs have been described 
as tumor suppressors or oncogenes in various cancer types where the deregu-
lation in miRNA expression could be linked to tumor initiation, progression 
and metastasis [70-72]. In MM, abnormal miRNA expression and function 
have been attributed to genetic lesions such as chromosomal translocations 
and copy number variations [73-76], as well as aberrant epigenetic mecha-
nisms such as DNA methylation [77, 78]. Recent analysis of global miRNA 
expression in MM has stressed the important role that miRNAs play in MM 
by correlating deregulation of miRNA expression in MM to disease progres-
sion, molecular subtype, isotype, survival and response to treatment [73-76, 
79, 80]. Consequently, miRNAs have now been assigned both oncogenic and 
tumor suppressor functions in MM. 

Several studies have demonstrated the oncogenic role of miRNAs in MM. 
For example, IL-6 regulates the transcription of miR-21 in MM cell lines, 
and ectopic expression of miR-21 may sustain MM cell growth in the ab-
sence of IL-6, suggesting an oncogenic role for miR-21 in IL-6 dependent 
MM cell lines [81]. In addition, Pichiorri et al. reported an overexpressed 
oncogenic miRNA signature in both MGUS and MM in comparison to 
healthy donor plasma cells [82]. The MM signature included miR-21, miR-
106b-25 cluster, miR-181a and b. In this study, miR-106b-25 cluster, miR-
181a and b were shown target the P300/CBP-associated factor (PCAF) tran-
script, which is involved in regulating the activity of the tumor suppressor 
protein P53 [82]. Furthermore, the authors described a selective upregulation 
of miR-32 and miR-17-92 cluster in MM subjects and cell lines, but not in 
MGUS and normal plasma cells. MiR-17-92 cluster adopted oncogenic po-
tential by targeting the suppressor of cytokine signaling 1 (SOCS-1) gene 
mRNA; a tumor suppressor acting as negative regulator of IL-6 signaling 
[82]. Others have reported the oncogenic properties of miR-17-92 cluster 
and Let-7 family members in MM by their role in enhancing angiogenesis 
[83], a hallmark of disease establishment and progression. 

On the other hand, several studies have identified underexpressed miRNAs 
with tumor suppressor functions in MM. For example, underexpression of 
miR-196b, miR-135b, miR-320, miR-20a, miR-19b, miR-19a and miR-15a 
has been reported in MM, which is believed to enhance MM cell growth via 
overexpression of their predicted target oncogene cyclin D2 (CCND2) [84]. 
This hypothesis is supported by the fact that overexpression of pre-miRNA-
15a in MM cells reduces MM cell growth in vitro and in vivo partly through 
downregulation of CCND2 protein levels [85]. Another example of tumor 
suppressor miRNAs in MM is miR-34a, which is reported to be underex-
pressed in MM [86]. Ectopic expression of miR-34a in MM cells demon-
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strated anti-MM activity in vitro and in vivo via inhibition of cell growth and 
induction of apoptosis [87]. In a similar manner, the underexpression of 
miR-155, miR-198, miR-135a, miR-200c, miR-663and miR-483-5p was 
shown in MM and the ectopic expression of these microRNAs was found to 
reduce MM cell proliferation, migration and clonogenic capacity [88]. 

It is well known that interactions between MM cells and the BM microenvi-
ronment are important determinants in MM initiation, progression, dissemi-
nation, treatment and relapse [12, 23, 89]. Recent studies have demonstrated 
that MM cells and the BM microenvironment utilize miRNAs as novel 
routes for cellular cross-talk [90]. Roccaro et al. demonstrated that exosomes 
carrying miRNAs, released from BM mesenchymal cells, were actively 
transferred to MM cells resulting in sustained tumor growth in vitro and in 
vivo [91]. Similarly, miRNAs containing exosomes derived from MM cells 
were suggested to enhance MM tumor growth via inhibiting their targets in 
BM endothelial cells [92]. Although the impact of miRNA as inter-cellular 
communicators remains to be established, secreted miRNAs in MM have 
been investigated for their potential use as biomarkers. As such, analysis of 
miRNA expression in the plasma of MM patients has identified a set of 
miRNAs correlating with genetic sub-groups and survival in MM proposing 
the use of plasma miRNAs as potential clinical biomarkers in MM [93]. 

Histone Posttranslational Modifications 
In eukaryotes, DNA forms a complex with histone proteins making up what 
is known as chromatin. Chromatin is made of building blocks called nucleo-
somes; each consisting of around 147 base pairs of DNA wrapped around a 
histone octamer, composed of 2 units of each the core histones (H2A, H2B, 
H3 and H4). Another histone called histone 1 (H1) links the nucleosome 
together and aids in the formation of high ordered chromatin structures. The 
N-terminal domains of the core histone proteins (also known as histone tails) 
are subjected to different posttranslational modifications (PTMs) that affect 
the chromatin structure and consequently all chromatin templated processes 
such gene transcription, DNA replication and repair [47]. This indicates the 
important role of histone PTMs in many cellular processes such as differen-
tiation, proliferation and homeostasis. Aberrations in histone tail PTMs may 
have disastrous consequences, such as cellular transformation [94, 95]. 

Histone tails are prone to several covalent, reversible modifications includ-
ing methylation, acetylation, phosphorylation, ubiquitination, and sumoly-
ation. Histone acetylation, methylation and phosphorylation are the most 
studied posttranslational modifications due to their crucial role in regulating 
gene transcription [96, 97]. Histone acetylation occurs at lysine (K) residues 
and it is associated with open chromatin structure i.e. histone lysine acetyla-
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tion is a mark of active gene transcription [98]. Similarly, histone protein 
phosphorylation is a mark of active transcription [99]. The situation is more 
complex with histone methylation as it has been documented that methyla-
tion of histone proteins at arginine and lysine residues marks both transcrip-
tionally active and repressed regions. Whether a methylation mark is activat-
ing or repressing transcription is dependent on the amino acid modified and 
the state of methylation (mono, di or tri-methylation). For example, tri-
methylation of histone 3 lysine 4 (H3K4me3) and H3K36me3 is associated 
with gene activation, while H3K9me3, H3K27me3 and H4K20me3 signal 
transcriptional repression [96, 97, 100]. It is worth mentioning that histone 
PTMs form a chromatin language or what is known as “histone code” with 
which different histone PTMs communicate with each other and show a 
substantial cross-regulation, leading to complex regulatory networks [101]. 
Gene transcription is greatly influenced by the distribution of different his-
tone PTMs in the regulatory regions and bodies of target genes, as shown in 
Figure 3 [97]. 

Polycomb Group Proteins in Multiple Myeloma 
The polycomb group proteins (PcG) are a class of transcriptional regulators 
that mediate gene repression by several mechanisms including histone post-
translational modifications [102, 103]. They were first discovered in the fruit 
fly Drosophila as critical regulators of the transcription of key developmen-
tal genes known as Hox genes [104]. PcG are highly conserved epigenetic 
regulators from Drosophila to Human. Therefore, their function as transcrip-
tional regulators of key genes during mammalian embryonic development 
and cell differentiation is well recognized [105]. In order to regulate tran-
scription, the PcG form multimeric protein complexes called polycomb re-
pressive complexes (PRCs). Sofar two PRCs have been characterized; PRC1 
and PRC2 [102, 103]. 
 
In mammals, PRC2 consists of core PcG components: embryonic ectoderm 
development (EED) subunit, suppressor of zeste 12 (SUZ12) and the enzy-
matic subunit enhancer of zeste 2 (EZH2) or its close homolog EZH1. 
Through EZH2 and EZH1, PRC2 can install the transcriptional repressive 
histone mark; tri-methylation of histone 3 lysine 27 (H3K27me3) at PRC2 
target genes [102, 103]. 
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Figure 3. The distribution of several histone marks relative to target genes and 
their effects on transcription. Except for K27 and K9 methylation, the rest of the 
data is largely based on studies from yeast. Arrow indicates the transcription start 
site. The – and + signs indicate negative and positive regulation of transcription, 
respectively. Reprinted with permission from Elsevier: Cell (Li ,B. et al. 2007) [97]. 
 
The composition of PRC1 is more complex with two common components; 
RING finger protein 1A/B (RING1A/B) with B lymphoma Mo-MLV inser-
tion region 1 homolog (BMI-1), polycomb group RING finger protein 2 
(PCGF2) or PCGF1. RING1A/B possess an E3 ubiquitin ligase activity that 
catalyzes the formation of the transcriptional repressive histone mark; mono-
ubiquitination of histone H2A at lysine 119 (H2AK119ub) at PRC1 target 
sites. It is worth mentioning that other components of both PRCs have been 
described [102, 103], which could be dependent on many factors; such as 
developmental stage, tissue and cell type and the nature of target genes. 
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Recently, two models have been proposed to explain the recruitment of 
PRC1 and PRC2 to their target genes (Figure 4). The canonical model sug-
gests that PRC2 is first recruited to target genes by several ill-defined mech-
anisms, which possibly involve PRC2 specific response elements, long non-
coding RNA and/or transcription factors. Once recruited, PRC2 installs the 
H3K27me3 mark, which acts as docking site for PRC1. PRC1 via one of the 
chromodomain-containing chromobox (CBX) subunits binds to H3K27me3 
and subsequently stabilizes the repression of nearby genes through 
RING1A/B-mediated ubiquitination of histone H2A at lysine 119 
(H2AK119ub) and subsequent chromatin condensation [106, 107]. The new 
model suggests a variant form of PRC1 complex contains ring 1 and YY1 
binding protein (RYBP), lysine demethylase 2B (KDM2B) and polycomb 
group RING finger protein 1 (PCGF1) to be recruited first to unmethylated 
CpG islands. It ubiquitinates nearby H2AK119, leading to the recruitment of 
PRC2. Once recruited, PRC2 adds the H3K27me3 repressive mark, which in 
turn recruits the canonical PRC1 complex further spreading the H2AK119ub 
mark [107, 108]. However, it is important to mention that unique target 
genes to PRC1 or PRC2 also exist. To further enhance gene repression, 
PRC2 was reported to associate with DNA methylation leading to permanent 
gene silencing [109, 110]. However, the exact recruitment paths of these 
complexes remain elusive. 

H3K27me3 is a mechanism that suppresses the transcription of genes proxi-
mal to the site of modification and play essential roles in many biological 
processes during embryonic development such as cellular pluripotency, 
growth, survival and differentiation [106, 111]. Deregulation of PRC2 com-
ponents, especially EZH2 due to overexpression and mutations, has been 
described in tumors of different origins such as B-cell lymphomas [112, 
113], ovarian cancer [114], prostate cancer [115], glioblastomas [116], and 
medulloblastoma [117]. This leads to the accumulation of H3K27me3 re-
pressive mark and subsequent gene repression (Figure 5). Recently, the 
pathologic activation of EZH2 due to gain of functions mutations and the 
associated increase in H3K27me3 mark have been clearly demonstrated to 
be essential for the development of germinal center derived B-cell lympho-
mas [118, 119]. These data strengthen the role of PRC2, its enzymatic subu-
nits EZH2/EZH1 and the associated H3K27me3 mark in tumor formation, 
and suggest the PRC2 as potential therapeutic target alone or in combination 
with current treatment regimes, in a wide range of tumors. 
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Figure 4. Coordinated recruitment of mammalian PRCs to target genes. (a) The 
canonical model supports the initial recruitment of PRC2 to target genes via several 
mechanisms and the installation of H3K27me3 (step 1), which followed by PRC1 
recognition of H3K27me3 and recruitment (step 2), which allows the deposition of 
H2AK119ub further implying transcriptional repression. (b) The new model sug-
gests that PRC1 is recruited first to unmethylated CpG sites followed by the addition 
of H2AK119ub (step 1), which followed by PRC2 binding to H2AK119ub and the 
installation of H3K27me3 mark (step 2). This allows the recruitment of canonical 
PRC1 to further repress gene transcription by further deposition of H2AK119ub 
(step 3). Reprinted with permission from Macmillan Publishers Ltd: Oncogene 
(Koppens, M and van Lohuizen, M. 2015) [107]. 

The role of PRC2 and H3K27me3 in MM pathogenesis has been suggested 
by us [120] and others [121]. In 2005, EZH2 was suggested to be an onco-
gene in MM as its overexpression and histone methyltransferase activity 
correlated to cellular transformation and tumor formation in vitro and in vivo 
[121]. Moreover, EZH2 was found to be overexpressed in the most aggres-
sive myelomas [122]. It is worth mentioning that no mutations were found in 
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the EZH2 gene in MM [123]. Recently, the overexpression of MMSET in 
MM with t(4;14) was described to cause global chromatin changes associat-
ed with increased H3K36me2 and redistribution of H3K27me3 [124]. Fur-
ther highlighting the emerging role of H3K27 methylation in MM, loss of 
function mutations or deletions in the H3K27 demethylase KDM6A gene 
(also known as UTX) were reported in MM patients [22, 123]. In 2010, we 
aimed to identify mechanisms underlying gene silencing in MM by correlat-
ing publicly available gene expression data to previously defined literature 
concepts [120]. This integrative genomic analysis led us to the important 
discovery that genes commonly silenced in MM, when compared with nor-
mal plasma cells, significantly overlapped with genes targeted by polycomb 
in human embryonic cells [125]. Taken together, we hypothesized that poly-
comb gene targeting may have a pivotal role in MM tumorigenesis and pro-
teins of the PRC2 may constitute potential therapeutic targets in MM. 

Like PRC2, the PRC1 play important roles during embryonic development, 
stem cell maintenance, cell differentiation and reprogramming [105, 126]. 
However, several subunits of the PRC1 complex have been found to be de-
regulated in a wide range of tumors including hematological and solid tu-
mors [107, 126]. Of particular importance, the PRC1 subunit BMI-1 report-
edly confers stemness properties to cancer cells of solid and hematopoietic 
origins [127-129], correlating with therapy failure in various types of cancer 
[130-133]. In support of its function as an oncogene, BMI-1 was originally 
found to be an important co-factor partnering with the MYC oncoprotein in 
lymphomagenesis [134, 135]. Later, BMI-1 was found to be overexpressed 
in various human cancers with an important impact on tumor initiation, pro-
gression and response to anti-cancer therapy [136-138]. The role of BMI-1 
in MM is becoming increasingly evident as it was found to be overexpressed 
in MM and to promote MM cell growth [139]. Recently, analysis of gene 
expression dataset of MM demonstrated the overexpression of BMI-1 in all 
stages of MM progression and suggested to be a predictor of poor survival in 
relapsed MM cases treated with bortezomib or dexamethasone [140]. BMI-1 
knockdown was found to have anti-tumor effects in MM via upregulation of 
the pro-apoptotic gene BIM [139] and to sensitize MM cells to bortezomib 
treatment [141]. Taken together, these data highlight PRC1/BMI-1 as poten-
tial therapeutic targets in MM. 
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Figure 5. Proposed mechanisms for H3K27me3 deregulation in cancer. (a) Gain 
of function mutations in EZH2 (Y641). (b) Overexpression of EZH2. (c) Loss of 
function mutations in H3K27me3 demethylase UTX. (d) Overexpression in PRC2 
component PHF19/PCL3 results in enhanced PRC2 recruitment to target genes. All 
scenarios lead to the accumulation of histone H3K27me3 at the promoter regions of 
PRC2 target genes and consequently transcriptional repression of key genes in can-
cer. Reprinted with permission from National Academy of Sciences, PNAS 
(Sneeringer, CJ. et al. 2010) [118]. 

Genetic-Epigenetic Cross-talk in Multiple Myeloma 
Considering the large genetic heterogeneity of MM, several reports have 
documented a cross-talk between genetic lesions and aberrant epigenetic 
profiles such as DNA methylation [62, 142], histone modifications [124, 
143] and non-coding RNA [67, 74, 76] in molecular pathogenesis and prog-
nosis of MM. 

The recurrent immunoglobulin translocation, t(4;14)(p16;q32) stands as a 
solid example of genetic-epigenetic cross-talk in MM. The t(4;14) transloca-
tion occurs in 15-20% of the patients and is associated with poor prognosis 
[1]. The t(4;14) translocation results in upregulation of the fibroblast growth 
factor receptor 3 (FGFR3) and multiple myeloma SET domain (MMSET) 
genes. It is worth mentioning that in 30% of MM tumors harboring the 
t(4;14), FGFR3 is not expressed due to unbalanced t(4;14) and loss of deriv-
ative der(14) [144]. Importantly, the poor prognostic value of t(4;14) in these 
cases remains unaffected, suggesting an important role for MMSET in MM 
[144]. The MMSET (also known as NSD2 /WHSC1) gene encodes for a his-
tone methyltransferase that catalyzes Histone 4 Lysine 20 di-and tri-
methylation (H4K20me2, 3) [145] and Histone 3 lysine 36 di-methylation 
(H3K36me2) [145, 146]. In MM, MMSET was suggested to function as an 
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oncogene as its overexpression restored the tumorigenicity of t(4;14) nega-
tive MM cells. This was associated with increased transcriptional activity of 
oncogenic programs that are dependent on H3K36me2 chromatin mark 
[146]. 

Another example of cross-talk between genetic and epigenetic mechanisms 
in MM is evident between copy number aberrations (CNAs) of 1q21 and 
DNA methylation status of the 1q12 pericentromeric heterochromatin [142]. 
The authors found that hypomethylation of 1q12 pericentromeric hetero-
chromatin by 5-azacytidine induced copy number gains in the 1q21 region, 
which mimics CNAs found in the bone marrow of patients with high-risk 
disease [142]. Genetic-epigenetic cross-talk in MM is further documented by 
the global elevation of miRNA expression in high-risk myeloma due to 
overexpression of the miRNA master regulator of maturation and function; 
Argonaute 2 (AGO2) by copy number gains [67]. Furthermore, miRNA ex-
pression was found to correlate with number of DNA copies of their corre-
sponding loci in primary plasma cell leukemia [73]. In addition, recent ge-
nomic analysis projects in MM identified the H3K27me3 demethylase 
KDM6A gene to harbor loss of function mutation [20, 22] or deletions [123]. 
In summary, these findings demonstrate the intricate relationship between 
genetic makeup and epigenetic mechanisms in MM and suggest genetic ab-
errations in MM as potential prime drivers of abnormal epigenetic profiles in 
MM. 

Cross-talk between Epigenetic Mechanisms in Multiple 
Myeloma 
Recent research in MM revealed that different epigenetic processes affect 
each other and may also cooperate to support MM cell growth. For example, 
the expression of miRNAs in MM has been extensively studied in the con-
text of being targets for DNA methylation. Zhang et al. showed that DNA 
methylation mediate the repression of a set of tumor suppressor miRNAs; 
miR-152, miR-10b-5p and miR-34c-3p. Treatment with the DNA demethyl-
ating agent 5-aza-2´-deoxycytidine reactivated the expression of these miR-
NAs, resulting in the downregulation of their putative target oncogenes, in-
duction of apoptosis and suppression of MM cell growth [77]. Similarly, 
miR-155, miR-198, miR-135a, miR-200c, miR-663 and miR-483-5p have 
been shown to be underexpressed in MM due to promoter hypermethylation. 
Treatment with the demethylating agent 5’azacytidine restored their expres-
sion with anti-MM effects [88]. 

Moreover, cross-talk between different histone modifiers to enhance the 
growth of MM cells has been documented in the silencing of the pro-
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apoptotic gene BIM. We have previously reported that survival signaling via 
the IGF-1 receptor in MM leads to epigenetic silencing of the pro-apoptotic 
gene BIM via H3K9me3 [147]. Independently, Jagani et al. demonstrated the 
oncogenic function of the polycomb group protein (PcG) BMI-1 in MM 
through repression of the pro-apoptotic gene BIM [139]. A recently de-
scribed example of cross-talk between histone modifiers and histone marks 
is the relationship between MMSET/H3K36me2 and EZH2/H3K27me3 in 
the context of t(4;14) MM. Martinez-Garcia and Popovic et al. showed that 
high MMSET activity is associated with increased levels of H3K36me2 and 
a striking decrease in H3K27me3 levels [124]. Later, the same groups 
showed that despite the decrease in H3K27me3 in MMSET overexpressing 
cells, H3K27me3 and EZH2 were enriched at specific genomic loci contain-
ing genes known to play roles in normal germinal center B-cells as well as 
genes known to be targets of c-MYC oncogene in B-cells [143]. Collectively, 
these data indicate that different epigenetic marks cooperate to establish a 
common oncogenic pathway to support MM cell growth. 

Epigenetic Therapy in Multiple Myeloma 
In the last decade, epigenetic factors, enzymes and regulators have become 
primary drug targets in the battle against cancer. A large number of agents, 
some of which are being currently used in clinical practice, have been devel-
oped to target several epigenetic processes; particularly DNA methylation, 
histone acetylation and methylation [49, 148]. For example, the DNA me-
thyltransferases inhibitors (DNMTi) 5-azacytidine (Vidaza) and 5-aza-2`-
deoxycytidine, (Dacogen or decitabine) are being used in the treatment of 
myelodysplastic syndrome [149, 150]. DNMTi exhibited anti-myeloma ef-
fects in vitro [151], while in vivo anti-myeloma effects need to be further 
examined in clinical trials. The development of miRNAs mimics and inhibi-
tors have made miRNA based therapy a rapidly expanding field [152]. Sofar, 
overexpression of a few tumor suppressor miRNAs or their mimics has 
shown anti-MM activity in vitro [77, 88] and in vivo [87, 153]. The use of 
miRNA as a therapeutic procedure in clinical settings is very challenging as 
issues such as overcoming the endonuclease activity and delivery to target 
cells need to be addressed before miRNA can be introduced in clinical prac-
tice. 

One class of epigenetic drugs used in MM treatment is the histone deacety-
lase inhibitors (HDACis). HDACis are classified into different groups based 
on their chemical structures (short chain fatty acids, mercaptoketones, cyclic 
tetrapeptides, hydroxamic acids and benzamides) and their HDAC protein 
subgroup targets (inhibitors of HDAC classes I, II or IV or multiple classes 
(pan-HDACis)) [154, 155]. Acetylation is a PTM of both histone and non-
histone proteins and therefore enables HDACis to have pleiotropic effects 
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such as affecting chromatin, signaling pathways and protein stability [154, 
155]. The anti-tumor role of HDACis in MM is the product of several con-
sequences e.g. apoptosis, autophagy, inhibition of proteasomes, inhibition of 
angiogenesis, and reduced drug resistance [156, 157]. In clinical trials, the 
HDACi Panobinostat is now being used in combination with bortezomib and 
immuno-modulatory drugs, since single HDACis agent in treatment have not 
shown significant clinical benefits [158-160]. 

Recently, several small molecular inhibitors of EZH2/EZH1 enzymatic ac-
tivity have been developed and proven to have anti-tumor effects in vitro and 
in vivo in EZH2 dependent tumors such as diffuse large B-cell lymphoma 
[119, 161-163], mixed lineage leukemia (MLL)-rearranged leukemia [164] 
and pediatric malignant rhabdoid tumors [165]. Currently, the EZH2 inhibi-
tor Tazemetostat (EPZ-6438) is used in clinical trials on patients with hema-
topoietic and solids tumors. We and others have provided a proof-of-
principle that targeting the PRC2 complex via 3-Deazaneplanocin A 
(DZNep) results in MM cell death in vitro [120, 166] and in vivo [166]. 
However, DZNep is a pan-methyltransferase inhibitor and it cannot be ex-
cluded that it exerts anti-tumor activity via non-PRC2 dependent pathways. 
Recently, EZH2 inhibition using the small molecule inhibitor GSK343 
demonstrated anti-myeloma effects in the KMS-11 cell line with t(4;14) 
translocation [167]. Therefore, EZH2 inhibition in MM demands further 
investigation in pre-clinical models of MM. The BET bromodomain protein 
inhibitors such as JQ1 [168] has also been proven to have anti-myeloma 
activity in vitro and in vivo e.g. via downregulation of the MYC and its asso-
ciated expression signature [169]. MYC is suggested to play an important 
role in MM pathogenesis [170] and therefore JQ1 or its improved version, 
the I-BET762 is considered to have potential as a new therapeutic agent in 
MM. 
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Summary of the Thesis 

Background 
Multiple myeloma (MM) is a malignancy of antibody producing plas-
mablasts/plasma cells (PCs). The MM clone is derived from a post-germinal 
center, isotype-switched, long living PC still retaining the capacity to prolif-
erate. The disorder is characterized by clonal proliferation of the malignant 
PCs mainly in the bone marrow (BM), monoclonal protein production, oste-
olytic bone lesions, renal failure and immunodeficiency [3, 4]. Despite the 
fact that current treatment settings have improved disease management, the 
majority of MM patients eventually die of refractory disease. Several intrin-
sic factors e.g. genetic and epigenetic as well as extrinsic factors i.e. BM 
microenvironment are important players in MM pathogenesis, response to 
treatment and relapse [171]. Recent large scale genetic sequencing projects 
and gene expression studies in MM suggest deregulation in epigenetic modi-
fiers activities and the associated epigenetic profiles as important contribu-
tion factors to MM pathogenesis [20, 22, 120, 123, 143]. Therefore, epige-
netic modifiers and their profiles represent potential targets for therapy in 
MM. 

One of the common epigenetic modifiers found to be upregulated in MM is 
the histone methyltransferase EZH2 [120-122]. EZH2 is the enzymatic sub-
unit of PRC2, an important regulator of both normal development as well as 
disease [105, 107, 126]. PRC2 through EZH2 catalyzes the formation of 
H3K27me3 repressive histone mark, which regulates the expression of pro-
grams related to stem cell self-renewal, differentiation, but also cellular 
transformation [102, 111, 172]. In 2005, EZH2 was suggested to be a poten-
tial oncogene upregulated in MM, and being dependent on its methyltrans-
ferase activity [121]. In 2010, using integrative genomic approach our group 
has identified gene repression mediated by PRC2 as a common mechanism 
of gene silencing in MM. We showed that target genes of PRC2 are silenced 
in advanced stages of MM. Using PRC2 inhibitors available at that time 
Deazaneplanocin (DZNep) and the histone deacetylase inhibitor LBH589 
(Panobinostat), we could show a reactivation in the expression of PRC2 tar-
get genes, which correlated with reduced tumor growth in vitro and in vivo 
[120]. 
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In addition to PRC2, the polycomb repressive complex 1 (PRC1) mediates 
gene silencing by regulating chromatin structure via installing the transcrip-
tional repressive mark histone H2A lysine 119 ubiquitination (H2AK119ub). 
PRC1 is indispensable for self-renewal of both normal and cancer stem cells 
[126]. The polycomb group protein BMI-1 of the PRC1 plays important 
roles in regulating several biological processes such as DNA damage re-
sponse, cellular bioenergetics, and pathologies. Therefore, BMI-1 plays key 
roles in the development of different types of tumors [136-138]. Importantly, 
BMI-1 confers stemness properties to cancer cells of solid and hematopoietic 
origins [127-129]. In MM, BMI-1 is overexpressed in MM patients as com-
pared with normal individuals, and was found to support MM cell growth by 
repressing the pro-apoptotic gene BIM [139]. BMI-1 has also been reported 
to be overexpressed during MM progression and has recently been suggested 
to be a predictor of poor survival in relapsed MM cases treated with borte-
zomib or dexamethasone [140]. Notably, BMI-1 knockdown was found to 
sensitize MM cells to bortezomib [141]. The wide spectrum of malignancies 
that implicate BMI-1 as a signature for stemness and oncogenesis make it a 
suitable candidate for therapy in cancer including MM. 

Aims of the thesis 
Provided the growing evidence concerning the importance of epigenetic 
mechanisms in MM, and based on our previous hypothesis that polycomb-
mediated gene silencing could be an important factor in MM pathogenesis; 
the aims of my thesis work were: 

1. To define the genome-wide distribution of H3K27me3 and H3K4me3 by 
ChIP-Seq in malignant PCs isolated from newly diagnosed patients with 
MM and in PCs derived from age-matched healthy donors. (Paper I) 

2. To identify H3K27me3, H3K4me3 and bivalent targets common to MM 
patients and unique to MM when compared with targets in normal plas-
ma cells. (Paper I) 

3. To evaluate the effects and consequences of pharmacological inhibition 
of EZH2 enzymatic activity using high selective inhibitors (UNC1999 
and GSK343) in MM using MM cell lines and patient primary cells and 
to describe the underlying mechanisms mediating the anti-MM effects 
upon EZH2 inhibition. (Paper I and II) 

4. To evaluate the therapeutic potential of targeting PRC1 in MM using the 
highly selective inhibitor of BMI-1 (PTC-209). (Paper III) 
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Results 
Paper I 
We performed ChIP-Seq analysis to study the genome-wide distribution of 
H3K27me3 and H3K4me3 marks in CD138+ plasma cells isolated from 
newly diagnosed MM patients or from age-matched hematologically normal 
individuals. We defined a set of H3K27me3, H3K4me3 and bivalent (carry 
both marks) target genes that are common to all MM patients used in this 
study and unique to MM when compared with targets in normal plasma 
cells. Using RNA-Seq, we confirmed that H3K27me3 and bivalency are 
associated with gene repression, while H3K4me3 mark is associated with 
active transcription. We used the Oncomine gene expression database to 
correlate MM specific H3K27me3 chromatin profiles generated in this study 
to gene expression in large cohort of MM patients. We found that MM 
unique H3K27me3 targets are repressed in advanced MM stages and in pa-
tients with poor survival. We also reported an increase in the number of bi-
valent genes in MM PCs compared with normal PCs, and found them to be 
silenced in gene expression studies performed in MM cell lines. In this 
study, we also evaluated the effects of two newly discovered highly selective 
inhibitors of EZH2, the UNC1999 and GSK343 on the viability of a panel of 
MM cell lines and primary cells derived from newly diagnosed MM patients. 
We found that both EZH2 inhibitors demonstrated anti-MM effects by re-
ducing the viability of MM cell lines. Most importantly, the EZH2 inhibitor 
UNC1999 reduced the viability of CD138+ PCs isolated from newly diag-
nosed MM patients. Flow cytometry analysis revealed that reduced MM cell 
viability following EZH2 inhibition was exclusively due to induction of 
apoptosis but not cell cycle arrest. Using western blot analysis, we demon-
strated the on-target effect of both inhibitors by reducing the global levels of 
H3K27me3 mark in MM cell lines, leaving other histone methylation marks 
unaffected. To study the effect of pharmacological EZH2 inhibition on glob-
al gene expression in MM, we performed gene expression arrays in the MM 
INA-6 cell line treated with UNC1999 for 72 hours. We found EZH2 inhibi-
tion reactivates the expression of genes with anti-tumor activities such as 
genes involved in apoptosis e.g. ID1, ID2, ID3 and cellular differentiation 
such as SOX2. Notably, we found that the reactivated genes upon EZH2 
inhibition were enriched among the MM unique bivalent genes, which was 
confirmed by ChIP-qPCR analysis of selected genes. We also reported that 
EZH2 inhibition in MM downregulated the expression of active genes (non-
PRC2, H3K4me3 targets) involved in metabolism and signaling pathways. 
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Paper II 
In this paper, we focused on the downregulated genes in MM upon EZH2 
inhibition, which thus represent non-PRC2 and actively transcribed genes. 
We confirmed this notion by showing that the downregulated genes were 
only enriched in MM unique H3K4me3 targets defined by ChIP-Seq in pa-
per I. Among the downregulated genes, we found that EZH2 inhibition re-
duced the expression of MM-associated oncogenes including IRF-4, XBP-1, 
BLIMP-1 and c-MYC at both the mRNA and protein levels. To provide 
molecular and mechanistic insights on how the inhibition of PRC2, a tran-
scriptional repressive complex, leads to downregulation of active oncogenes, 
we investigated the possibility that PRC2 represses a set of non-coding 
RNA, mainly microRNAs (miRNAs), that may negatively modulate the 
expression of active oncogenes at a posttranscriptional level. To this end, we 
performed miRNA expression profiling in the MM INA-6 cell line treated 
with UNC1999 for 120 hours. We found that EZH2 inhibition upregulated a 
set of previously defined microRNAs with tumor suppressor functions. Us-
ing microRNA.org database we found that EZH2 inhibition reactivated the 
expression of miR-125a-3p and miR-320c that were predicted to target the 3’ 
UTR regions of IRF-4, XBP-1 and BLIMP-1. We also found EZH2 inhibi-
tion led to upregulation in the expression of miR-494, which targets the 3’ 
UTR of c-MYC. Using ChIP-qPCR we proved that these miRNAs are in-
deed targets of H3K27me3 and EZH2 in MM cell lines and patient primary 
cells. Furthermore, our ChIP-qPCR analysis showed that EZH2 inhibition 
using UNC1999 reduced H3K27me3 levels at genomic regions where these 
miRNAs are located. 

Paper III 
In this study, we investigated the therapeutic potential of targeting the poly-
comb group protein BMI-1 in MM using the recently developed specific 
inhibitor, PTC-209. Using cell viability assays we assessed the effect of 
PTC-209 treatment on the viability of MM cell lines and CD138+ PCs isolat-
ed from newly diagnosed or relapsed MM patients. We found that PTC-209 
demonstrated a potent anti-MM activity by reducing the viability of MM cell 
lines at concentrations less than 1.6 µM 48 hours following treatment. Nota-
bly, PTC-209 reduced the viability of primary MM cells purified from both 
newly diagnosed as well as from treatment refractory MM patients. Interest-
ingly, PTC-209 demonstrated equal inhibitory efficacies on CD138+ malig-
nant PCs isolated from both categories of patients. To test whether PTC-209 
demonstrates on-target effects in MM, we analyzed the effects of PTC-209 
treatment on the expression of BMI-1 by qPCR and western blot. RNA anal-
ysis by qPCR after 48 hours treatment revealed that BMI-1 mRNA levels 
were not affected by PTC-209 treatment. However, western blot analysis 
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showed that PTC-209 downregulated BMI-1 protein levels. To further inves-
tigate the on-target specificity of PTC-209, we analyzed the protein levels of 
two other PRC2 core subunits; CBX-7 and the E3 ubiquitin ligase RING1B. 
We found that PTC-209 did not affect the protein levels of CBX-7 and 
RING1B in MM cells. We also revealed that PTC-209 mediated downregu-
lation of BMI-1 reduced PRC1 chromatin modifying activity demonstrated 
by global reduction in the levels of the associated H2AK119ub histone re-
pressive mark. Using FACS analysis we showed that PTC-209 led to MM 
cell death via induction of apoptosis, which further documented by down-
regulation of the anti-apoptotic protein MCL-1 and upregulation of the pro-
apoptotic protein BIM. Analysis of gene expression by qPCR revealed that 
PTC-209 mediated inhibition of BMI-1 reactivated the expression of the pro-
apoptotic gene BIM. To extend the therapeutic potential of PTC-209 in MM, 
we performed combination experiments in which we combined PTC-209 
with the EZH2 inhibitor UNC1999 or with the BET bromodomains inhibitor 
JQ1. We found that combinations of PTC-209-UNC1999 and PTC-209-JQ1 
demonstrated synergistic and additive inhibitory effects of MM cell lines 
growth as defined by combination index (CI) of < 0.8 for synergy and CI 
between 0.8-1.2 for addition using the CompuSyn software. 

Scientific and clinical significance of the research 
Multiple Myeloma (MM) is an incurable hematological malignancy charac-
terized by the accumulation of malignant antibody producing plas-
mablasts/plasma cells in the bone marrow (BM). Disease associated clonal 
and interpatient heterogeneity has hampered identification of a common 
underlying mechanism for disease establishment and slowed the develop-
ment of novel targeted therapies [3, 25]. Therefore, finding oncogenic pro-
cesses/pathways common to all patients with potential therapeutic value is 
indeed imperative for improved MM therapy. Epigenetic modifiers and pro-
files represent promising therapeutic targets as they have proven to be ame-
nable to re-programing during normal development and carcinogenesis 
without changing the underlying genetic makeup of cells [173, 174]. 

In the first study, we defined by ChIP-Seq a common epigenetically re-
pressed profile mediated by PRC2 in MM patients compared with normal 
individuals. This common epigenetically repressed profile in MM correlated 
with gene silencing in large cohorts of patients with advanced stages of the 
disease i.e. International Staging System (ISS) stage III and in patients with 
poor survival. Based on the ISS staging criteria of MM, patients with ISS 
stage III are characterized by high serum β2-microglobulin level > 5.5 mg/L, 
high-risk chromosomal abnormalities or high serum lactate dehydrogenase 
level, which reflects high tumor load in MM patients [175]. MM patients 
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with poor survival were previously defined based on genetic lesions and 
gene expression profiling, in which 3 major genetic abnormalities and their 
associated gene expression defined high-risk MM patients with poor survival 
[17]. Here we suggest the PRC2 epigenetic profile common to all MM could 
be used as potential prognostic marker to predict advanced MM stages and 
to discriminate between low- and high-risk MM patients. Interestingly, we 
found H3K27me3 and bivalent targets common and unique to MM to be 
enriched among PRC2 targets in human embryonic stem cells [176] and 
human embryonic fibroblasts [125]. PRC2 has been suggested to induce 
stemness properties in tumors of different origins. Therefore, considering the 
fact that MM arise from terminally differentiated plasma cells it is an inter-
esting and still open question whether PRC2 signature could define a popula-
tion of MM cells with stemness properties in MM. In this study, we pro-
posed the catalytic subunit of PRC2, the EZH2 as a potential therapeutic 
target in MM. We showed that EZH2 inhibition using selective inhibitors 
such as UNC1999 and GSK343 induced apoptosis in MM cell lines and 
most importantly reduced viability in MM cells derived from newly diag-
nosed MM patients. This is in agreement with the finding that EZH2 mediat-
ed knockdown by siRNA suppressed MM cells growth [121]. Our in-depth 
analysis revealed that EZH2 inhibitors mediated anti-MM properties is in-
deed due to on-target effects i.e. inhibition of EZH2 and H3K27me3 mark 
and upregulation of PRC2 targets in MM. In this study, we reported an in-
crease in the number of bivalent genes in malignant PCs as compared with 
normal PCs. Strikingly, the EZH2 inhibitor UNC1999 predominantly reac-
tivated the expression of bivalent genes with anti-tumor activity. Pathway 
analysis of reactivated genes revealed an enrichment of genes belonged to 
apoptosis and cell differentiation. Our findings were similar to previous re-
ports in germinal center derived B-cell lymphoma, in which EZH2 hyper-
activity was shown to promote lymphomagenesis via the formation of biva-
lent domains, which repressed the expression of genes required for germinal 
center exit [119]. Taken together, this study highlights the clinical signifi-
cance of PRC2 repressed epigenetic profile in MM and suggest the methyl-
transferase EZH2 as a promising therapeutic target. 

The therapeutic value of EZH2 inhibitors in MM is supported by our find-
ings in the second study as we showed that pharmacological inhibition of 
EZH2 using UNC1999 downregulated the expression of important MM on-
cogenes; IRF-4, XBP-1, BLIMP-1 and c-MYC. The clinical relevance of 
these MM-associated oncogenes is well defined as several reports have 
shown the absolute requirement of these oncogenes for the survival of ma-
lignant PCs, disease establishment and progression in MM murine models 
and patients. For example, MM cell growth was found to be dependent on 
IRF-4 expression as IRF-4 knockdown suppressed the growth of myeloma 
cells independent of their genetic sub-type [177]. XBP-1 [178] and BLIMP-
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1[179] were identified as drivers of MM pathogenesis in murine models. 
Deregulation in c-MYC expression is hallmark of disease progression from 
the benign phase MGUS to the malignant MM [45] and a requirement for 
MM cell growth [170]. Considering that EZH2 inhibition downregulated 
several MM-associated oncogenes, we propose EZH2 inhibitors as powerful 
anti-MM agents that demand urgent evaluation in clinical trials. In this 
study, we also reported for the first time that EZH2 represses the expression 
of microRNAs with tumor suppressor functions in MM. Most importantly, 
we found two microRNAs; miR-125a-3p and miR-320c to be repressed by 
EZH2 and H3K27me3 mark and predicted to negatively modulate the ex-
pression MM-associated oncogenes. The use of some microRNAs as anti-
MM agents has shown success using MM relevant animal models [85, 87, 
153]. Therefore, our work in this study proposes tumor suppressor mi-
croRNAs targeted by PRC2 in MM as potential anti-MM agents to be evalu-
ated using MM relevant animal models. It is worth mentioning that EZH2 
inhibitors are currently in phase I/phase II clinical trials in patients with B-
cell lymphomas. Therefore, the work in this thesis (studies I and II) paves 
the way to use EZH2 inhibitors in pre-clinical models of MM in order to 
evaluate in vivo drug efficacy, toxicity and anti-tumor activity. 

In the final study, we evaluated the therapeutic potential of targeting the 
PRC1 using the specific inhibitor of BMI-1 subunit; PTC-209. BMI-1 is 
overexpressed in MM patients compared with normal individual and sug-
gested to be a predictive of poor survival in MM [140]. In this study, we 
showed that the BMI-1 inhibitor PTC-209 is a potent anti-MM agent using 
MM cell lines and MM PCs cells isolated from newly diagnosed and re-
lapsed MM patients. Notably, PTC-209 demonstrated on target effects in 
MM i.e. by downregulation of BMI-1 and H2AK119ub protein levels in 
MM. Our findings in this study showing the anti-MM activity of the BMI-1 
inhibitor PTC-209 are in agreement with the finding that BMI-1 knockdown 
suppressed the growth of MM cells in vitro and in vivo [139]. We show that 
PTC-209 anti-MM activity is mediated by significant induction of apoptosis, 
which is in agreement with the anti-MM effects of BMI-1 knockdown [139]. 
BMI-1 promotes stemness properties in solid and hematological malignan-
cies [127-129]. One major characteristic of MM is the extensive clonal het-
erogeneity and the presence of tumor cells that are resistant to different types 
of treatments with the capacity to re-populate the tumor. Here we could 
show that PTC-209 was equally efficient in reducing the viability of primary 
MM cells isolated from newly diagnosed or refractory patients. Therefore, 
BMI-1 represents a very attractive target for therapy in MM alone or in 
combinations with different treatment regimes. Recently, BMI-1 knockdown 
was shown to sensitize MM cells to bortezomib treatment [141]. In addition, 
PTC-209 has been reported to have synergistic and/or additive effects in 
MM when combined with dexamethasone, pomalidomide and carfilzomib 
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[140]. In this study, we suggest PTC-209 as a promising anti-MM agent in 
combination with epigenetic inhibitors targeting the PcG protein EZH2 
(UNC1999) and the BET bromodomains (JQ1). PTC-209 demonstrated syn-
ergistic anti-MM effect when combined with the EZH2 inhibitor UNC1999 
and the BET bromodomain inhibitor JQ1. Therefore, we propose combina-
tions of epigenetic inhibitors as novel therapy in MM that would provide an 
efficient treatment to possibly target the MM resistant clones or even “MM 
tumor initiating cells”. 

In conclusion, the work presented in this thesis highlights the importance of 
epigenetic modifiers; mainly PRC2 and PRC1 and the associated chromatin 
signatures in MM pathogenesis. It further presents the potential use of highly 
selective inhibitors targeting EZH2 and BMI-1 as novel epigenetic therapeu-
tic agents in MM alone or in combination with current treatment protocols. 
We further propose targeted epigenetic therapy as a novel strategy to treat 
MM. 
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