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Abstract
Fristedt Duvefelt, C. 2015. Tumour Survival Signals and Epigenetic Gene Silencing
in Multiple Myeloma. Implications for Biology and Therapy. Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Medicine 1071. 45 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-554-9159-8.

This thesis is focused on multiple myeloma (MM), a haematological malignancy that still
remains incurable. The pathogenesis of MM is not fully understood and there is a large intra-
tumour and interclonal genetic variation in MM patients. One of the most challenging areas in
MM research is to find mechanisms for initiation and progression of MM, but also to overcome
the arising resistance to therapy.

In paper I, a signature of under-expressed genes in MM was found to significantly correlate
with already defined Polycomb target genes. In selected genes from the profile we found
an enrichment of H3K27me3, a repressive mark catalysed by Polycomb repressive complex
2 (PRC2), in MM patients and MM cell lines. Treatment with LBH589 (HDAC inhibitor)
and DZNep (methyltransferase inhibitor) reactivated the H3K27me3 target genes and induced
apoptosis in MM cell lines. LBH589 reduced tumour load and increased overall survival in
the 5T33MM mice. These results suggest an important role for Polycomb complex in MM
development and highlight PRC2 as a drug target in MM.

In paper II, the insulin-like growth factor type 1 receptor tyrosine kinase (IGF-1RTK)
inhibitor picropodophyllin (PPP) in combination with LBH589 synergistically inhibited
cell proliferation and enhanced the apoptotic effect in MM. Since the bone marrow
microenvironment has an important role in MM disease and also contributes to drug-resistance,
we therefore evaluated the drug combination in the immunocompetent 5T33MM murine model.
The drug combination significantly prolonged the survival of the 5T33MM mice compared to
single drug treatment. We conclude that the combination of PPP and LBH589 has a therapeutic
potential in MM.

In paper III, the role of the cellular inhibitor of apoptosis protein 2 (cIAP2) was evaluated
in MM cells harbouring TRAF3 deletion/mutation. By overexpressing cIAP2 in these cells we
found an increased resistance to proteasome inhibitors. cIAP2 over-expression by lentiviral
constructs led to decreased caspase activation, activation of the canonical NF-κB pathway, and
down-regulation of tumour suppressor genes and genes that contribute to apoptosis. Supporting
the role of cIAP2 mediated drug-resistance, we here demonstrate that inhibiting cIAP2 using an
IAP antagonist, increased the sensitivity to the proteasome inhibitor, bortezomib.
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Multiple myeloma 

Multiple myeloma (MM) is a genetically heterogeneous B-cell malignancy 
that is characterized by a clonal accumulation of malignant plasma blast / 
plasma cells which produce a large amount of monoclonal proteins in the 
bone marrow (BM).1,2 Although the origin of the malignant MM cells still 
remains unclear, the immunoglobulin (Ig) isotype is mostly IgG or IgA 
demonstrating that the MM cells are predominantly derived from a post-
switch B cell.3  

MM is thought to be preceded by a pre-malignant condition without 
clinical symptoms called monoclonal gammopathy of undetermined 
significance (MGUS), that in turn can progress to smoldering MM (SMM), 
an asymptomatic precursor of active MM and finally, to symptomatic MM,4 
Figure 1. MGUS is reported to evolve to MM at a rate of 1% per year,5 
however, not all cases of MGUS develop into MM.  

MM is a malignancy restricted to the BM and the BM is thought to be 
essential for the development of MM until the late stages of the disease. In 
later stages of the disease the MM cells may obtain additional genetic 
abnormalities enabling the tumour cells to be independent of the interactions 
with the BM now gaining the capacity to survive outside the BM and evolve 
into plasma cell leukaemia (PCL).1,6 In the BM, the malignant MM cells 
displace the normal blood-forming cells causing anaemia, one of the 
symptoms of MM. Other clinical symptoms and signs of MM include bone 
pain and fractures, renal failure and hypercalcaemia.  Worldwide the 
incidence of MM is 1-4 per 100 000 people per year7 and in Sweden 
approximately 500-600 people are diagnosed with MM annually. The 
introduction of the current therapies such as the proteasome inhibitor 
bortezomib and the immune modulatory drugs (IMiDs) thalidomide and 
lenalidomide has improved the clinical outcome of MM patients and 
increased the median survival to more than seven years.8-10 Unfortunately, 
the current therapies have so far not proven to be curative for the MM 
patients8,9 and the development of drug-resistant clones leads to recurrence 
of the tumour. Obviously, new treatment approaches are necessary to 
improve the outcome for MM patients.  
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Genetic aberrations in MM 
Chromosomal abnormalities resulting in altered expression and abnormal 
functions of genes that has an important role in cell growth and 
differentiation in normal cells are important hallmarks of cancer. MM is a 
heterogeneous disease with a large variation of genetic alterations but 
heterogeneity is also described in  the different response and survival of MM 
patients although receiving the same treatment.1 It is known that genetic 
alterations, epigenetic alterations and/or abnormal microRNA expression 
contribute to MM pathogenesis.1,11-13 However, a common pattern of 
alterations that occurs in all MM tumours has so far not been found.  

MM can be divided in two different groups; the hyperdiploid and non-
hyperdiploid MM, based on the type of chromosomal alterations observed. 
The hyperdiploid group is characterized by trisomies of odd-numbered 
chromosomes, while the non-hyperdiploid group is characterized by 
translocations to the 14q32 loci as well as monosomy of 13 and gains of 
1p.14 Hyperdiploidy and t(11;14) have been associated with a favourable 
prognosis for MM patients, while t(4;14) or del(17p) have been associated to 
a poor prognosis.14  

A diversity of chromosomal loci and partner genes involved in Ig heavy-
chain (IgH) translocations may provide indications of an early immortalizing 
event. Four different loci are frequently involved in MM tumours: 11q13 
(cyclin D1), 4p16 (fibroblast growth factor receptor [FGFR3] and multiple 
myeloma SET domain [MMSET], 16q23 (c-maf) and 6p21 (cyclin D3).15,16 
Importantly, the prevalence of IgH translocation is nearly as high in MGUS 
as in MM. These translocations are therefore referred to as early genetic 
events in MM transformation, but still not sufficient to yield the full 
malignant potential.15 Several secondary genetic events occur in MM e.g. 
activating mutations of KRAS and NRAS, inactivating mutations of TP53, 
RB1 and PTEN.17,18 For long, c-myc has been considered a late event in the 
MM pathogenesis.19 Recently however, c-myc was found to be activated 
during the transition from MGUS to MM, and thus suggested to constitute a 
universal and important step in the transformation process.20 In addition, 
genetic aberrations that involve activating mutations in the NF-κB signalling 
pathway have been described and been suggested to be important during 
pathogenesis of MM. In a study by Keats et al21 a majority of the MM 
patient samples and MM cell lines were shown to display elevated gene 
expression in NF-κB target genes, and this expression is often associated 
with alterations of NIK, TRAF3, CYLD, cIAP1/cIAP2, NFKB1 or NFKB2. 
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Figure 1. Schematic model of the MM stages and the molecular pathogenesis. MM 
is thought to develop from a normal germinal-centre B cell. In most cases, MM is 
preceded by the pre-malignant condition MGUS. The progression may in some 
cases include the stage of smouldering MM. Initially, intramedullary MM is 
restricted to the BM. After some time, the MM tumour cells obtain the capacity to 
grow in extramedullary places e.g. in the blood. Several oncogenic events are now 
identified in MM i.e. karyotypic instability, primary as well as secondary Ig 
translocations, deletion of chromosome 13q, activating mutations of FGFR3, NRAS 
or KRAS2 and TP53 mutations. Figure is adapted from Kuehl et al 2002.22 

MM models 
A better understanding in the MM biology and advances in bone marrow 
transplantation have led to significant advances in the overall survival of 
MM patients.23 By the use of improved laboratory based models, new agents 
may be pre-clinically evaluated and introduced into clinical practice.23,24 

In vitro models 
Purified human MM cells and authentic MM cell lines have for long been 
used to understand the biology of MM. Historically it has also been proven 
very difficult to establish cell lines from plasma cell neoplasms. Therefore in 
several studies EBV+ non-malignant lymphoblastoid cell lines, highly 
irrelevant to the biology of MM, have been used in studies of MM biology. 
The establishment of MM cell lines proved to be more successful when the 
growth requirement of the MM cells and dependence of the bone marrow 
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interaction could be defined.25-27 During in vitro growth some of these cell 
lines grow independent of these supportive factors.28 Today, approximately 
80 authentic MM cell lines and corresponding to the primary patient sample 
now constitute a relevant in vitro model for MM.29-33 Primary MM cells from 
patients are, still to date, difficult to grow both in vitro as well as in vivo.34 

In vivo models 
A functional in vivo model of MM must fulfil a number of characteristic 
features of the human MM disease i.e. similarity in tumour cell biology and 
genetics. Preferably the tumour is localized to relevant organs of the mouse 
i.e. the bone marrow. This is important for studying tumour initiating 
capacity or new treatment options targeting the tumour and the 
microenvironment. Several in vivo models fulfilling these criteria have been 
described and are used to study the biology of MM.35 There are two main 
models that are used in MM, the 5TMM models and the NOD/SCID 
models.36 The use of transgenic mice driven by myc activation at late stages 
of B cell differentiation have also been described to be a highly relevant in 
vivo model for MM.37,38  

 
5TMM murine myeloma model 
The 5T mouse model of MM is a syngeneic model originally established 
from spontaneously occurring MM in C57BL/KaLwRij mice.39 Although the 
5TMM is a model of murine MM, the model is well representative to the 
human disease both on cellular and molecular levels e.g. localization of the 
MM cells in the bone marrow, induction of angiogenesis and development of 
an M component.35,40,41 Some advantage with these models include that they 
are dependent on the microenvironment and are immune-competent and thus 
can be used to study tumour-bone marrow interactions as well as immune-
therapeutic strategies.36 Of the 5TMM models, 5T2MM and 5T33MM 
models are the most well characterized and widely used.42 The 5T2MM is a 
model characterized slow/moderate growth and osteolytic lesions, while the 
5T33MM is an aggressive form with rapid tumour growth.35 For 
investigations of the pathobiology and for preclinical studies of human MM 
the 5TMM models are considered a highly relevant in vivo model because of 
the simple and reproducible continuation of the model and characteristics of 
the 5TMM models similar to that in human MM.35 The limitation with these 
models is that the two models, 5T33MM and 5T2MM, currently in use 
might not fully reflect the heterogeneity of the human MM disease.36  

SCID-models 
Point mutations in chromosome 16 in the CB-17 inbred mouse strain give 
rise to the SCID (severe combined immunodeficiency) mouse. In the 
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NOD/SCID models, either human MM cells or MM cell lines are injected 
intravenously or locally in the mice. The injected MM cells home to the BM 
and cause osteolysis but the injected cells can also grow extramedullary. 
Since the mice in these models are immune-compromised the interaction 
between the MM cells and the BM cannot be studied therefore they can 
never reflect the complexity of the MM disease.36 Development of this 
model has resulted in the SCID-hu model. SCID-hu model is a human MM 
model in SCID mice where the SCID mice serve as host for human 
embryonal bone grafts to create a human BM microenvironment which 
makes it possible for both human primary cells and human cell lines to 
grow.43,44 The SCID-hu model has enabled studies of the interaction between 
the primary MM cells and the human bone marrow microenvironment45 but 
major disadvantages are the ethical concerns by use of foetal bones.    

The Vk*MYC mouse     
In the Vk*MYC mouse model the misdirection of the Activation-Induced 
Deaminase (AID) activity to a conditional MYC transgene leads to indolent 
MM in mice.37 The AID activity is required for Ig genes of B-cells in the 
germinal centre to undergo class switch recombination and somatic 
hypermutation (SHM).37 AID has also been shown to be linked to oncogene 
mutations and IgH/MYC translocations.46,47 In this MM model, an exon in 
the Vk*MYC vector is mutated to a stop codon resulting in no expression of 
MYC protein. During SHM, different mechanisms introduce mutations that 
sporadically revert the stop codon and MYC can be translated and 
expressed.37 Thus, in the transgenic Vk*MYC mouse conditional activation 
of MYC occurs sporadically through the mechanisms of somatic 
hypermutation in post germinal centre B-cells.  

These mice develop plasma cell tumours representative of the human MM 
both the biological and the clinical features. This model may be used for 
studying the biology in MM in a native environment.37   
 



 16

Regulation of survival and apoptotic pathways 
in MM 

In a normal cell the processes of cell division and growth are strictly 
controlled and there are some specific characteristics that are crucial for the 
organism to function properly. A balance between proliferation and 
apoptosis is required for homeostasis. In cancer cells this balance is 
disturbed and cells can therefore grow unrestricted and respond poorly to 
essential signals that control cellular growth and apoptosis. In fact, both 
uncontrolled growth and evasion of apoptosis are two true hallmarks of 
cancer cells.48 

The microenvironment and selected growth and survival 
factors in MM 
The microenvironment of the malignant MM cells consists of endothelial 
cells, bone marrow stromal cells (BMSC), osteoclast, osteoblasts and various 
hematopoietic cells. The non-cellular compartment consists of extracellular 
matrix (ECM) proteins and a liquid milieu containing growth factors, 
cytokines and chemokines.22,49 MM progresses almost exclusively in the 
bone marrow and signals from the microenvironment plays a critical role in 
maintaining the growth, migration and survival of the tumour cells.16,50 The 
interaction between the MM cells and the cells within the BM 
microenvironment results in the production of several cytokines and growth 
factors that are important factors regulating growth and survival of MM 
cells.27,51-53 

One of the first growth factors described for MM was interleukin-6 (IL-6) 
that is mainly produced by the BM stromal cells. IL-6 induces proliferation, 
inhibits apoptosis and may also override the apoptotic signals mediated by 
cytotoxic drugs.54 IL-6 mediates its signals, when binding to its receptor, 
through activation of the JAK/STAT,55 Ras/MAPK56 and PI-3K/AKT57 
signalling pathways.  

Insulin-like growth factor-1 (IGF-1) is an important growth factor in MM 
that has a key role in tumour growth. IGF-1 stimulates proliferation of both 
IL-6-dependent58 and -independent59 MM cell lines. Via binding and 
activation to its receptor (IGF-1R), IGF-1 activates both PI-3K/AKT and 
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MAPK signalling pathways, the PI-3K/AKT pathway functioning as the 
major regulator of both proliferation and apoptosis with only a small 
contribution from the MAPK cascade.59,60 Overexpression of IGF-1 and its 
receptor IGF-1R is a frequent feature of MM51,61-63 and higher expression 
levels of IGF-1R in MM cells has in some reports been correlated to poor 
patient prognosis.64,65 IGF-1 has also been implicated in drug resistance. The 
proteasome inhibitor, bortezomib, included in the current therapies for MM 
has, although not being a curative treatment, substantially prolonged the 
survival for MM patients.8,9 Resistance to bortezomib in patients eventually 
occurs. Numerous mechanisms have been suggested to underlie bortezomib 
resistance or be associated with the bortezomib resistant phenotype including 
an enhanced IGF-1 signalling both caused by increased IGF-1 secretion and 
IGF-1R activation.66 By combining an IGF-1R tyrosine kinase inhibitor with 
bortezomib the anti-MM effect was enhanced and bortezomib resistance in 
vivo could be overcome indicating that dysregulation of IGF-1/IGF-1R 
pathway may be involved in bortezomib resistance in MM.66  

IGF-1R signalling does not seem crucial for adult normal tissue, even 
though the IGF-1R is ubiquitously expressed. Selective inhibition of IGF-1R 
triggers both anti-proliferative and pro-apoptotic events in human MM cells. 
This has encouraged the development of ways to inhibit IGF-1R signalling 
for clinical use in MM.63,67,68 Unfortunately, toxicity issues regarding the 
non-specific inhibition of the insulin receptor has for long hindered the 
development of IGF-1R inhibitors.36 However, new more selective drugs 
have been developed. As of today, several inhibitors of IGF-1R signalling in 
cancer are currently in clinical development and can be divided in three 
groups, e.g. IGF-1R tyrosine kinase inhibitors, monoclonal antibodies (mAb) 
against IGF-1R ligand and mAbs against IGF-1R69 of which the mAb 
against IGF-1R are the most advanced in the clinical development.70 
Although, only targeting the IGF-1R may not be curative for MM or other 
cancer diseases but the results so far strongly suggest that further studies on 
specific IGF-1R inhibitors in combination with other drugs will yield 
encouraging results.69    

Inhibitors of apoptosis proteins  
The inhibitors of apoptosis (IAP) proteins were first discovered in 
baculovirus.71 The family of IAP proteins have been shown to be involved in 
several processes such as cell death, cell cycle, inflammation, immunity and 
migration.72 The IAP family are now composed of eight human homologues, 
XIAP (X-chromosome linked IAP), cIAP1 (cellular IAP 1), cIAP2, (cellular 
IAP 2), NAIP (baculoviral IAP repeat-containing protein 1), ILP2 (IAP like 
protein), survivin, BRUCE and livin.73 All IAPs contain one to three 
baculoviral IAP repeat (BIR) domains74 which is essential for the interaction 
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with a number of pro-apoptotic factors. Some of the members of the IAP 
family also contain the Really Interesting New Gene (RING) domain which 
possesses E3 ligase activity resulting in ubiquitination and proteasomal 
degradation of substrates.75 The cIAP1 and cIAP2 also contains a caspase 
activation and recruitment domain (CARD) which mediate protein-protein 
interactions76 but still the function of the CARD domain is not completely 
understood in cIAP1 and cIAP2.77 

Currently, the most well characterized IAP is the XIAP. XIAP is also the 
one that retains the strongest anti-apoptotic properties.78 XIAP have been 
described to inhibit apoptosis through inhibition of caspases-3, -7 and -9,79 
and also via the RING domain by targeting pro-apoptotic proteins for 
proteasomal degradation.75 While cIAP1 and cIAP2 have been reported to 
bind to caspases, the anti-apoptotic effect of cIAP1 and cIAP2 seems not 
associated with the direct binding and sequestering of caspase activity.78,79 
Instead they have an effect on caspase activation, through their RING 
domain, by targeting caspases for proteasomal degradation80 and through 
supporting survival by promoting activation of the canonical (classical) NF-
κB pathway.81  

IAP proteins are often found to be overexpressed in cancer.82 In MM 
patients that developed drug-resistance, over-expression of IAPs e.g. 
surviving, cIAP1, cIAP2 and XIAP was associated with poor prognosis.83 
The expression of IAP in cancer, their ability to inhibit apoptosis and 
mediate pro-survival signals through activation of NF-κB and MAPK 
signalling makes the IAP proteins attractive targets for anti-tumour 
therapy.77 

NF-κB signalling pathway 
The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 
transcription factors are involved in regulating different cellular responses. 
The mammalian family of NF-κB transcription factors is composed of five 
subunits NF-κB1 (p50/p105), NF-κB2 (p52/p100), RelA (p65), RelB and c-
Rel that dimerize into hetero- and homo-dimers. The NF-κB transcription 
factors are held in the cytoplasm by the inhibitors of NF-κB (IκBs).84 There 
are two known NF-κB activation pathways, the canonical (classical) and the 
non-canonical (alternative) pathway,85,86 Figure 2. In the canonical pathway, 
activation of the inhibitor of IκB kinase (IKK) β phosphorylates the IκBs 
causing their degradation in the 26S proteasome87 resulting in translocation 
of p50/p65 and c-Rel/p65 to the nucleus.88 In the non-canonical pathway the 
NF-κB inducing kinase (NIK) activates IKKα which phosphorylates NF-κB2 
(p100) resulting in a proteasomal removal of the inhibitory C-terminal IκB-δ 
domain, generating the p52 mature form and accumulation of p52/RelB in 
the nucleus.89  
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NF-κB transcription factors are not only regulators of immune 
inflammatory response but also involved in the control of apoptosis and cell 
proliferation in many types of cancer including MM.90 Both the canonical 
and the non-canonical NF-κB pathway have been associated with 
carcinogenesis.21,91 

In MM, the dysregulation of NF-κB signalling has mainly been related to 
the ligand-dependent interactions taking place in the bone marrow and 
seldom being associated to an underlying genetic mutation.21 However, 
several studies now show genetic abnormalities resulting in uncontrolled 
NF-κB activation/signalling.21,91,92 In MM patients, approximately 20 % 
were found to have genetic lesions in the NF-κB pathway. Overexpression 
and/or gain of function mutations in the positive regulators of NF-κB 
signalling were found, e.g. NIK, NFκB1, NFκB2, LTBR, CD40 and TACI 
and inactivating mutations of the negative regulators e.g. TRAF3, TRAF2, 
cIAP1/cIAP2 and CYLD. Among these, the loss of function of the tumour 
suppressor TRAF3 is the most common gene deletion/mutation.21 TRAF3 
together with TRAF2 and cIAP1/cIAP2 has repressive roles in the non-
canonical NF-κB pathway by promoting the ubiquitination and degradation 
of NIK.92 However, a more complex picture exists regarding the function of 
cIAP1 and cIAP2. Although, cIAP1 and cIAP2 have been reported to have a 
repressive role in the non-canonical pathway they are reported to be positive 
regulators of TNFα mediated activation in the canonical pathway.92 Also by 
inducing expression of several genes, including cIAP1 and cIAP2, the NF-
κB can suppress apoptosis.93  
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Figure 2. A schematic view of the NF-κB pathway. In the canonical NF-κB pathway, 
p50 and p65 (the NF-κB dimers) are held in the cytoplasm because of the interaction 
with IκB.  Upon ligand binding to the TNF receptor, cIAP1/2 activates RIP through 
ubiquitination resulting in activation of the IKK complex. The IKK complex 
phosphorylates the IκB which is degraded and p50/p65 can now translocate to the 
nucleus resulting in activation of targeted genes. In the non-canonical NF-κB 
pathway, in non-stimulated cells, cIAP1/2 together with TRAF proteins, ubiquitinate 
NIK leading to its degradation. NIK is required for the phosphorylation of the p100 
which is then processed to p52 and can together with RelB translocate to the nucleus 
resulting in activation of targeted genes. Adapted from LaCasse et al 2008.94 
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Apoptosis 
A physiological process, that is evolutionary conserved, by which both 
damaged and excessive cells are removed is called apoptosis. Nuclear 
fragmentation, cell shrinking and membrane blebbing are typical features of 
apoptosis.95 Important effector molecules in apoptosis are the proteolytic 
enzymes e.g the caspases.96 Caspases can be initiated through activation of 
the death receptor (extrinsic) pathway or through the mitochondrial 
(intrinsic) pathway.97 It is important that apoptotic pathways are strictly 
controlled to maintain homeostasis. Cancer cells are capable of avoiding 
apoptosis and thus anti-apoptotic mechanisms have been associated with 
drug-resistance in tumour cells.97        

Mitochondrial pathway 
The mitochondrial pathway, Figure 3, is initiated from within the cell and is 
triggered by DNA damage, a defective cell cycle, hypoxia, loss of cell 
survival factors and severe cell stress. This pathway is primarily regulated by 
members of the Bcl-2 family. The Bcl-2 family consists of both pro-
apoptotic and anti-apoptotic proteins and is divided into three different 
groups depending on presence of up to four Bcl-2 homology domains (BH1-
4). The anti-apoptotic Bcl-2 members Bcl-2, Bcl-XL and Mcl-1 contain BH-
domains 1-4.98,99 These proteins bind and sequester pro-apoptotic proteins 
and thereby prevent apoptosis. The pro-apoptotic members are divided into 
two groups, the first group is represented by members containing BH1-3 
such as BAK and BAX and the other group is represented by members 
containing BH3 only. The BH3-only proteins include BAD, BID, BIK, 
puma, noxa and BIM that by protein-protein interactions with anti-apoptotic 
Bcl-2 proteins neutralize the pro-survival function of these anti-apoptotic 
proteins.99 Bax and Bak undergoes conformational changes after activation 
that contributes to increased permeability of the mitochondrial membrane 
causing the release of cytochrome c (Cyt c) leading to activation of the 
caspase cascade. Cytosolic Cyt c forms a large multiprotein structure with 
the adaptor protease activating factor-1 (Apaf-1) and pro-caspase-9 called 
the apoptosome.100 Pro-caspase-9 is cleaved and activated which in turn 
activates the downstream effector caspases-3, -6 and/or -7. SMAC/DIABLO 
and OMI/HtrA2 are molecules released from the mitochondria and promote 
caspase activation by antagonizing the members of the IAP family.101,102 
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Figure 3. Apoptosis signalling pathways. In the DR pathway, activation upon ligand 
binding leads to assembly of the DISC complex resulting in caspase-8 activation 
which in turn activates caspase-3. Upon activation of the mitochondrial pathway the 
pro-apoptotic molecules promote permeabilisation of the mitochondrial membrane. 
This results in Cyt c release and the formation of the apoptosome resulting in 
caspase-9 activation, which in turn activates caspase-3.  

Death receptor mediated pathway 
The death receptor (DR) mediated pathway, Figure 3, begins outside the cell 
and is activated by ligation of members belonging to the tumour necrosis 
factor (TNF) family such as Fas ligand, TNF-α and Apo2 ligand (also called 
TRAIL) to the death receptor e.g. Fas, TNFR1 and DR4/DR5 – members of 
the TNF receptor super family. Ligand binding induces recruitment of 
adaptor proteins Fas associated death domain (FADD) and/or TNFR1- 
associated death domain (TRADD) and the initiator caspase-8 as pro-caspase 
forming the death-inducing signalling complex (DISC).103 Pro-caspase-8 is 
activated by proteolytic cleavage within the DISC which then activates 
effector caspases-3, -6 and/or -7. Caspase-8 and caspase-9 mediates major 
cellular death signalling and the lack of activation of either or both caspases 
may contribute to drug resistance. The combination of drugs that trigger both 
the mitochondrial and the death receptor mediated pathway or a downstream 
regulator of both these pathways may be a way to overcome drug resistance. 
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The role of epigenetics in MM 

Epigenetics is the combined study of heritable changes in gene expression or 
cellular phenotype caused by mechanisms other than alterations of DNA 
nucleotide sequence.104 The development of cancer has usually been 
considered to occur as a result of genetic abnormalities resulting in 
overexpression of oncogenes or loss of tumour suppressor genes. Studies on 
epigenetics have now shown that alterations in chromatin structure may also 
contribute to the oncogenic transformation.105 

It is now well-known that methylation of DNA and histone modifications 
can modify and control gene expression Figure 4. In MM, aberrant histone 
modifications, DNA methylation, and noncoding RNA expression are three 
common epigenetic mechanisms that cause abnormal signalling of important 
pathways.1 DNA methylation is the most well-characterized epigenetic 
mechanism. In MM, promotor regions of some defined tumour suppressor 
genes have been reported to be hypermethylated although the mechanisms 
that causes this aberrant DNA methylation is not known.1 An important role 
of the non-coding RNAs is also emerging, however in this thesis the 
epigenetic focus has been the histone modifications.  

Histone modifications 
Apart from gene silencing by DNA methylation, the epigenetic modification 
state of histones, a temporary silencing of genes during linage differentiation 
of pluripotent stem cells, is an important mechanism and is also implicated 
in oncogenesis.106-109 Histones are proteins forming an octamer complex 
around which DNA is wrapped to form the nucleosome, and further 
organized in the higher order structure known as chromatin.1 The interaction 
of histones with DNA and other DNA-binding proteins are affected by post-
translational changes of the histone tail, for example acetylation, methylation 
and phosphorylation and these histone modifications plays an essential role 
in gene regulation.110 Perturbations of the chromatin structure can result in 
incorrect gene expression and genomic instability that may lead to tumour 
growth. Proteins that control chromatin organization are therefore referred to 
as key players in cancer pathogenesis. The Polycomb group (PcG) proteins 
are such proteins and function as epigenetic regulators. They were first 
described in Drosophila where they function as key repressors of Hox genes 
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during embryonic development.111 PcG are highly conserved from 
Drosophila to human and are now seen as a prominent player in 
carcinogenesis. The PcG proteins form multimeric complexes and are known 
to exert their functions through the formation of Polycomb Repressive 
Complexes (PRCs). The most well characterized PRCs are PRC1 and PRC2, 
responsible for the posttranslational modification of histones. PRC2 consists 
of the core proteins SUZ12, EED, RbAp46/48 and EZH1/2. EZH1/2 are the 
catalytic subunits and through their methyltransferase activity mediate 
trimethylation on histone H3 at lysine 27 (H3K27me3).112 The PRC1 
complex possesses histone ubiquitination E3 ligase activity and is 
responsible for ubiquitination of histone H2A at lysine 119 (H2AK119ub). 
Both H3K27me3 and H2AK119ub are strongly associated with 
transcriptional repression.113 Overexpression of EZH2 has been linked to 
several types of cancer e.g. melanoma, prostate and breast cancer.114,115 In 
MM, EZH2 overexpression has also been reported.116  

Another member of the family of the PcG proteins that has been shown to 
be important in MM cells both in vitro as well as in vivo is the core 
component of the PRC1, Bmi-1.117 Moreover, in the human MM cell line 
RPMI 8226 it was shown that the pro-apoptotic gene Bim was negatively 
regulated by Bmi-1.117 In this paper, Bim was found to be up-regulated upon 
Bmi-1 knockdown.117 Furthermore, inactivating mutations of histone 
demethylase UTX have also been implicated in oncogenesis. UTX is a 
demethylase that removes the H3K27me3 mark and mutations affecting 
UTX have been found in a variety of tumours also including MM.118 Up-
regulation of the histone-modifying enzyme, MMSET, was found in all MM 
patients with a t(4;14) translocation.119 MMSET catalyses the tri-methylation 
of H4K20120 and di-methylation of H3K36 (H3K36me2). These 
modifications result in accumulation of H3K36me2 and a reduction of total 
H3K27me3 thus possibly leading to the transcriptional activation of 
oncogenes.121,122 

A whole genome and exome sequencing was performed by Chapman et al 
2011 on 38 MM patients.12 Both previously identified as well as novel 
genetic alterations and mutations were found. Interestingly, the transcription 
factor, HOXA9, was ubiquitously expressed and a significant enrichment of 
mutations in genes known to directly regulate HOXA9 e.g. UTX, WHSC1 
(MMSET), WHSC1L1, MLL, MLL2 and MLL3 was found. Thus 
highlighting the cooperation between genetic and epigenetic mechanisms 
that underlie cancer etiology.12  
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Figure 4. Schematic model of epigenetic modifications. Transcriptionally active 
genes are characterized by H3k4me3, H3K79me3 and acetylation in the promotor 
region and H4K20me1 and H3K36me3 in the gene body. At the same time in the 
promotor region, 5'cytosine-phosphodiester bond-guanine-3´ (CpG) islands are 
unmethylated while there is DNA methylation in the gene body. Silencing of gene 
expression could occur via DNA methylation or via the PRC2 complex that causes 
H3K27me3 gene silencing. Figure is adapted from Dimopoulos et al 2014.1 
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Drug resistance 

One of the most challenging areas for current cancer research and clinical 
treatment is the development of resistance to anticancer drugs. As of today, 
one of the primary approaches to treat cancer is chemotherapy.123 The 
resistance that develops to chemotherapeutics could either be that resistance-
mediating features already exist in the tumour cells and thereby the therapy 
will be unsuccessful (so called intrinsic resistance). Resistance can also 
develop during treatment and can be initiated by mutations/epimutations that 
arise during chemotherapy or activation of different compensatory pathways 
of survival (so called acquired resistance).123,124 Some of the molecular 
mechanisms that have been associated with drug resistance are the 
alterations in drug metabolism, increased efflux and mutation of drug 
targets.125-128 Other mechanisms that could lead to drug resistance are 
inactivation of death signalling pathways, activation of survival signalling 
pathway129,130 influence of the tumour microenvironment and epigenetic 
changes.131,132 One way to overcome drug resistance might be the use of 
combinatorial treatments. The drug combinations that are used are based on 
agents that have shown a synergistic effect in in vitro and in vivo studies. 

A successful drug combination in MM is the use of IMiDs e.g. 
thalidomide and lenalidomide together with dexamethasone which yield 
responses in up to 80% of MM patients.10 The anti-tumour mechanisms 
underlying the effect of the IMiDs were until recently largely unknown. 
Thalidomide was found to bind to cereblon and inhibited autoubiquitylation 
of cereblon,133 this was also found in MM.134 Recently it was also shown that 
the IMiDs induce proteasomal degradation of both Ikaros and Aiolos, in a 
cereblon-dependent manner. Both Ikaros and Aiolos expression play 
essential roles in cell viability in many MM cell lines.135-137  

Usage of drugs that target the same survival pathway, may lead to the 
emergence of compensatory pathways of survival.124 Therefore, by hitting 
the tumour cell with drugs that target completely different and independent 
pathways might be a way to limit the development of drug resistance.123 

In MM the clonal heterogeneity contributes to resistance to the current 
treatments. MM disease is now thought to be composed of clonally different 
subgroups of MM tumour cells harbouring a vast genetic diversity.138,139 
Following one t(4;14) MM patient made it possible to understand the relative 
frequency of the different MM subclones and how they change over time 
and with treatments.139 The results from the study by Keats et al 2012139 



 27

indicated several important clinical implications. First, partial response may 
not reflect a partial suppression of the whole tumour but rather be a result of 
suppression of sensitive (dominant) subclone while other subclones remain 
stable and could eventually grow to a dominant mass. Second, especially for 
MM patients with high-risk tumours that are suggested to be less stable and 
more likely to change over time, it is important to use therapies that target all 
of the existing subclones. Third, re-treatment might be effective since a 
sensitive subclone could have re-emerged. Fourth and finally, a more 
indolent subclone can be eliminated with early suboptimal treatment creating 
room for a more aggressive subclone.    

The heterogeneity of the MM disease, how the different MM subclones 
progress during the disease and the changes of dominant subclones during 
treatment and relapse is a challenging research area.138 Although we have a 
better understanding of MM biology, resistance to the current treatments will 
eventually occur in MM patients.140 Development of new treatment 
approaches that either are active against all coexisting MM clones or agents 
that enhances the efficacy of the already existing treatments is necessary to 
overcome MM disease.  
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Present investigation 

Polycomb target genes are silenced in multiple 
myeloma (Paper I) 
 

Aims: 
i. Identification of under-expressed genes in MM and determining if 

they have a common denominator. 
ii. Investigate the presence of tri-methylation at H3 lysine 27 on several 

genes from the identified gene list. 
iii. Investigate if H3K27me3 marks at these set of genes could be 

reverted by the use of chemical inhibitors 

Results: 
MM remains an incurable disease, and the mechanisms underlying its 
pathogenesis is only fragmentarily understood. To dissect the nature of the 
tumour initiating capacity and if a common profile for MM development and 
tumour maintenance exists we first analysed gene expression using data that 
are publicly available,61,141,142 by integrative genomic analysis. We found a 
strong correlation between the under-expressed genes in MM patients and 
genes that were previously described as silenced by/associated with 
H3K27me3 in human embryonic fibroblast.143 More importantly, in the 
advanced stages of MM progression these genes were more suppressed. 

We then analysed the H3K27me3, mediated by the catalytic subunit 
EZH2 in the PRC2 complex, in four MM patients and found enrichment for 
H3K27me3. In two MM cell lines, RPMI 8226 and U-266-1984, we 
determine the chromatin modifications, i.e. H3K27me3 and H3K9ac at five 
PRC2 targets commonly under-expressed in MM (CIITA, CXCL12, 
GATA2, CDH6 and ICSBP/IRF8). In the patient samples and both cell lines 
an enrichment of H3K27me3 was found in the analysed genes. In the cell 
lines these genes also lacked the positive mark H3K9ac. 

Next we analysed if the genes enriched for H3K27me3 could be 
reactivated using two chemical inhibitors, the HDAC inhibitor LBH589 and 
the S-adenosylhomocystein hydrolase inhibitor 3-Deazaneplanocin 
(DZNep): a histone deacetylase inhibitor and a global histone methylation 
inhibitor respectively. In RPMI 8226, both LBH589 and DZNep increased 
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mRNA levels of CIITA, GATA2 and CDH6. Up-regulation of CXCL12 
could only been seen with DZNep treatment. In U-266-1984 an increased 
mRNA level of CIITA with DZNep treatment and ICSBP/IRF8 with 
LBH589 treatment was seen. Treatment with LBH589 and DZNep has been 
reported to deplete EZH2 protein from both breast cancer and AML.144,145 
Likewise, treatment with LBH589 or DZNep also depleted EZH2 protein, 
decreased the relative number of viable MM cells and increased the fraction 
of apoptotic cells. Furthermore, treatment with LBH589 reactivated CIITA 
and CXCL12 in vivo using 5T33MM murine model. It also resulted in a 
tumour load decrease and increased survival of the 5T33MM mice.  

Discussion and conclusions: 
Silencing mediated by the Polycomb complex is now a known factor in 
several types of cancer. Here we for the first time found a set of under-
expressed genes in MM that correlated, significantly, to already defined 
Polycomb target genes.143 The silencing of the genes found in this signature 
was more pronounced in the late stages of MM progression. Importantly, our 
data suggest that this profile of under-expressed genes is a common feature 
among the MM cells rather than representing a small specific subclone or 
subpopulation. If targeting the common denominator for the silenced genes 
could emerge as an attractive therapeutic strategy still remains to be 
answered. However, gene silencing via epigenetic mechanisms can be 
reverted and therefore constitutes an attractive drug target. Our data strongly 
supports that Polycomb mediated gene silencing plays an important role in 
MM and supports exploring more specific EZH2 inhibitors as new 
therapeutic options in MM. 
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The HDAC inhibitor LBH589 enhances the anti-
myeloma effect of the IGF-1RTK inhibitor 
picropodophyllin (Paper II)   
 
 
 

Aims: 

i. Overcoming drug resistance by combining the IGF-1R inhibitor PPP 
and the HDAC inhibitor LBH589. 

ii. Reveal the molecular mechanism underlying this combinatorial 
effect. 
 

Results: 
In paper II, by combining the IGF-1RTK inhibitor, PPP, and the HDACi, 
LBH589, we were able to enhance the anti-MM effect compared to single 
drug treatment. First we studied the cell viability after treatment with PPP 
and/or LBH589 using four human MM cell lines. All cell lines responded 
dose-dependently to LBH589 and PPP as single drugs. Simultaneously 
treatment with PPP and LBH589 resulted in a synergistic effect with a 
combination index <0.90 and a significant decrease in cell survival 
compared to single drug treatment. This was also true for the 5T33MM cells. 
In the human MM cell line, RPMI 8226, the combinatorial treatment resulted 
in a significant increase of apoptotic cells, an additive effect on cleavage of 
caspase-8 and a more pronounced down-regulation of the anti-apoptotic 
proteins Mcl-1 and Bcl-2 compared to single drug treatment. In the 
5T33MM cells a down-regulation of Bcl-2 and BCL-xL was observed in the 
combinatorial treatment.   

 We also analysed the effect of the drugs on cell cycle proteins and could 
identify a more prominent down-regulation in the combinatorial design of 
cell cycle regulating proteins such as cyclin E, cyclin B1 and cyclin D2 in 
RPMI 8226.  

   Moreover, we studied the anti-tumour effects of the drug combination 
in vivo using the 5T33MM murine model. A significant increase in overall 
survival as compared to the single-drug treatment was shown. 
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Discussion and conclusions: 
The expression of IGF-1R has been associated with progressive disease and 
drug resistance.146 Several factors support the notion that IGF-1R is a 
candidate for novel MM therapy. Unfortunately compensatory survival 
pathways will emerge as a result of drug exposure124 and targeting the IGF-
1R are therefore unlikely to be curative as single therapy in MM.  

HDAC inhibitors (HDACi) are agents that are in clinical trials for 
treatment of MM patients147 and the HDACi LBH589 has been shown to 
have synergistical anti-myeloma activity in combination with bortezomib, 
dexamethasone or melphalan.148,149  

We found that by combining PPP with LBH589, the anti-MM activity 
was enhanced. A factor that plays an important role in the expansion and 
survival of MM cells is the BM microenvironment.150 By using the 5T33MM 
in vivo model we demonstrated that the combined treatment resulted in a 
significantly prolonged survival of the 5T33MM inoculated mice as 
compared to single drug treatment. This suggests that this therapy may 
indeed evade the favourable impact of the tumour microenvironment on 
tumour progression and expansion. Our data suggest that the combinatorial 
treatment of PPP and LBH589 is a candidate for new treatment strategies of 
MM patients. 
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Increased resistance to proteasome inhibitors in multiple 
myeloma mediated by cIAP2 expression – implication 
for a combinatorial treatment (Paper III) 
 
 
 

Aims: 
i. Investigate the role of cIAP2 in MM cell lines harbouring a TRAF3 

deletion/mutation. 
ii. cIAP2 role in resistance to proteasome inhibition. 

 

Results: 
In this study, we focused on exploring the role of cIAP2 in emerging drug 
resistance in MM cells. By lentiviral transduction of the human MM cell 
lines LP-1 and ANBL-6, we generated cIAP2 overexpressing cells, LP-1-
cIAP2-eGFP and ANBL-6-cIAP2-eGFP, and control cells, LP-1-eGFP and 
ANBL-6-eGFP. Both MM cell lines used in this study harbour a TRAF3 
deletion/mutation. A functional TRAF3 is needed for the cIAPs to function 
as a negative regulator in the non-canonical NF-κB pathway. The cIAP2 
overexpressing cells were then exposed to a panel of different drugs. In both 
cell lines an increased tolerance to proteasome inhibitors was found as 
compared to each control. cIAP2 was also found to have an effect on 
apoptosis. In the LP-1-cIAP2-eGFP cells upon bortezomib treatment, a 
significant lower amount of apoptotic cells and also a decrease of caspase 
activation were found compared to the control. 

We could also show that cIAP2 binds to caspase-3, caspase-8 and 
caspase-9 and that the interaction with caspase-3 and caspase-8 was 
significantly increased in the LP-1-cIAP2-eGFP cells upon bortezomib 
treatment. Furthermore, the NF-κB transcription factors, p105/p50 
(canonical pathway) and p100/p52 (non-canonical pathway) were analysed 
when treated with bortezomib. Here we found that cIAP2 had an effect on 
the canonical pathway proteins and increased levels of p105 and p50 were 
found in the LP-1-cIAP2-eGFP cells compared to the control. No alteration 
of the non-canonical proteins p100 or p52 was seen in the LP-1-cIAP2-eGFP 
cells or in the control upon bortezomib treatment indicating that cIAP2 
expression had no effect on the non-canonical pathway. 

A gene expression microarray was performed in an effort to identify the 
molecular mechanisms underlying the effect of cIAP2. Increased expressions 
of genes which may function as nodes for a large number of direct 
interacting partners were found in the LP-1-cIAP2-eGFP cells. Gene 



 33

expression array also revealed 12 target genes of the NF-κB pathway to be 
down-regulated. Several of these 12 genes have been reported as tumour 
suppressors, ASS1 151 and IRF1 152 or to contribute to apoptosis, IL1RN, 
FTH1 and FAS.  

In the LP-1-cIAP2-eGFP cells an up-regulation of IGF-1, an important 
growth factor in MM, was found both in the untreated cells and with 
bortezomib treatment whereas IGF-1 expression decreased in the control 
cells upon bortezomib treatment. 

By combining bortezomib with the IAP inhibitor, AT-406, a more 
pronounced decrease in cell survival was found compared to single drug 
treatment in the MM cells.  

 

Discussion and conclusions: 
Although current therapies prolong the survival for MM patients, drug 
resistant clones will eventually emerge. The mechanisms underlying the 
drug resistance are not fully understood but one mechanism underlying the 
insensitivity to therapy is the emergence of genetic alterations in survival 
signalling pathways. The members of the inhibitor of apoptosis (IAP) family 
are often found to be altered in human malignancies. Alterations of the IAP 
family are associated with chemo-resistance, disease progression and poor 
patient prognosis.92,94,153 IAP proteins are also capable of binding to caspases 
and thereby protecting the cell from apoptosis. In addition they also have an 
important function as regulators of the NF-κB pathway. The cellular 
inhibitor of apoptosis 2 (cIAP2) together with cIAP1, has an important role 
as a positive regulator in the canonical, while having a negative role in the 
non-canonical NF-κB pathway.  

We suggest based on our findings, that in TRAF3 deleted/mutated MM 
cell lines cIAP2 expression contributes to bortezomib resistance. One way to 
overcome this resistance might be by combining bortezomib treatment with 
an IAP antagonist. We found that the IAP-antagonist AT-406 could down-
regulate both cIAPs and decrease the cell survival when used in a 
combinatorial design together with bortezomib. These results suggest that 
this combination might be favourable for MM patients harbouring TRAF3 
deletions/mutations and thus being more dependent on the canonical NF-κB 
pathway. 
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