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Abstract
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Epigenetics continues to be redefined and new discoveries are likely to revolutionise the
field still further. This thesis explores different aspects of how epigenetic regulation of gene
expression contributes to human disease.

Paper I explores the function of the IKKα kinase in regulating gene expression through
the nuclear retinoic acid receptor (RAR). We define a set of genes requiring IKKα for their
expression and found recruitment of IKKα to the RAR dependent on structural motifs in its
protein sequence. This interplay between the NFκB pathway and nuclear receptor regulated
transcription is important to consider when designing therapeutic strategies.

Papers II and III focus on the plasma cell malignancy multiple myeloma (MM) and define
a gene regulatory circuit defining an underexpressed gene profile in MM dependent on the
Polycomb proteins. We provide proof-of-principle that the use of small chemical inhibitors may
be operational in reactivating genes silenced by H3K27me3 and that this leads to decreased
tumour load and increased survival in the 5T33 in vivo model of MM. We explored the
genome-wide distribution of H3K27me3 and H3K4me3, and defined their association with
gene expression in freshly-isolated malignant plasma cells from MM patients. Importantly,
H3K27me3-marked genes in MM associated with more aggressive stages of the disease and
less favourable survival. We present evidence that gene targeting by H3K27me3 is likely to not
only involve a small population of tumour cells, but rather represent a common MM profile and
further provide a rationale for evaluating epigenetic therapeutics in MM.

Paper IV shows that pro-inflammatory gene expression in monocytes of psychiatric patients
can be induced in vitro by sodium pump inhibitors, as the steroid hormone ouabain. We
suggest that the ouabain-induced gene expression is regulated by an intricate network involving
microRNAs, Polycomb and the H3K27me3 demethylase JMJD3. Our data indicates that
epigenetic regulators play a role in transmitting cues between intrinsic and/extrinsic stimuli and
gene expression in psychiatric illness.

This thesis provides novel insights on how seemingly unrelated pathways may converge on
transcriptional regulation and evidence that epigenetic modifiers contribute to the pathogenesis
of human complex diseases such as multiple myeloma and mood disorders.
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AF1 ligand-independent trans-activation function 1 
AF2 ligand-dependent activation function 
APL acute promyelocytic leukaemia  
AR androgen receptor  
ATRA all-trans retinoic acid  
BMI1 BMI1 polycomb ring finger oncogene 
CBP/p300 CREB-binding protein/E1A-associated 300 kDa protein 
CNS central nervous system 
CpG cytosine preceding guanine  
CRH corticotropin-releasing hormone 
CRP C-reactive protein 
DNA deoxyribonucleic acid 
DNMT1 DNA methyltransferase 1 
E2F1 E2F transcription factor 1 
EED embryonic ectoderm development 
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EZH2/1 enhancer of zeste homolog 2/1 (Drosophila) 
GEP gene-expression profiling  
GPS2 G protein pathway suppressor 2 
GR glucocorticoid receptor 
HAT histone acetyl transferase  
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IGF  insulin-like growth factor 1 (somatomedin C) 
IGF1R insulin-like growth factor 1 receptor 
IGH immunoglobulin heavy chain 
IKKα IκB kinase α 
IL-6 Interleukin 6 
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mRNA messenger RNA 
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B-cells 
PCGF1 polycomb group ring finger 1 
PBMCs peripheral blood mononuclear cells 
PcG Polycomb group 
PPARs peroxisome proliferator-activated receptors 
PR progesterone receptor  
PRC Polycomb repressive complex 
RAR retinoic acid receptor 
RAREs retinoic acid respond elements  
RBBP7/4 retinoblastoma binding protein 7/4 
RING1A/B ring finger protein 1 
RNA ribonucleic acid 
RNAPII RNA polymerase II 
RXR retinoid X receptor 
SF1 steroidogenic factor 
SMRT silencing mediator of retinoic acid and thyroid hormone 

receptor 
SRC steroid receptor co-activator 
SUV39H1 suppressor of variegation 3-9 homolog 1 (Drosophila) 
SUZ12 suppressor of zeste 12 homolog (Drosophila) 
TBL transducing β-like factor 
TFIIH transcription factor II H 
TNF tumour necrosis factor  
TR thyroid receptor 
UTX histone H3 lysine 27 demethylase 
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Introduction 

Epigenetic regulation of transcription 
“There has always been a place in biology for words that have  

different meanings for different people.”(Bird 2007)  

This is my interpretation. 

 
The field of epigenetics in its current form is relatively new, however the 
term was established in 1947 by Conrad Waddington and at that time was 
defined as “the branch of biology which studies the causal interactions be-
tween genes and their products which bring the phenotype into being” 
(Jablonka and Lamb 2002). In 2009 this definition was revised as to “An 
epigenetic trait is a stably heritable phenotype resulting from changes in a 
chromosome without alterations in the DNA sequence” (Berger, Kouzarides 
et al. 2009). As far apart these two definitions might seem they both classify 
epigenetics as a step away from classical genetics and closer to what really 
defines the gene expression of an organism. 

Epi comes from the Greek word for ‘upon’ or ‘over’. So what does it mean 
to be upon or over genetics? Within the cell, DNA is packaged in a state 
characterised as chromatin, composed by DNA itself and the histone proteins 
Figure 1. Chromatin is where epigenetic state is established by DNA meth-
ylation, histone modifications, histone variants and nucleosome positioning 
among others (Kouzarides 2007; Berger, Kouzarides et al. 2009; Bannister 
and Kouzarides 2011). All those are faced by RNAPII when transcribing a 
gene; however they do not alone constitute epigenetics. It was recently sug-
gested that proteins, which sustain an epigenetic chromatin state as men-
tioned above, but do not have absolute DNA sequence specificity are to be 
termed “epigenetic maintainers”. Due to their lack of sequence specificity 
these proteins need to be brought to a particular place on the chromosome by 
“epigenetic initiators”, which possess sequence specificity and respond to 
transient signals named “epigenators”. The role of “epigenetic initiators” can 
be played by DNA-binding proteins, such as, transcription factors and non-
coding RNAs (Berger, Kouzarides et al. 2009). 
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Figure 1. Chromatin structure and organisation. In the cell nucleus, DNA of about 
147 base pairs is wrapped around an octamer of four core histones (histone H3, H4, 
H2A and H2B) to form the nucleosome. Nucleosomes are the fundamental units of 
chromatin. The N-terminal “tails” of the histones protrude from the nucleosome and 
become accessible to posttranslational modifications. These modifications affect 
chromatin structure and orchestrate recruitment of nonhistone proteins to DNA. 
Figure is adapted from the Meissner laboratory of Harvard department of stem cell 
& regenerative biology at http://hscrb.harvard.edu/lab/550/research. 

The process of transcription, in brief 
Transcription is the process of synthesising an RNA molecule which is com-
plementary to DNA, which will be either used as a template for protein syn-
thesis or possess a function of its own. The driver of transcription is RNA 
polymerase. Protein-coding genes, also known as class II genes, are tran-
scribed by RNA polymerase II (RNAPII) with the help of general transcrip-
tion factors (Orphanides and Reinberg 2002; Reese 2003; Sims, Mandal et 
al. 2004). As mentioned above, RNAPII does not act alone when it comes to 
governing transcription. 

Briefly, transcription can be described as follows; transcription initiation 
begins when the first phosphodiester bond is established. This is accompa-
nied by the phosphorylation of serine 5 (Ser5) by TFIIH on the C-terminal 
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domain of the largest subunit of RNAPII. This phosphorylation is required 
for the recruitment of various factors to RNAPII throughout the process of 
transcription (Orphanides and Reinberg 2002). Following this, the 5’ end of 
the nascent RNA is “capped” to protect it from nucleases and later to serve 
as a docking site for proteins involved in the export and translation of mature 
mRNA (Proudfoot, Furger et al. 2002). The subsequent elongation of the 
new RNA molecule in this process is regulated by “elongation factors” 
(Uptain, Kane et al. 1997). During transcription, introns which are not to be 
translated are excised by pre-mRNA splicing to generate mature mRNA. 
Transcription is terminated once RNAPII reaches the end of the gene. A 
newly synthesized RNA is cleaved and a polyadenosine (poly(A)) tail is 
added at its 3’ end (Orphanides and Reinberg 2002; Proudfoot, Furger et al. 
2002). 

The expression of the majority of genes is regulated by transcription fac-
tors which bind to DNA regulatory sequences situated in proximity of the 
transcriptional start site at which transcription is initiated. The activity of 
transcription factors is regulated by diverse signalling pathways in response 
to a variety of signals. Once bound to their responsive DNA element, tran-
scription factors have two major functions, they bind to and recruit the tran-
scriptional machinery, and through associated factors modify chromatin 
structure (Orphanides and Reinberg 2002). 

Chromatin modification occurs at the amino-terminal histone tails and 
constitutes a variety of covalent and reversible posttranslational modifica-
tions, such as acetylation, methylation, phosphorylation, ubiquitylation, 
ADP-ribosylation and glycosylation (Lachner, O'Sullivan et al. 2003; 
Vaquero, Loyola et al. 2003; Zhang 2003). The combinatorial complexity of 
these is now known as “the histone code” which enormously increases com-
plexity of DNA itself and ultimately defines the transcriptional programme 
of the cell (Jenuwein and Allis 2001). Despite this complexity, a general 
understanding of a few histone marks has emerged Figure 2. The function of 
these modifications can be summarised as follows, methylation on histone 
H3 at lysine 4, 36 and 79 (H3K4, H3K36 and H3K79) are present at actively 
transcribed regions, whereas methylation on histone H3K9, H3K27 and 
H4K20 denominates silent chromatin regions. Furthermore, acetylation of 
histones H3 and H4 determine an active chromatin state, as well as phos-
phorylation of histone H3Ser10 and H3Ser28. Due to the fact that these 
modifications are situated in close proximity to each other, they are able to 
communicate information that further determines chromatin structure and 
guides transcriptional activity (Sims, Mandal et al. 2004; Yun, Wu et al. 
2011). 
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Figure 2. Effect of the epigenetic chromatin state on transcription. Active transcrip-
tion is supported by histone acetyl transferases (HATs) which transfer acetyl group 
to lysine residues on histones generating open chromatin with widely spaced nucleo-
somes. This makes DNA readily accessible to the transcriptional machinery. Tran-
scriptionally silent chromatin is often characterized by methylation of CpG dinu-
cleotides on DNA and methylation of specific lysine residues on histones. Lack of 
histone acetylation is further associated with repressive chromatin. This renders 
nucleosomes tightly packed and DNA inaccessible to the transcriptional machinery. 
Silent chromatin is established and maintained by proteins such as DNA methyl-
transferases (DNMTs), methyl-CpG binding proteins (MBPs) and histone deacety-
lases (HDACs). Figure is adapted from (Lindsey, Anderton et al. 2005). 
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The Polycomb group proteins as major 
regulators of transcription 

The Polycomb group (PcG) proteins were first identified in Drosophila as 
critical regulators of key developmental proteins known as Homeobox pro-
teins (Schuettengruber, Chourrout et al. 2007). It is now clear that the PcG 
proteins also play a crucial role in mammalian development, as their role in 
epigenetic gene regulation is conserved in eukaryotes (Margueron and 
Reinberg 2011; Richly, Aloia et al. 2011; Simon and Kingston 2013). 

Polycomb proteins function in large multimeric complexes, of which the 
Polycomb repressive complexes 1 and 2 (PRC1 and PRC2) are the most 
well-known. The core PRC2 complex consists of EZH1/2, SUZ12, EED and 
RBBP7/4 (Margueron and Reinberg 2011). The core PRC1 complex com-
prises two common components – RING1A/B with BMI1, PCGF2 or 
PCGF1 (Simon and Kingston 2009). In addition, other components of both 
complexes have also been described (Margueron and Reinberg 2011).   

Polycomb proteins mediate gene repression Figure 3, which requires a 
complex series of events initiated by the recruitment of PRC2 to target 
genes, resulting in the tri-methylation of histone H3 on lysine 27 
(H3K27me3) by the catalytically active subunit EZH1/2. Although the func-
tion of EZH1 was initially unknown, both EZH1 and EZH2 are now believed 
to be catalytically active, possibly with different properties (Margueron, Li 
et al. 2008). In mammalian cells their recruitment is believed to be mediated 
by transcription factors and by non-coding RNAs (Margueron and Reinberg 
2011). This is followed by docking of PRC1 to H3K27me3 through its 
chromodomain-containing subunits and subsequent monoubiquitylation of 
lysine 119 at histone H2A (H2AK119ub) by BMI1 and RING1B (Wang, 
Wang et al. 2004; Cao, Tsukada et al. 2005). Further association of addition-
al repressive proteins, e.g. histone deacetylases and histone H3K4 demethyl-
ase RBP2 has also been reported (Pasini, Hansen et al. 2008). It is worth 
mentioning that genes occupied by PRC1, but lacking PRC2 have also been 
observed (Schoeftner, Sengupta et al. 2006; Ku, Koche et al. 2008). A more 
permanent silencing of PcG target gene expression may result from subse-
quent DNA-methylation, since the PRC2 complex has been shown to inter-
act with DNMT1 and DNMT3A and B (Vire, Brenner et al. 2006). 

Polycomb proteins specifically target the Hox genes, as well as other im-
portant developmental regulators and during embryogenesis constitute an 
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important part of the epigenetic memory involved in preserving stem cell 
identity (Boyer, Plath et al. 2006; Bracken, Dietrich et al. 2006; Lee, Jenner 
et al. 2006; Schwartz and Pirrotta 2007). In embryonic stem cells PcG pro-
teins target and repress lineage-specific developmental genes and become 
redistributed upon differentiation whereby lineage-specific genes are ex-
pressed and pluripotency genes become silenced (Boyer, Plath et al. 2006; 
Mohn, Weber et al. 2008). Importantly, a possible mechanism by which 
Polycomb gene silencing contributes to the epigenetic memory maintained 
during cell division is described by Hansen et al in 2008. They suggest that 
PRC2 is recruited at “recycled” histones already carrying H3K27me3 during 
DNA replication to establish de novo H3K27me3 on newly synthesised his-
tones to maintain gene repression throughout cell division (Hansen, Bracken 
et al. 2008). The structural basis for the H3K27me3 recognition of PRC2 
was later attributed to the carboxy-terminal domain of EED (Margueron, 
Justin et al. 2009). Furthermore, EZH2 phosphorylation at T350 by CDK1 
and CDK2 is suggested to augment binding to target loci during S and G2 
phases of the cell cycle (Zeng, Chen et al. 2011). 

It is now highly appreciated that deregulation of Polycomb proteins and the 
H3K27me3 chromatin mark has implications for tumourigenesis by increas-
ing the ability for self-renewal, potentially leading to a block of terminal 
differentiation, enhanced survival and resistance to cytostatic drugs (Valk-
Lingbeek, Bruggeman et al. 2004; Yu, Rhodes et al. 2007; Ben-Porath, 
Thomson et al. 2008; Mills 2010). Furthermore, EZH2 overexpression has 
been linked to bladder tumours (Weikert, Christoph et al. 2005),  melanoma, 
prostate and breast cancer (Bachmann, Halvorsen et al. 2006; Collett, Eide et 
al. 2006); colorectal cancer (Mimori, Ogawa et al. 2005); oral squamous cell 
carcinoma (Kidani, Osaki et al. 2009); and multiple myeloma (Croonquist 
and Van Ness 2005; Kalushkova, Fryknas et al. 2010). Consistent with a role 
for PcG proteins in maintaining the features of progenitor cells, lack of the 
PRC1 component BMI1 results in exhaustion of leukaemia initiating “stem 
cells” in serial transplants of AML (Lessard and Sauvageau 2003). 
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Figure 3. Modes of action of the Polycomb repressive complexes 1 and 2 (PRC1 and 
PRC2). In brief, Polycomb gene silencing is initiated by tri-methylation of lysine 27 
on histone H3 (H3K27me3) by the catalytic subunit EZH2 of PRC2. This is fol-
lowed by recruitment of PRC1 to the H3K27me3 mark which leads to subsequent 
monoubiquitylation of lysine 119 at histone H2A (H2AK119ub) by BMI1 and 
RING1B, which are the catalytic members of PRC1. The modes of action of PRC1 
and PRC2 at specific targeted loci may differ, but it is commonly accepted that they 
lead to transcriptional repression. Figure is adapted from (Sparmann and van 
Lohuizen 2006).    



 18 

Epigenetics in disease 

The heritable, but at the same time reversible nature of epigenetics can ex-
plain many of the features of complex non-Mendelian traits (Ptak and 
Petronis 2008). However, to date, epigenetics has mainly been studied in the 
context of cancer as a complex disease (Jones and Laird 1999; Dawson and 
Kouzarides 2012). Several properties of epigenetics determine its role in 
complex traits. Epigenetic gene regulation can, unlike genetic sequence, be 
altered by developmental and environmental factors (Weaver, Cervoni et al. 
2004). Furthermore, epigenetic changes are suspected to exhibit partially 
meiotic inheritance and can possibly be transmitted across germline genera-
tions (Richards 2006). Last, but not least, epigenetic modifications of DNA 
are crucial for the optimal functioning of our genome from regulating the 
segregation of chromosomes during mitosis to inactivation of parasitic DNA 
elements (Jaenisch and Bird 2003). Considering these observations, it is now 
clear that the astonishing complexity of factors regulating genomic transcrip-
tion is what defines each and every individual as unique, and its deregulation 
is what contributes to complex diseases such as cancer and mood disorders. 

Epigenetics in multiple myeloma 
Cancer is traditionally considered a genetic disease driven by accumulating 
mutations in genes termed oncogenes and tumour suppressors, which ulti-
mately leads to disruption of their function (Hanahan and Weinberg 2011).  
In addition, epigenetic mechanisms affecting gene expression, genomic or-
ganisation and/or genomic stability are increasingly recognised to contribute 
to malignancy (Baylin and Jones 2011; Dawson and Kouzarides 2012; 
Sandoval and Esteller 2012; You and Jones 2012). Whereas, the way genetic 
alterations contribute to cancer by causing loss or gain of function of genes 
is easily interpreted, the role of epigenetic changes seems to be more com-
plex and thus far, remains not fully understood. Research on cancer epige-
netics is increasingly expanding and since a large body of the work in this 
thesis is focused on the plasma cell malignancy multiple myeloma (MM), 
how epigenetic alterations contribute to MM will be explored in depth. 

Multiple myeloma (MM) is properly designated as plasma cell myeloma 
by the World Health Organisation. MM is characterised by the accumulation 
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of post-germinal centre, isotype-switched, proliferating plasma cells in the 
bone marrow, where reciprocal tumour-bone marrow cell interactions medi-
ated by cytokines, receptors and adhesion molecules regulate the survival, 
proliferation and homing of tumour cells (Hallek, Bergsagel et al. 1998; 
Chesi and Bergsagel 2011). Despite the growing advance in treatment, MM 
remains incurable, which may be attributed to the vast heterogeneity of the 
disease. On a genetic level, MM can broadly be subdivided into hyperdiploid 
and non-hyperdiploid, with a majority of the non-hyperdiploid cases carry-
ing a primary translocation of an oncogene to the IGH locus (Fonseca, 
Bergsagel et al. 2009). A few common partner genes have been identified 
that are involved in these immunoglobulin translocations, such as cyclin 
D1/CCND1 on 11q13, cyclin D3/CCND3 on 6p21, FGFR3/MMSET on 
4p16, c-maf on 16q23. On a molecular level, further disease stratification 
has been perceived. To date, the molecular classification of MM recognises 
8 subgroups based on the primary IGH translocation and including the over-
expression of various Cyclin D genes (Bergsagel, Kuehl et al. 2005); and 7 
to 10 subgroups based on a unsupervised analysis of gene-expression profil-
ing (GEP) (Zhan, Huang et al. 2006; Broyl, Hose et al. 2010). It is now con-
sidered that MM is preceded by a pre-malignant condition termed monoclo-
nal gammopathy of undetermined significance or MGUS. Although MGUS 
is considered to represent a non-malignant state, the majority of the genetic 
aberrations found in MM can also be found in MGUS (Zingone and Kuehl 
2011), such as the overexpression of cyclin D genes (Bergsagel, Kuehl et al. 
2005). Further activating mutations of K- and N-Ras, and inactivation of the 
p53 and Rb pathways are rare and therefore considered secondary events in 
the disease progression. Because of the vast heterogeneity of MM, defining a 
common initiating event continues to be challenging. To improve the out-
come for patients in terms of designing novel treatment strategies it is im-
perative to continue unravelling the molecular pathogenesis of MM. 

An increasing body of evidence now suggests epigenetic alterations as 
contributing factors for the multiple myeloma malignancy (Galm, Herman et 
al. 2006; Smith, Boyd et al. 2010). Since the methylation of DNA on cyto-
sine preceding guanine (CpG) was one of the earliest epigenetic modifica-
tions described numerous studies have established its contribution to cancer, 
including MM (Sharma, Heuck et al. 2010).  The majority of the investiga-
tions, however, are focused on the individual hypermethylation of tumour 
suppressors as an alternative mechanism for their inactivation in a similar 
mode as genetic mutations. Importantly, the myeloma-driving growth factor 
IL-6 was shown to increase the expression of DNMT1 leading to promoter 
hypermethylation and silencing of the crucial cell-cycle regulator p53 
(Hodge, Peng et al. 2005).  Furthermore, genomic instability associated with 
global hypomethylation of repetitive elements and an increase of DNMT1 
expression were found to correlate with multiple myeloma progression and 
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were suggested to define different molecular subgroups (Bollati, Fabris et al. 
2009). 

In an additional level of complexity in the regulation of gene expression, 
the evidence of the involvement of different microRNAs in cancer is grow-
ing steadily (Baer, Claus et al. 2013).  It is now increasingly evident that 
microRNAs also corroborate the multiple myeloma malignancy (Pichiorri, 
De Luca et al. 2011; Benetatos and Vartholomatos 2012). Initially, the ex-
pression of the oncogenic miR-21 was found to be regulated by IL-6 availa-
bility and promote myeloma cell survival (Loffler, Brocke-Heidrich et al. 
2007; Hu, Li et al. 2013). Following the publication of the first microRNA 
expression signature in MM, additional reports have provided strong evi-
dence that aberrant microRNA expression is an important player in disease 
establishment  e.g. through the regulation of genes that are important for 
MM cell survival (Pichiorri, Suh et al. 2008). Subsequently, numerous stud-
ies aimed to more precisely define the MM microRNA signature and to un-
ravel important upstream denominators (Lionetti, Biasiolo et al. 2009; Unno, 
Zhou et al. 2009; Pichiorri, Suh et al. 2010; Zhou, Chen et al. 2010). The 
latest study of Zhou et al demonstrates a microRNA signature of MM regu-
lated by p53, directly targeting MDM2 and further affecting IGF-1 and the 
IGF-1R. Importantly, IGF-1 and the IGF-1R are key components in the 
pathogenesis of multiple myeloma and the IGF-1R constitutes an important 
potential therapeutic target (Menu, Jernberg-Wiklund et al. 2006; Stromberg, 
Ekman et al. 2006; Jernberg-Wiklund and Nilsson 2007; Menu, Jernberg-
Wiklund et al. 2007). The growing body of evidence on the involvement of 
microRNAs in MM led to the hypothesis that targeting microRNAs is new 
promising treatment strategy in MM. In addition, since microRNA expres-
sion in MM seems to be disease-related and may correlate to current genetic 
subgrouping, the signature expression of serum microRNAs has recently 
been suggested as a diagnostic and possibly prognostic implement for MM 
(Jones, Zabolotskaya et al. 2012). However, despite providing important 
clues for the development of the malignancy, these studies merely further 
subclassified MM rather than identified a unifying event governing the ex-
pressional deregulation of protein coding and microRNA genes in MM, thus, 
adding to the immense complexity of the disease. 

The intricate network of transcriptional regulation is immense and it is 
further complicated by the growing number of histone tail modifications that 
play a key role in guiding gene expression. The first chromatin modifier 
identified in MM was the MMSET in the subpopulation carrying t(4;14) 
translocation which generates a fusion between the MMSET gene and 
FGFR3 (Chesi, Nardini et al. 1998). The molecular function of MMSET as 
an in vivo histone H4 lysine 20 methyltransferase, however, was recognised 
later (Marango, Shimoyama et al. 2008). Intriguingly, a novel primary 
MMSET chromatin target was then further reported as the histone H3 lysine 
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36, where the catalysis of di-methylation by MMSET was shown to aid tran-
scription (Kuo, Cheung et al. 2011).     

Before the precise molecular role of MMSET in myeloma was unravelled, 
the histone H3 lysine 27 methyltransferase EZH2 was reported as an onco-
gene in MM (Croonquist and Van Ness 2005). Expression of the Polycomb 
group (PcG) protein EZH2 was found to support myeloma cell survival and 
override growth factor dependency, whereas downregulation of EZH2 led to 
cell cycle arrest. Intriguingly, a few years later the MMSET isoform RE-
IIBP (interleukin-5 (IL-5) response element II binding protein), previously 
shown to be upregulated in a t(4;14) myeloma subset (Keats, Maxwell et al. 
2005), was shown to harbour histone H3 lysine 27 methyltransferase activity 
important for carcinogenesis (Kim, Kee et al. 2008). The potential role of 
RE-IIBP in MM remains incompletely understood. Another Polycomb pro-
tein Bmi-1 was found later to be an important player in myelomagenesis 
through suppression of the proapoptotic Bim (Jagani, Wiederschain et al. 
2010). Independently, Bim was found to be targeted by further epigenetic 
modifications, such as histone H3 lysine 9 di-methylation, which predisposes 
for its silencing upon IGF-1 stimulation (De Bruyne, Bos et al. 2010). Re-
cently, the anti-myeloma effect of the proteasome inhibitor Bortezomib was 
related to EZH2 inhibition in more aggressive subpopulations of MM cell 
lines and patient cells (Nara, Teshima et al. 2013). 

An additional mechanism for deregulation of the Polycomb-governed 
gene expression in multiple myeloma came from the identification of muta-
tions in the histone H3 lysine 27 demethylase UTX (van Haaften, Dalgliesh 
et al. 2009; Chapman, Lawrence et al. 2011). UTX is reported to enable cell 
cycle arrest via H3K27 demethylation of RB associated genes (Wang, Tsai 
et al. 2010). Interestingly, UTX was recently established as an important 
mediator in re-establishing pluripotency through H3K27me3 remodelling 
(Mansour, Gafni et al. 2012). However, the functional importance of UTX 
and the UTX mutations in MM remains to be further explored.  

Intriguingly, it was recently reported that MMSET regulates a switch be-
tween histone H3 lysine 27 tri-methylation and lysine 36 di-methylation in 
myeloma cells and this switch is beneficial for the t(4;14) MM carcinogene-
sis (Martinez-Garcia, Popovic et al. 2011). This exchange between the 
chromatin modifications of H3K27methylation and H3K36methylation was 
termed a bidirectional antagonism (Zheng, Sweet et al. 2012). A more in-
depth regulatory network involving both the Polycomb member EZH2 and 
MMSET was recently defined to play a pivotal and a more general role in 
oncogenesis (Asangani, Ateeq et al. 2013). How this translates to other sub-
sets of MM remains to be elucidated in more detail.    

In light of the complex epigenetic aberrations reported in MM, it is per-
haps not surprising that a growing interest is now emerging in evaluating the 
potential therapeutic utility of chromatin modifiers, such as HDACs, as nov-
el anti-myeloma drug targets (Smith, Boyd et al. 2010; Gentile, Recchia et 
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al. 2012). In particular, two small chemical inhibitors, the broad-spectrum 
HDAC inhibitor LBH589 and the global histone methylation inhibitor 
DZNep (Fiskus, Pranpat et al. 2006; Tan, Yang et al. 2007), previously re-
ported to inhibit EZH2 have been evaluated as potential therapeutics in MM, 
either alone or in combinatorial regimens (Xie, Bi et al. 2011; Lemaire, 
Fristedt et al. 2012; Neri, Bahlis et al. 2012). 

Epigenetics in mood disorders 
It is now widely accepted that psychiatric illnesses such as depression devel-
op upon stress and are highly influenced by the individual’s susceptibility to 
stress (Monroe, Simons et al. 1991; Kendler, Kessler et al. 1995). This inter-
action can also be referred to as gene – environment interaction and as such 
paves the way for epigenetic studies in mood disorders (Tsankova, Renthal 
et al. 2007; McGowan and Kato 2008; Archer, Oscar-Berman et al. 2013). 

An accumulating body of evidence comes from animal studies. Progeny 
anxiety influenced by maternal care is suggested to be transmitted through 
epigenetic regulation of the glucocorticoid receptor (GR) in the rat brain 
(Weaver, Cervoni et al. 2004; Weaver, Champagne et al. 2005). In addition, 
intricate chromatin remodelling is reported in the brain of rodent models of 
depression and antidepressant treatment (Tsankova, Kumar et al. 2004; 
Tsankova, Berton et al. 2006). Furthermore, the HDAC inhibitor sodium 
butyrate presents with antidepressant-like effect in mice (Schroeder, Lin et 
al. 2007) and the mood stabilizer valproic acid is suggested to function 
through its action as an HDAC inhibitor (Yasuda, Liang et al. 2009). Studies 
like these, however, remain limited to single gene alterations only in the 
hippocampus, whereas mood regulation extends to other areas of the brain 
(Nestler, Barrot et al. 2002) as epigenetic regulation encompasses a vast 
network of players and events on a systemic scale. 

Inflammation in mood disorders 
One of the first theories of psychiatric illness is that a strong contributing 
factor to disease development is chronic inflammation in areas of the brain 
responsible for mood regulation. The molecular basis for the establishment 
and persistence of the inflammation, however, remain poorly understood. 
The connection between inflammation and mood disorders was first estab-
lished in the early 90s as the “macrophage-T-lymphocyte theory of schizo-
phrenia” (Smith 1992; Smith and Maes 1995). And was soon after applied to 
other mental illnesses such as depression as the “monocyte-T-lymphocyte 
hypothesis of depression” (Maes 1995; Maes, Smith et al. 1995). The theo-
ries were based on the observation that certain psychiatric conditions are 
accompanied by immune activation, as corroborated by the activation of 
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peripheral blood mononuclear cells (PBMCs) and it was hypothesised that 
this activation plays a role in the pathophysiology and possible even patho-
genesis of the disease. This function is established by secreted cytokines 
such as tumour necrosis factor (TNF)-α, TNF-β1, IL-6, C-reactive protein 
(CRP) and interferon (summarised by Raedler (Raedler 2011)) which act 
upon areas of the brain important for mood regulation. The hypothesis men-
tioned above is supported by the fact that cytokine receptors are found in 
brain areas such as the hypothalamus, hippocampus and locus coeruleus 
(LC) which are previously linked to depression. Furthermore, monocytes and 
T-cells are able to pass the blood-brain barrier and thus function in the brain. 
Pro-inflammatory cytokines decrease the expression of the glucocorticoid 
receptor (GR) and stimulate the release of the corticotropin-releasing hor-
mone (CRH) both of which are important stress mediators in the brain 
(Pariante and Miller 2001; Pace and Miller 2009). In addition, pro-
inflammatory cytokines in the brain affect the GABAergic and monoamine 
neurotransmitter systems, potentially affecting neurogenesis and cellular 
viability (Anisman, Merali et al. 2008). A limited amount of post-mortem 
studies have reported increased cytokine expression in the brain of patients 
suffering from major depressive disorder (MDD) (Dean, Tawadros et al. 
2010; Shelton, Claiborne et al. 2011). It remains to be established, however, 
if the cytokines functioning in the brain are synthesised solely by the central 
nervous system (CSN) itself or also peripherally. It was recently observed 
that psychiatric patients affected with bipolar disorder present with a pro-
inflammatory gene expression signature of the peripheral blood monocytes 
(PBMCs) (Padmos, Hillegers et al. 2008). This gene expression signature 
was soon after expanded to patients suffering from schizophrenia (Drexhage, 
van der Heul-Nieuwenhuijsen et al. 2010). However, although several tran-
scription factors were found to regulate the pro-inflammatory genes men-
tioned above (Weigelt, Carvalho et al. 2011), further research is needed to 
establish how this gene expression is established and which intrinsic and 
extrinsic mechanisms are responsible for its regulation on a cellular and or-
ganismal level. Importantly, LPS induced pro-inflammatory gene expression 
in donor monocytes has been attributed to chromatin remodelling by the 
histone H3 lysine 27 demethylase JMJD3, thus providing a functional clue 
into how pro-inflammatory stimuli might employ epigenetic modifiers to 
regulate gene expression (De Santa, Narang et al. 2009). Interestingly, acti-
vation of the immune system by the endotoxin LPS is known to induce de-
pressive behaviour in animals, which is treatable by antidepressants (Dunn, 
Swiergiel et al. 2005).      

Numerous other studies have examined different aspects of the link be-
tween our immune system and mood disturbances (Raedler 2011; Raison 
and Miller 2011; Khansari and Sperlagh 2012). Depression is often found to 
be associated with life conditions such as stress, illness, poor diet and re-
duced sleep that are known to result in increased pro-inflammatory markers. 
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Infection and inflammation produce the so called “sickness behaviour” 
which in many terms resembles depressive symptoms (Reichenberg, 
Yirmiya et al. 2001; Reichenberg, Kraus et al. 2002; Dantzer, O'Connor et 
al. 2008). This is further evident in autoimmune diseases, such as multiple 
sclerosis and arthritis, where depression is a common complication (Kojima, 
Kojima et al. 2009; Gold, Kruger et al. 2011; Looper, Mustafa et al. 2011). 
Furthermore, interferon treatment activating the immune system is often 
accompanied by depression (Capuron, Gumnick et al. 2002). 

Although the literature listed above is just a selection of the large body of 
work that has been carried out to establish and define the relationship be-
tween inflammation and psychiatric illness, it is clear that further molecular 
studies are necessary. These studies may establish bridges between the dif-
ferent hypotheses of mental illness (Porcelli, Drago et al. 2011) and a net-
work of epigenetic gene regulation is likely to be a common underlying 
mechanism. 
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Nuclear receptor regulated transcription 

Nuclear receptors are a family of transcription factors which bind to specific 
response elements on DNA to activate transcription upon ligand binding 
(Aagaard, Siersbaek et al. 2011). Considering the structure of their DNA 
response elements and their ability to homo- or hetero-dimerise nuclear re-
ceptors can be subdivided into three classes (Mangelsdorf, Thummel et al. 
1995; Bain, Heneghan et al. 2007; Aagaard, Siersbaek et al. 2011). Class I 
nuclear receptors consists of steroid receptors, such as oestrogen receptor 
(ER), androgen receptor (AR), progesterone receptor (PR), mineralocorti-
coid receptor (MR) and glucocorticoid receptor (GR). These receptors bind 
as homodimers to palindromic or inverted palindromic hexanucleotide re-
peats separated by three base-pairs. With the exception of the oestrogen re-
ceptor (ER) these receptors are situated in the cytoplasm and upon ligand 
binding translocate to the nucleus to activate their target genes. Class II nu-
clear receptors include the endocrine receptors, which function to regulate 
cellular metabolism. These receptors are thyroid receptor (TR) and retinoic 
acid receptor (RAR). They function as heterodimers when bound to retinoid 
X receptor (RXR) and are generally found bound to two direct hexanucleo-
tide repeats spaced by 1-5 bases. In the absence of a ligand these receptors 
are bound by nuclear receptor co-repressors and upon ligand binding a 
switch is induced where these are exchanged for nuclear receptor co-
activators to help drive transcription. Class II nuclear receptors also contains 
the orphan receptors peroxisome proliferator-activated receptors (PPARs) 
and liver X receptors (LXRs). Class III nuclear receptors consists of orphan 
oestrogen receptor-related receptors (ERRs), steroidogenic factor (SF1) and 
Rev-Erb. These bind as homo- or heterodimers and in most cases no endog-
enous ligands have yet been identified (Aagaard, Siersbaek et al. 2011). 

Despite their functional differences, nuclear receptors share a common 
structure. They have an N-terminal domain, which is responsible for co-
factor binding and ligand-independent trans-activation function 1 (AF1). 
This domain is not conserved and highly unstructured; however, it is the 
prime target for post translational modifications and confers receptor stabil-
ity. The central part of the nuclear receptor is the DNA-binding domain, 
which is highly conserved and highly structured. Following this is the hinge 
region, which, although not conserved is very important for structural flexi-
bility between the DNA-binding domain and the ligand-binding domain. The 
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ligand-binding domain is the second most conserved domain in the nuclear 
receptor and is highly structured. It contains the ligand-dependent activation 
function (AF2) and is involved in receptor dimerization and interactions with 
co-factors (Aagaard, Siersbaek et al. 2011). 

Nuclear receptor activated transcription does not exist confined strictly with-
in itself, but rather is a result of endogenous and/or exogenous signals con-
verging on DNA with the ultimate goal of governing cellular fate. Thus, the 
route between the driving signal and resulting transcriptional response is 
filled with signalling molecules and co-factor complexes, which execute 
enzymatic modifications needed for particular gene expression. Following 
this line of thought closer to the DNA itself, the lead orchestrating role in 
gene expression is played by transcription factor’s/nuclear receptor’s co-
factors. Depending on their effect on transcription co-factors are assigned as 
co-activators or co-repressors and can be subdivided into two different clas-
ses, as enzymes covalently modifying histone tails and ATP-dependent 
chromatin remodelling complexes (Rosenfeld, Lunyak et al. 2006). 

The function of these co-factors is most extensively studied at nuclear re-
ceptors and several general principals can be outlined. Instead of a specific 
co-factor being used by specific nuclear receptor, there is a combinatorial 
usage of co-factors by different nuclear receptors (Perissi and Rosenfeld 
2005; Rosenfeld, Lunyak et al. 2006). The recruitment to different nuclear 
receptors is determined by the co-factor availability in the cell or their so-
called “limiting” concentration (Rosenfeld, Lunyak et al. 2006). Nuclear 
receptor co-activators possess conserved LXXLL motifs, where L is leucine 
and X stands for any amino-acid. These motifs function as interaction do-
mains to the ligand-binding domain of nuclear receptors (Heery, Kalkhoven 
et al. 1997; Torchia, Rose et al. 1997; Li, Wong et al. 2003). In a similar 
fashion, co-repressors interact with nuclear receptors through LXX I/H 
IXXX I/L motifs in the absence of a ligand (Nagy, Kao et al. 1997; Hu and 
Lazar 1999; Perissi, Staszewski et al. 1999; Webb, Anderson et al. 2000). 
Signalling pathways can influence the activity of co-factors through covalent 
modifications, such as phosphorylation, acetylation, sumoylation, ubiquityla-
tion and poly(ADPribosyl)ation and the use of these modifications is gener-
ally context dependent (Rosenfeld, Lunyak et al. 2006). For example, in 
order to be expelled from nuclear receptors upon ligand binding, co-
repressors are marked for degradation by ubiquitylation (Yoon, Chan et al. 
2003), for which a previous phosphorylation mark is needed (Hermanson, 
Glass et al. 2002). An additional level of regulation is provided by the allo-
steric effect different DNA-binding sites have on nuclear receptor activation. 
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The nuclear retinoic acid receptors 
Class II receptors typically bind as heterodimers with retinoic X receptor 
(RXR) to a direct repeat of the consensus half site sequence 5’-AGGTCA-3’, 
although exceptions to this rule exist. For different class II receptors the 
binding consensus sequences are spaced by different numbers of base pairs, 
from 1 to 5 base-pairs. This is how the same binding sequence allows the 
binding of different partners of RXR (Rastinejad, Perlmann et al. 1995; 
Rastinejad 2001). A typical example of class II nuclear receptor is the nucle-
ar retinoic acid receptor (RAR). 

There are three different RARs, RARα, RARβ and RARγ, with each one 
having at least two isoforms, differing in their N-terminus. The RARs are 
activated by vitamin A (all-trans retinol) derivatives, from which the only 
physiological ligand known so far is all-trans retinoic acid (ATRA) (Wolf 
2006). Heterodimers of RARs-RXRs are found bound to retinoic acid re-
spond elements (RAREs) on DNA. The RAREs are typically composed of 
two direct repeats of PuG(G/T)TCA spaced by 5 bp (referred to as direct 
repeat 5, DR5). However, binding to DR1 and DR2 has also been reported 
and was found to be involved in the negative regulation of transcription 
(Kurokawa, DiRenzo et al. 1994). In the absence of ligand the RAR-RXR 
heterodimer is bound by nuclear receptor co-repressors, such as 
NCoR/SMRT (nuclear receptor co-repressor/silencing mediator of retinoic 
acid and thyroid hormone receptor) (Chen and Evans 1995; Heinzel, 
Lavinsky et al. 1997; Perissi, Aggarwal et al. 2004; Privalsky 2004; Perissi, 
Jepsen et al. 2010). The NCoR/SMRT core complex consists of HDAC3 
(histone deacetylase 3), GPS2 (G protein pathway suppressor 2) and the 
transducing β-like factors TBL1 and TBLR1, where the histone deacetylat-
ing function of HDAC3 is essential for transcriptional repression (Yoon, 
Chan et al. 2003; Perissi, Aggarwal et al. 2004). Additional low-affinity 
components, such as Sin3A, HDAC1 and HDAC2 are also known to con-
tribute to gene silencing (Heinzel, Lavinsky et al. 1997; Rosenfeld, Lunyak 
et al. 2006). Ligand binding induces conformational changes in the ligand-
binding domain, which ultimately leads to the exchange of the nuclear recep-
tor co-repressor complex with a nuclear receptor co-activator complex in-
ducing transcription Figure 4 (Perissi, Aggarwal et al. 2004; Perissi and 
Rosenfeld 2005). Such co-activator complexes include the p160 family 
members, steroid receptor co-activators 1, 2 and 3 (SRC-1, -2 and -3), and 
CBP/p300 (CREB-binding protein/E1A-associated 300 kDa protein) 
(Darimont, Wagner et al. 1998; Nolte, Wisely et al. 1998; Onate, 
Boonyaratanakornkit et al. 1998; Aranda and Pascual 2001). The SRC and 
CBP/p300 co-activators possess a histone acetyl transferase (HAT) activity 
and thus are able to covalently add an acetyl group to the 3’ core histone 
tails, which leads to chromatin relaxation and allows transcriptional initia-
tion (Bannister and Kouzarides 1996; Janknecht and Hunter 1996; Ogryzko, 
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Schiltz et al. 1996; Chen 2000). A further co-activator is the ATP-dependent 
chromatin remodelling complex SWI/SNF, which functions as a prerequisite 
for binding of HAT co-activators and the general transcription machinery 
(Cheung, Allis et al. 2000; Orphanides and Reinberg 2000; Dilworth and 
Chambon 2001; Adelman and Lis 2002; Cosma 2002). In addition, the cellu-
lar retinoic acid binding protein II (CRABPII) is a ligand-binding co-
activator specific to the RARs/RXRs (Delva, Bastie et al. 1999). At Hox loci 
an interplay between the retinoic acid receptor and Polycomb group proteins 
establishes the transcriptional regulation, providing a further level of com-
plexity of RARs/RXRs co-regulators. Upon retinoic acid binding to 
RAR/RXR, PRC2 is evicted leading to reduced levels of H3K27me3, in-
creased levels of permissive chromatin marks and subsequent gene expres-
sion (Gillespie and Gudas 2007). 

It is worth mentioning that it is becoming apparent that the RARs also 
function away from DNA (Duong and Rochette-Egly 2011), however the 
major effects of the RAR´s are mediated through their function as transcrip-
tion factors. 

Numerous biological functions have been attributed to the RARs thus far, 
and for the majority of them binding of RARs to target genes are required. 
One of the most widely known roles of RARs is in the process of cellular 
differentiation. Numerous cell types have been shown to differentiate upon 
treatment with retinoic acid in vitro and the lack of RARs has been associat-
ed with inability to properly differentiate in vivo. In haematopoiesis, RARγ 
is important for preserving the stem cell pool (Purton, Dworkin et al. 2006). 
In addition, RARα has a pivotal role in granulopoiesis (Kastner and Chan 
2001; Kastner, Lawrence et al. 2001; Collins 2002). Upon retinoic acid 
treatment cells from the myelocytic lineage turn on a differentiation pro-
gramme to mature into neutrophils. Several genes have been identified thus 
far to play a role in this process (Kastner and Chan 2001; Orkin and Zon 
2008). Furthermore, microRNA genes were recently reported as RAR targets 
in the retinoic acid-induced differentiation (Fazi, Rosa et al. 2005; Saumet, 
Vetter et al. 2009). Retinoids are also known to regulate epidermal differen-
tiation and benefit wound healing (Fisher and Voorhees 1996; Chapellier, 
Mark et al. 2002), however the specific role of RARs remains to be further 
elucidated. Retinoic acid is also able to induce differentiation of the recently 
highly appreciated neuronal stem cells into neurons (Goncalves, Boyle et al. 
2005; Goncalves, Agudo et al. 2009). 
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Figure 4. Transcriptional regulation by the retinoic acid receptor (RAR). RAR 
forms a RAR-RXR (retinoid X receptor) heterodimer which binds to response ele-
ments (RAREs) on DNA and is activated by ligands deriving from vitamin A, such 
as retinoic acid (RA). In the absence of ligand RAR-RXR is bound by co-repressors, 
such as NCoR/SMRT and histone deacetylases (HDACs).Upon ligand binding, 
sequential recruitment of chromatin modifiers, such as histone acetyltransferases 
(HATs) and the general transcription machinery encompassing RNA polymerase II 
(Pol II), TATA-binding protein (TBP), TBP-associated factors (TAFs) and mediator 
complexes (MEDs) leads to transcription of RA-target genes. Figure is adapted from 
(Clarke, Germain et al. 2004). 
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In concordance with the well-established retinoid induced cellular differenti-
ation it is not surprising that the RARs are involved in several different types 
of cancer. The most well-known example is acute promyelocytic leukaemia 
(APL) in which RARα is involved in a translocation and the fusion protein 
functions as an altered RAR transcription factor, unable to activate gene 
transcription at physiological levels of retinoic acid (Di Croce, Raker et al. 
2002). As a result of the propensity of the RAR-PML fusion protein to form 
oligomers it becomes able to bind more widely spaced direct repeats and 
thus expands its target gene repertoire (Martens, Brinkman et al. 2010). In 
addition to their well-established role in APL, RARs are involved in several 
other types of cancers. The lack of RARγ is suggested to predispose to skin 
tumours (Chen, Goyette et al. 2004), head and neck cancers (Klaassen, 
Brakenhoff et al. 2001). In addition, loss of RARβ is attributed to lung, 
breast and cervical cancer (Picard, Seguin et al. 1999; Widschwendter, 
Berger et al. 2000; Suh, Lee et al. 2002; Zhang, Joh et al. 2007). 

The role of IKKα in transcriptional regulation 
IKKα (also known as IKK1 and CHUK) is well-known as an IκB kinase in 
the NFκB pathway, where it is part of the inhibitor of κB kinase (IKK) com-
plex together with IKKβ and the NFκB essential modulator (NEMO or 
IKKγ). In brief, the NFκB transcription factors are sequestered in the cyto-
plasm by IκB proteins when an NFκB inducing signal is absent. Upon signal 
the IκB proteins are phosphorylated by the two catalytic units of the IKK 
complex, IKKα and IKKβ, which targets them for degradation and releases 
the NFκB transcription factors to translocate into the nucleus and activate 
their target genes (Ghosh and Karin 2002; Hayden and Ghosh 2004; 
Yamamoto and Gaynor 2004). 

In addition to this well-established role IKKα possesses distinct nuclear 
functions. The kinase was announced a chromatin modifier in 2003 (Anest, 
Hanson et al. 2003; Yamamoto, Verma et al. 2003), when IKKα was first 
reported to phosphorylate histone H3 on Serine 10 at NFκB-target genes 
after TNFα treatment. This histone mark is thought to further recruit the 
histone acetyl transferase CBP (CREB-binding protein), which acetylates 
lysine 14 (H3K14ac) and establishes a relaxed chromatin state permissive 
for transcription. Soon after, a novel nuclear substrate for IKKα was identi-
fied in the activation of NFκB target genes. IKKα was shown to phosphory-
late the nuclear receptor co-repressor SMRT (silencing mediator of retinoic 
acid and thyroid hormone receptor) targeting the SMRT co-repressor com-
plex for degradation and thus, derepressing gene expression upon NFκB 
stimulation (Hoberg, Yeung et al. 2004; Hoberg, Popko et al. 2006). 

Importantly, IKKα was found to be involved in gene regulation through 
several nuclear receptors, such as the oestrogen receptor (Park, Krishnan et 
al. 2005; Tu, Prajapati et al. 2006) and the retinoic acid receptor (Gareus, 
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Huth et al. 2007). The kinase was shown to associate and phosphorylate the 
ERα, assisting its recruitment to target genes and in addition to that IKKα 
dependent phosphorylation of H3Ser10 was observed (Park, Krishnan et al. 
2005). More recently, the same group reported that IKKα is recruited to 
E2F1 dependent promoters after E2 treatment to activate transcription (Tu, 
Prajapati et al. 2006). Both of these reports describe a role for IKKα in driv-
ing the cell through the cell cycle, which would be consistent with its role as 
an oncogene. In contrast, the role of IKKα in the context of the nuclear ret-
inoic acid receptor would be consistent with promoting cellular 
differentiation. Surprisingly, in the later report IKKα was not attributed a 
kinase function. 

In fact, a kinase independent function of IKKα was reported for the first 
time in 2001 (Hu, Baud et al. 2001), when IKKα was established as regulator 
of epidermal proliferation and differentiation independent of the NFκB 
pathway. Later on, Gareus, Huth et al. 2007 expanded our knowledge of an 
IKKα role in keratinocyte differentiation observing IKKα at retinoic acid-
target genes early after treatment with ATRA (all-trans retinoic acid) to po-
tentiate gene expression. The same group contributed to the understanding of 
the nuclear role of IKKα in keratinocytes, describing that upon TGFβ1 
treatment, IKKα forms a complex with Smad3 to directly regulate target 
genes expression (Descargues, Sil et al. 2008). 

The nuclear functions of IKKα continued expanding when IKKα was re-
ported to shield the 14-3-3σ locus from chromatin and DNA hypermethyla-
tion (Zhu, Xia et al. 2007). Importantly, also here the IKKα function was 
kinase independent, IKKα was instead found bound to the N-terminal tail of 
histone H3. Thus, IKKα prevented the access of the SUV39H1 histone me-
thyltransferase to the gene locus. 

Although it has become clear that IKKα can distinguish itself from solely 
being IκB kinase, the numerous nuclear functions attributed to it, kinase-
dependent and independent, present a novel challenge for the complete un-
derstanding of its role in the cell. It is becoming clear that IKKα is emerging 
as a central point in several cellular signalling pathways and thus, carefully 
scrutinising its functions is urgent if these pathways are to be used as drug 
targets. 
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IKKα contains two conserved LXXLL co-
activator motifs and is recruited to the retinoic 
acid receptor (Paper I) 

Aim:  
• To study the molecular function of nuclear factor κB kinase α (IKKα) at 

the nuclear retinoic acid receptor in the human breast cancer cell line 
MCF-7.  

Results: 
We identified that IKKα contains two LXXLL motifs, known to be used by 
nuclear receptor co-activators when binding to the receptors they regulate. 
Using RNAi we defined a set of target genes requiring IKKα, but not IKKβ, 
for the upregulation of transcription upon retinoic acid (RA) treatment. Fur-
thermore, we found recruitment of IKKα to RARE sites of target genes and 
mutating the LXXLL motifs to LXXAA abrogated this recruitment. Im-
portantly, IKK inhibition by BMS-345541 inhibited ATRA-induced 
βRE(DR5)-Luc expression in an independent cell model. 

Discussion and conclusions: 
Previous studies have identified the NFκB kinase IKKα as a regulator of 
transcription, although through different modes of action. IKKα is known to 
phosphorylate histone H3 at Ser10 (Anest, Hanson et al. 2003; Yamamoto, 
Verma et al. 2003) and SMRT (Hoberg, Yeung et al. 2004; Hoberg, Popko et 
al. 2006) for the activation of NFκB target genes. Furthermore, recruitment 
of IKKα to the retinoic acid receptor (Gareus, Huth et al. 2007), the oestro-
gen receptor (Park, Krishnan et al. 2005; Tu, Prajapati et al. 2006) and the 
androgen receptor (Jain, Voogdt et al. 2012) in a kinase dependent and inde-
pendent manner has been reported. Importantly, we are the first to report the 
presence of the conserved nuclear receptor binding LXXLL motifs on IKKα 
and thus we hypothesise that IKKα functions as a nuclear receptor co-
activator. The importance of the LXXLL motifs was only evaluated for the 
retinoic acid driven transcription, but in light of previous studies, we consid-
er it is highly likely that this finding extends to other nuclear receptors as 
well. 
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Polycomb target genes are silenced in multiple 
myeloma (Paper II) and  
An epigenomic map of multiple myeloma 
reveals the importance of Polycomb gene 
silencing for the malignancy (Paper III) 

Aims: 
• To identify a common denominator among the underexpressed genes in 

MM. 
• To evaluate potential therapeutic options able to reactivate gene expres-

sion and define their effect in vivo and in vitro.  
• To define genome wide enrichment of the chromatin marks of histone 

H3 lysine 27 and lysine 4 tri-methylation (H3K27me3 and H3K4me3) in 
MM patient cells. 

• To investigate the importance of the H3K27me3 and H3K4me3 enriched 
genes for MM. 

Results: 
In paper II, by using integrative genomics we identified that a common de-
nominator among underexpressed genes in MM patient cells when compared 
to normal counterpart plasma cells was that they were enriched for previous-
ly defined targets of the Polycomb group (PcG) proteins.  Consistently, we 
found enrichment of H3K27me3 at underexpressed genes in MM patient 
cells and cell lines. We used two small molecule inhibitors to chemically 
revert H3K27me3-mediated gene silencing. Both DZNep and LBH589 reac-
tivated genes repressed by H3K27me3, depleted cells from EZH2 and in-
duced apoptosis in human MM cell lines. In the immunocompetent 5T33 in 
vivo model of MM, treatment with LBH589 resulted in gene upregulation, 
reduced tumour load and increased overall survival. Following our hypothe-
sis from paper II, we proceeded to generate a genome wide epigenomic map 
of MM encompassing the Polycomb chromatin mark of H3K27me3 and the 
opposing H3K4me3 in freshly isolated bone marrow plasma cells of four 
randomly selected patients. Using ChIP- and RNA-sequencing we defined a 
set of silent H3K27me3-enriched genes, active genes bearing H3K4me3 and 
bivalent genes carrying both of the marks and having very low levels of tran-
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scription. We showed that H3K27me3 and bivalent genes cluster together 
and away from the H3K4me3 genes in gene ontology (GO) analysis. In con-
cordance with the findings in paper II, Polycomb targets defined by 
H3K27me3 represented genes becoming progressively more silenced with 
advanced stages of MM and importantly, genes that are silenced in patients 
presenting with a poor prognosis. 

Discussion and conclusions: 
Polycomb gene silencing is a well-established contributing factor in cancer. 
Its importance, however, has been primarily attributed to tumours exhibiting 
a poorly differentiated phenotype. (Valk-Lingbeek, Bruggeman et al. 2004; 
Yu, Rhodes et al. 2007; Ben-Porath, Thomson et al. 2008; Mills 2010). Here 
we reveal a common gene signature in what is currently described as a ter-
minally differentiated tumour, the plasma cell malignancy MM, mediated by 
gene silencing via the Polycomb repressive complex. Importantly, gene si-
lencing is more pronounced in the advanced stages of MM progression. Our 
analysis suggests that the myeloma specific H3K27me3 targets are reminis-
cent of Polycomb targets in human embryonic cells (Bracken, Dietrich et al. 
2006; Lee, Jenner et al. 2006). Most importantly, an underexpressed gene 
profile is not likely to represent a small subset of cells and, considering this, 
we hypothesise that deregulation of Polycomb gene silencing in MM is like-
ly to be a common underlying mechanism for the establishment of the ma-
lignancy. Taken together, paper II and paper III strongly suggest that gene 
silencing by Polycomb group (PcG) proteins plays an important role in the 
establishment of the malignant plasma cell of MM and provides rationale for 
the evaluation of EZH2 inhibitors in multiple myeloma.  
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Ouabain-induced gene expression associated 
with mood disorders is mediated by the 
Polycomb group proteins in monocytes 
(Paper IV) 

Aims:  
• To identify compounds able to induce in vitro the “signature” of pro-

inflammatory gene expression as observed in peripheral blood mono-
cytes of psychiatric patients. 

• To identify molecular mechanisms involved in the establishment and 
regulation of the inflammatory gene expression in donor monocytes.  

Results:  
Bioinformatics analysis showed that sodium pump inhibitors, such as the 
steroid hormone ouabain synthesised by the adrenal cortex, are able to in-
duce a similar expression in donor monocytes as previously observed in 
psychiatric patients. We show that ouabain-induced gene expression strongly 
correlates to genes previously shown to be regulated by Polycomb group 
proteins and the histone demethylase KDM6B/JMJD3. Furthermore, ouabain 
treatment induced microRNAs previously shown to regulate the Polycomb 
group (PcG) proteins and led to reduced EZH2 protein levels. Importantly, 
after ouabain treatment the silencing histone mark of H3K27me3 was ex-
changed for the activating H3K4me3 on the pro-inflammatory genes shown 
to be highly expressed in patients suffering from mood disorders.  

Discussion and conclusions: 
One of the most valued hypotheses of psychiatric illness is that it is influ-
enced by inflammatory stimuli, such as cytokines acting upon mood regula-
tory areas of the brain (Maes 1995; Leonard 2001; Raison and Miller 2011). 
It was recently reported that circulating blood monocytes from patients with 
psychiatric disease, such as bipolar disorder (Padmos, Hillegers et al. 2008) 
and schizophrenia (Drexhage, van der Heul-Nieuwenhuijsen et al. 2010) 
display a gene expression signature indicative of chronic inflammation. How 
this gene expression is established and sustained however, is not fully under-
stood. Here we suggest a novel hypothesis that chromatin modifiers of the 
lysine 27 methylation on histone H3 are responsible for maintaining this pro-
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inflammatory gene expression. Importantly, the fact that it is mainly sodium 
pump inhibitors which are able to induce inflammatory gene expression sim-
ilar to that observed in monocytes from psychiatric patients establishes a link 
between two important hypotheses of mental illness. These are the “macro-
phage-T-lymphocyte theory” as outlined above and the “Na+, K+-ATPase 
hypothesis”, postulating that reduced sodium pump activity contributes to 
mental illness through increased membrane excitability and reduced neuro-
transmitter release (el-Mallakh and Wyatt 1995). How this intricate link is 
established and maintained on an organismal level remains to be elucidated, 
but the evidence presented here suggests that it could be mediated by chro-
matin remodelling involving H3K27me3. 



 37 

Acknowledgements: 

I owe my deepest gratitude to everyone without whom the work included in 
this thesis would have not been possible. 

First and foremost to the best team of supervisors I could possibly have, it is 
my honour to work with you!   

To Fredrik Öberg, for accepting me into your research group, trusting me 
to explore different projects and remaining a constant scientific inspiration. 

To Helena Jernberg-Wiklund, for making me an integral part of your re-
search group and giving me support and guidance when I needed it the most. 

To Lucia Cavelier, for being an enthusiastic part of our team and for great 
discussions. 

To past and present members of the “Sten Sture” lab, especially Kenneth, 
for expert discussions and warm hospitality; Inger, for unforgettable mush-
room picking and showing me that sharing ideas is not dependent on age or 
where we come from; Marina, for great laughs about work and life; Lotta 
and Pernilla, because I can always count on you; Charlotte, Prasoon and 
Mohammad, for being the best team for sharing the work-load in both good 
and bad times, and for enjoying the none work-loaded life too. To all my 
students throughout the years for teaching me how to teach, especially Mo-
hammad, you are a valuable asset to our group now and Fae, for your ex-
traordinary patience, endless helpfulness and keeping track of the work, 
whenever I was losing it, I truly miss you. 

To all my collaborators and co-authors, especially Mårten Fryknäs, Anders 
Österborg, Karin Vanderkerken and her group in Brussels for fruitful 
collaborations on the MM studies; Anna Eriksson, Sara Ek and Venera 
Kuci, Ammar Zaghlool, Larry Mansouri and Sujata Bhoi for trusting me 
with their projects, I am looking forward to continuing working with you. 

To the people at Rudbeck responsible for ensuring that everything runs 
smoothly, especially Anna Dimberg and Christina Magnusson, for taking 
such good care of all of us PhD students. 



 38 

To the greatest office in Rudbeck! Special thanks to Lucy for proofreading 
this thesis, Jelena for always having the information I need and for becom-
ing a very good friend after all the fighting over desk space, Vasil, Smitha, 
Yiwen and ex-member Tobias, for amazing talks and laughs. 

To my friends here in Sweden for truly making me feel at home and helping 
with this thesis! To Kathrin, for your endless support and the abbreviations 
in this thesis; Fuad and Shamam for great times and great food, and the 
beautiful figures in this thesis; Vicky, Loffe and little Mr X for long-lasting 
friendship and giving me a small Easter holiday during the last day of thesis 
corrections; Pacho, Ulli, Quinty and little Miss X, for lunches, talks, walks 
and being there for me; Sonia and Lothar for giving me very good reasons 
to miss you; Cihan for making me feel like a part of your family. To the 
good old Friday beer club for good old times and more to come, I hope. 

Special thanks to my friends in Bulgaria, for crossing borders for me and 
reminding me who I am. 

To my father, I am sure you would have been proud that I am a Dr now. 

To Manoj, for being supportive and understanding during the most stressful 
of times. I hope that I never take you for granted. I am looking forward to all 
the good times to come! 

To my wonderful family, for always believing in me no matter what and 
encouraging me through my craziest endeavours. Everything I have achieved 
is because of you! 

 
 
 
 
 
 

 

 

The work in this thesis was supported by grants from the Swedish Cancer 
Society, the Swedish Research Council for Medicine, the Hans von Kantzow 
Foundation, the EU-FP7-HEALTH F2-2008-222963 ‘MOODINFLAME’, 
the Multiple Myeloma Research Foundation, Stichting tegen Kanker, FWO-
Vlaanderen and GOA-Vrije Universiteit Brussel. 



 39 

References: 

Aagaard, M. M., R. Siersbaek, et al. (2011). "Molecular basis for gene-specific 
transactivation by nuclear receptors." Biochim Biophys Acta 1812(8): 824-
835. 

Adelman, K. and J. T. Lis (2002). "How does Pol II overcome the nucleosome 
barrier?" Mol Cell 9(3): 451-452. 

Anest, V., J. L. Hanson, et al. (2003). "A nucleosomal function for IkappaB kinase-
alpha in NF-kappaB-dependent gene expression." Nature 423(6940): 659-
663. 

Anisman, H., Z. Merali, et al. (2008). "Neurotransmitter, peptide and cytokine 
processes in relation to depressive disorder: comorbidity between 
depression and neurodegenerative disorders." Prog Neurobiol 85(1): 1-74. 

Aranda, A. and A. Pascual (2001). "Nuclear hormone receptors and gene 
expression." Physiol Rev 81(3): 1269-1304. 

Archer, T., M. Oscar-Berman, et al. (2013). "Epigenetic Modulation of Mood 
Disorders." J Genet Syndr Gene Ther 4(120). 

Asangani, I. A., B. Ateeq, et al. (2013). "Characterization of the EZH2-MMSET 
histone methyltransferase regulatory axis in cancer." Mol Cell 49(1): 80-93. 

Baer, C., R. Claus, et al. (2013). "Genome-wide epigenetic regulation of miRNAs in 
cancer." Cancer Res 73(2): 473-477. 

Bain, D. L., A. F. Heneghan, et al. (2007). "Nuclear receptor structure: implications 
for function." Annu Rev Physiol 69: 201-220. 

Bannister, A. J. and T. Kouzarides (1996). "The CBP co-activator is a histone 
acetyltransferase." Nature 384(6610): 641-643. 

Bannister, A. J. and T. Kouzarides (2011). "Regulation of chromatin by histone 
modifications." Cell Res 21(3): 381-395. 

Baylin, S. B. and P. A. Jones (2011). "A decade of exploring the cancer epigenome - 
biological and translational implications." Nat Rev Cancer 11(10): 726-734. 

Ben-Porath, I., M. W. Thomson, et al. (2008). "An embryonic stem cell-like gene 
expression signature in poorly differentiated aggressive human tumors." 
Nat Genet 40(5): 499-507. 

Benetatos, L. and G. Vartholomatos (2012). "Deregulated microRNAs in multiple 
myeloma." Cancer 118(4): 878-887. 

Berger, S. L., T. Kouzarides, et al. (2009). "An operational definition of 
epigenetics." Genes Dev 23(7): 781-783. 

Bergsagel, P. L., W. M. Kuehl, et al. (2005). "Cyclin D dysregulation: an early and 
unifying pathogenic event in multiple myeloma." Blood 106(1): 296-303. 

Bird, A. (2007). "Perceptions of epigenetics." Nature 447(7143): 396-398. 



 40 

Bollati, V., S. Fabris, et al. (2009). "Differential repetitive DNA methylation in 
multiple myeloma molecular subgroups." Carcinogenesis 30(8): 1330-
1335. 

Boyer, L. A., K. Plath, et al. (2006). "Polycomb complexes repress developmental 
regulators in murine embryonic stem cells." Nature 441(7091): 349-353. 

Bracken, A. P., N. Dietrich, et al. (2006). "Genome-wide mapping of Polycomb 
target genes unravels their roles in cell fate transitions." Genes Dev 20(9): 
1123-1136. 

Broyl, A., D. Hose, et al. (2010). "Gene expression profiling for molecular 
classification of multiple myeloma in newly diagnosed patients." Blood 
116(14): 2543-2553. 

Cao, R., Y. Tsukada, et al. (2005). "Role of Bmi-1 and Ring1A in H2A 
ubiquitylation and Hox gene silencing." Mol Cell 20(6): 845-854. 

Capuron, L., J. F. Gumnick, et al. (2002). "Neurobehavioral effects of interferon-
alpha in cancer patients: phenomenology and paroxetine responsiveness of 
symptom dimensions." Neuropsychopharmacology 26(5): 643-652. 

Chapellier, B., M. Mark, et al. (2002). "Physiological and retinoid-induced 
proliferations of epidermis basal keratinocytes are differently controlled." 
EMBO J 21(13): 3402-3413. 

Chapman, M. A., M. S. Lawrence, et al. (2011). "Initial genome sequencing and 
analysis of multiple myeloma." Nature 471(7339): 467-472. 

Chen, C. F., P. Goyette, et al. (2004). "RARgamma acts as a tumor suppressor in 
mouse keratinocytes." Oncogene 23(31): 5350-5359. 

Chen, J. D. (2000). "Steroid/nuclear receptor coactivators." Vitam Horm 58: 391-
448. 

Chen, J. D. and R. M. Evans (1995). "A transcriptional co-repressor that interacts 
with nuclear hormone receptors." Nature 377(6548): 454-457. 

Chesi, M. and P. L. Bergsagel (2011). "Many multiple myelomas: making more of 
the molecular mayhem." Hematology Am Soc Hematol Educ Program 
2011: 344-353. 

Chesi, M., E. Nardini, et al. (1998). "The t(4;14) translocation in myeloma 
dysregulates both FGFR3 and a novel gene, MMSET, resulting in 
IgH/MMSET hybrid transcripts." Blood 92(9): 3025-3034. 

Cheung, P., C. D. Allis, et al. (2000). "Signaling to chromatin through histone 
modifications." Cell 103(2): 263-271. 

Clarke, N., P. Germain, et al. (2004). "Retinoids: potential in cancer prevention and 
therapy." Expert Rev Mol Med 6(25): 1-23. 

Collins, S. J. (2002). "The role of retinoids and retinoic acid receptors in normal 
hematopoiesis." Leukemia 16(10): 1896-1905. 

Cosma, M. P. (2002). "Ordered recruitment: gene-specific mechanism of 
transcription activation." Mol Cell 10(2): 227-236. 

Croonquist, P. A. and B. Van Ness (2005). "The polycomb group protein enhancer 
of zeste homolog 2 (EZH 2) is an oncogene that influences myeloma cell 
growth and the mutant ras phenotype." Oncogene 24(41): 6269-6280. 

Dantzer, R., J. C. O'Connor, et al. (2008). "From inflammation to sickness and 
depression: when the immune system subjugates the brain." Nat Rev 
Neurosci 9(1): 46-56. 



 41 

Darimont, B. D., R. L. Wagner, et al. (1998). "Structure and specificity of nuclear 
receptor-coactivator interactions." Genes Dev 12(21): 3343-3356. 

Dawson, M. A. and T. Kouzarides (2012). "Cancer epigenetics: from mechanism to 
therapy." Cell 150(1): 12-27. 

De Bruyne, E., T. J. Bos, et al. (2010). "IGF-1 suppresses Bim expression in 
multiple myeloma via epigenetic and posttranslational mechanisms." Blood 
115(12): 2430-2440. 

De Santa, F., V. Narang, et al. (2009). "Jmjd3 contributes to the control of gene 
expression in LPS-activated macrophages." EMBO J 28(21): 3341-3352. 

Dean, B., N. Tawadros, et al. (2010). "Regionally-specific changes in levels of 
tumour necrosis factor in the dorsolateral prefrontal cortex obtained 
postmortem from subjects with major depressive disorder." J Affect Disord 
120(1-3): 245-248. 

Delva, L., J. N. Bastie, et al. (1999). "Physical and functional interactions between 
cellular retinoic acid binding protein II and the retinoic acid-dependent 
nuclear complex." Mol Cell Biol 19(10): 7158-7167. 

Descargues, P., A. K. Sil, et al. (2008). "IKKalpha is a critical coregulator of a 
Smad4-independent TGFbeta-Smad2/3 signaling pathway that controls 
keratinocyte differentiation." Proc Natl Acad Sci U S A 105(7): 2487-2492. 

Di Croce, L., V. A. Raker, et al. (2002). "Methyltransferase recruitment and DNA 
hypermethylation of target promoters by an oncogenic transcription factor." 
Science 295(5557): 1079-1082. 

Dilworth, F. J. and P. Chambon (2001). "Nuclear receptors coordinate the activities 
of chromatin remodeling complexes and coactivators to facilitate initiation 
of transcription." Oncogene 20(24): 3047-3054. 

Drexhage, R. C., L. van der Heul-Nieuwenhuijsen, et al. (2010). "Inflammatory gene 
expression in monocytes of patients with schizophrenia: overlap and 
difference with bipolar disorder. A study in naturalistically treated 
patients." Int J Neuropsychopharmacol 13(10): 1369-1381. 

Dunn, A. J., A. H. Swiergiel, et al. (2005). "Cytokines as mediators of depression: 
what can we learn from animal studies?" Neurosci Biobehav Rev 29(4-5): 
891-909. 

Duong, V. and C. Rochette-Egly (2011). "The molecular physiology of nuclear 
retinoic acid receptors. From health to disease." Biochim Biophys Acta 
1812(8): 1023-1031. 

el-Mallakh, R. S. and R. J. Wyatt (1995). "The Na,K-ATPase hypothesis for bipolar 
illness." Biol Psychiatry 37(4): 235-244. 

Fazi, F., A. Rosa, et al. (2005). "A minicircuitry comprised of microRNA-223 and 
transcription factors NFI-A and C/EBPalpha regulates human 
granulopoiesis." Cell 123(5): 819-831. 

Fisher, G. J. and J. J. Voorhees (1996). "Molecular mechanisms of retinoid actions 
in skin." FASEB J 10(9): 1002-1013. 

Fiskus, W., M. Pranpat, et al. (2006). "Histone deacetylase inhibitors deplete 
enhancer of zeste 2 and associated polycomb repressive complex 2 proteins 
in human acute leukemia cells." Mol Cancer Ther 5(12): 3096-3104. 



 42 

Fonseca, R., P. L. Bergsagel, et al. (2009). "International Myeloma Working Group 
molecular classification of multiple myeloma: spotlight review." Leukemia 
23(12): 2210-2221. 

Galm, O., J. G. Herman, et al. (2006). "The fundamental role of epigenetics in 
hematopoietic malignancies." Blood Rev 20(1): 1-13. 

Gareus, R., M. Huth, et al. (2007). "Normal epidermal differentiation but impaired 
skin-barrier formation upon keratinocyte-restricted IKK1 ablation." Nat 
Cell Biol 9(4): 461-469. 

Gentile, M., A. G. Recchia, et al. (2012). "Emerging biological insights and novel 
treatment strategies in multiple myeloma." Expert Opin Emerg Drugs 
17(3): 407-438. 

Ghosh, S. and M. Karin (2002). "Missing pieces in the NF-kappaB puzzle." Cell 109 
Suppl: S81-96. 

Gillespie, R. F. and L. J. Gudas (2007). "Retinoid regulated association of 
transcriptional co-regulators and the polycomb group protein SUZ12 with 
the retinoic acid response elements of Hoxa1, RARbeta(2), and Cyp26A1 
in F9 embryonal carcinoma cells." J Mol Biol 372(2): 298-316. 

Gold, S. M., S. Kruger, et al. (2011). "Endocrine and immune substrates of 
depressive symptoms and fatigue in multiple sclerosis patients with 
comorbid major depression." J Neurol Neurosurg Psychiatry 82(7): 814-
818. 

Goncalves, M. B., M. Agudo, et al. (2009). "Sequential RARbeta and alpha 
signalling in vivo can induce adult forebrain neural progenitor cells to 
differentiate into neurons through Shh and FGF signalling pathways." Dev 
Biol 326(2): 305-313. 

Goncalves, M. B., J. Boyle, et al. (2005). "Timing of the retinoid-signalling pathway 
determines the expression of neuronal markers in neural progenitor cells." 
Dev Biol 278(1): 60-70. 

Hallek, M., P. L. Bergsagel, et al. (1998). "Multiple myeloma: increasing evidence 
for a multistep transformation process." Blood 91(1): 3-21. 

Hanahan, D. and R. A. Weinberg (2011). "Hallmarks of cancer: the next 
generation." Cell 144(5): 646-674. 

Hansen, K. H., A. P. Bracken, et al. (2008). "A model for transmission of the 
H3K27me3 epigenetic mark." Nat Cell Biol 10(11): 1291-1300. 

Hayden, M. S. and S. Ghosh (2004). "Signaling to NF-kappaB." Genes Dev 18(18): 
2195-2224. 

Heery, D. M., E. Kalkhoven, et al. (1997). "A signature motif in transcriptional co-
activators mediates binding to nuclear receptors." Nature 387(6634): 733-
736. 

Heinzel, T., R. M. Lavinsky, et al. (1997). "A complex containing N-CoR, mSin3 
and histone deacetylase mediates transcriptional repression." Nature 
387(6628): 43-48. 

Hermanson, O., C. K. Glass, et al. (2002). "Nuclear receptor coregulators: multiple 
modes of modification." Trends Endocrinol Metab 13(2): 55-60. 

Hoberg, J. E., A. E. Popko, et al. (2006). "IkappaB kinase alpha-mediated 
derepression of SMRT potentiates acetylation of RelA/p65 by p300." Mol 
Cell Biol 26(2): 457-471. 



 43 

Hoberg, J. E., F. Yeung, et al. (2004). "SMRT derepression by the IkappaB kinase 
alpha: a prerequisite to NF-kappaB transcription and survival." Mol Cell 
16(2): 245-255. 

Hodge, D. R., B. Peng, et al. (2005). "Interleukin 6 supports the maintenance of p53 
tumor suppressor gene promoter methylation." Cancer Res 65(11): 4673-
4682. 

Hu, H. Y., K. P. Li, et al. (2013). "Set9, NF-kappaB, and microRNA-21 mediate 
berberine-induced apoptosis of human multiple myeloma cells." Acta 
Pharmacol Sin 34(1): 157-166. 

Hu, X. and M. A. Lazar (1999). "The CoRNR motif controls the recruitment of 
corepressors by nuclear hormone receptors." Nature 402(6757): 93-96. 

Hu, Y., V. Baud, et al. (2001). "IKKalpha controls formation of the epidermis 
independently of NF-kappaB." Nature 410(6829): 710-714. 

Jablonka, E. and M. J. Lamb (2002). "The changing concept of epigenetics." Ann N 
Y Acad Sci 981: 82-96. 

Jaenisch, R. and A. Bird (2003). "Epigenetic regulation of gene expression: how the 
genome integrates intrinsic and environmental signals." Nat Genet 33 
Suppl: 245-254. 

Jagani, Z., D. Wiederschain, et al. (2010). "The Polycomb group protein Bmi-1 is 
essential for the growth of multiple myeloma cells." Cancer Res 70(13): 
5528-5538. 

Jain, G., C. Voogdt, et al. (2012). "IkappaB kinases modulate the activity of the 
androgen receptor in prostate carcinoma cell lines." Neoplasia 14(3): 178-
189. 

Janknecht, R. and T. Hunter (1996). "Transcription. A growing coactivator 
network." Nature 383(6595): 22-23. 

Jenuwein, T. and C. D. Allis (2001). "Translating the histone code." Science 
293(5532): 1074-1080. 

Jernberg-Wiklund, H. and K. Nilsson (2007). "Control of apoptosis in human 
multiple myeloma by insulin-like growth factor I (IGF-I)." Adv Cancer Res 
97: 139-165. 

Jones, C. I., M. V. Zabolotskaya, et al. (2012). "Identification of circulating 
microRNAs as diagnostic biomarkers for use in multiple myeloma." Br J 
Cancer 107(12): 1987-1996. 

Jones, P. A. and P. W. Laird (1999). "Cancer epigenetics comes of age." Nat Genet 
21(2): 163-167. 

Kastner, P. and S. Chan (2001). "Function of RARalpha during the maturation of 
neutrophils." Oncogene 20(49): 7178-7185. 

Kastner, P., H. J. Lawrence, et al. (2001). "Positive and negative regulation of 
granulopoiesis by endogenous RARalpha." Blood 97(5): 1314-1320. 

Keats, J. J., C. A. Maxwell, et al. (2005). "Overexpression of transcripts originating 
from the MMSET locus characterizes all t(4;14)(p16;q32)-positive multiple 
myeloma patients." Blood 105(10): 4060-4069. 

Kendler, K. S., R. C. Kessler, et al. (1995). "Stressful life events, genetic liability, 
and onset of an episode of major depression in women." Am J Psychiatry 
152(6): 833-842. 



 44 

Khansari, P. S. and B. Sperlagh (2012). "Inflammation in neurological and 
psychiatric diseases." Inflammopharmacology 20(3): 103-107. 

Kim, J. Y., H. J. Kee, et al. (2008). "Multiple-myeloma-related WHSC1/MMSET 
isoform RE-IIBP is a histone methyltransferase with transcriptional 
repression activity." Mol Cell Biol 28(6): 2023-2034. 

Klaassen, I., R. H. Brakenhoff, et al. (2001). "Expression of retinoic acid receptor 
gamma correlates with retinoic acid sensitivity and metabolism in head and 
neck squamous cell carcinoma cell lines." Int J Cancer 92(5): 661-665. 

Kojima, M., T. Kojima, et al. (2009). "Depression, inflammation, and pain in 
patients with rheumatoid arthritis." Arthritis Rheum 61(8): 1018-1024. 

Kouzarides, T. (2007). "Chromatin modifications and their function." Cell 128(4): 
693-705. 

Ku, M., R. P. Koche, et al. (2008). "Genomewide analysis of PRC1 and PRC2 
occupancy identifies two classes of bivalent domains." PLoS Genet 4(10): 
e1000242. 

Kuo, A. J., P. Cheung, et al. (2011). "NSD2 links dimethylation of histone H3 at 
lysine 36 to oncogenic programming." Mol Cell 44(4): 609-620. 

Kurokawa, R., J. DiRenzo, et al. (1994). "Regulation of retinoid signalling by 
receptor polarity and allosteric control of ligand binding." Nature 
371(6497): 528-531. 

Lachner, M., R. J. O'Sullivan, et al. (2003). "An epigenetic road map for histone 
lysine methylation." J Cell Sci 116(Pt 11): 2117-2124. 

Lee, T. I., R. G. Jenner, et al. (2006). "Control of developmental regulators by 
Polycomb in human embryonic stem cells." Cell 125(2): 301-313. 

Lemaire, M., C. Fristedt, et al. (2012). "The HDAC inhibitor LBH589 enhances the 
antimyeloma effects of the IGF-1RTK inhibitor picropodophyllin." Clin 
Cancer Res 18(8): 2230-2239. 

Leonard, B. E. (2001). "The immune system, depression and the action of 
antidepressants." Prog Neuropsychopharmacol Biol Psychiatry 25(4): 767-
780. 

Li, X., J. Wong, et al. (2003). "Progesterone and glucocorticoid receptors recruit 
distinct coactivator complexes and promote distinct patterns of local 
chromatin modification." Mol Cell Biol 23(11): 3763-3773. 

Lindsey, J. C., J. A. Anderton, et al. (2005). "Epigenetic events in medulloblastoma 
development." Neurosurg Focus 19(5): E10. 

Lionetti, M., M. Biasiolo, et al. (2009). "Identification of microRNA expression 
patterns and definition of a microRNA/mRNA regulatory network in 
distinct molecular groups of multiple myeloma." Blood 114(25): e20-26. 

Loffler, D., K. Brocke-Heidrich, et al. (2007). "Interleukin-6 dependent survival of 
multiple myeloma cells involves the Stat3-mediated induction of 
microRNA-21 through a highly conserved enhancer." Blood 110(4): 1330-
1333. 

Looper, K., S. Mustafa, et al. (2011). "History of depressive episodes as a risk factor 
for illness severity in early inflammatory arthritis." J Psychosom Res 71(1): 
28-31. 



 45 

Maes, M. (1995). "Evidence for an immune response in major depression: a review 
and hypothesis." Prog Neuropsychopharmacol Biol Psychiatry 19(1): 11-
38. 

Maes, M., R. Smith, et al. (1995). "The monocyte-T-lymphocyte hypothesis of 
major depression." Psychoneuroendocrinology 20(2): 111-116. 

Mangelsdorf, D. J., C. Thummel, et al. (1995). "The nuclear receptor superfamily: 
the second decade." Cell 83(6): 835-839. 

Mansour, A. A., O. Gafni, et al. (2012). "The H3K27 demethylase Utx regulates 
somatic and germ cell epigenetic reprogramming." Nature 488(7411): 409-
413. 

Marango, J., M. Shimoyama, et al. (2008). "The MMSET protein is a histone 
methyltransferase with characteristics of a transcriptional corepressor." 
Blood 111(6): 3145-3154. 

Margueron, R., N. Justin, et al. (2009). "Role of the polycomb protein EED in the 
propagation of repressive histone marks." Nature 461(7265): 762-767. 

Margueron, R., G. Li, et al. (2008). "Ezh1 and Ezh2 maintain repressive chromatin 
through different mechanisms." Mol Cell 32(4): 503-518. 

Margueron, R. and D. Reinberg (2011). "The Polycomb complex PRC2 and its mark 
in life." Nature 469(7330): 343-349. 

Martens, J. H., A. B. Brinkman, et al. (2010). "PML-RARalpha/RXR Alters the 
Epigenetic Landscape in Acute Promyelocytic Leukemia." Cancer Cell 
17(2): 173-185. 

Martinez-Garcia, E., R. Popovic, et al. (2011). "The MMSET histone methyl 
transferase switches global histone methylation and alters gene expression 
in t(4;14) multiple myeloma cells." Blood 117(1): 211-220. 

McGowan, P. O. and T. Kato (2008). "Epigenetics in mood disorders." Environ 
Health Prev Med 13(1): 16-24. 

Menu, E., H. Jernberg-Wiklund, et al. (2007). "Targeting the IGF-1R using 
picropodophyllin in the therapeutical 5T2MM mouse model of multiple 
myeloma: beneficial effects on tumor growth, angiogenesis, bone disease 
and survival." Int J Cancer 121(8): 1857-1861. 

Menu, E., H. Jernberg-Wiklund, et al. (2006). "Inhibiting the IGF-1 receptor 
tyrosine kinase with the cyclolignan PPP: an in vitro and in vivo study in 
the 5T33MM mouse model." Blood 107(2): 655-660. 

Mills, A. A. (2010). "Throwing the cancer switch: reciprocal roles of polycomb and 
trithorax proteins." Nat Rev Cancer 10(10): 669-682. 

Mohn, F., M. Weber, et al. (2008). "Lineage-specific polycomb targets and de novo 
DNA methylation define restriction and potential of neuronal progenitors." 
Mol Cell 30(6): 755-766. 

Monroe, S. M., A. D. Simons, et al. (1991). "Onset of depression and time to 
treatment entry: roles of life stress." J Consult Clin Psychol 59(4): 566-573. 

Nagy, L., H. Y. Kao, et al. (1997). "Nuclear receptor repression mediated by a 
complex containing SMRT, mSin3A, and histone deacetylase." Cell 89(3): 
373-380. 

Nara, M., K. Teshima, et al. (2013). "Bortezomib reduces the tumorigenicity of 
multiple myeloma via downregulation of upregulated targets in clonogenic 
side population cells." PLoS One 8(3): e56954. 



 46 

Neri, P., N. J. Bahlis, et al. (2012). "Panobinostat for the treatment of multiple 
myeloma." Expert Opin Investig Drugs 21(5): 733-747. 

Nestler, E. J., M. Barrot, et al. (2002). "Neurobiology of depression." Neuron 34(1): 
13-25. 

Nolte, R. T., G. B. Wisely, et al. (1998). "Ligand binding and co-activator assembly 
of the peroxisome proliferator-activated receptor-gamma." Nature 
395(6698): 137-143. 

Ogryzko, V. V., R. L. Schiltz, et al. (1996). "The transcriptional coactivators p300 
and CBP are histone acetyltransferases." Cell 87(5): 953-959. 

Onate, S. A., V. Boonyaratanakornkit, et al. (1998). "The steroid receptor 
coactivator-1 contains multiple receptor interacting and activation domains 
that cooperatively enhance the activation function 1 (AF1) and AF2 
domains of steroid receptors." J Biol Chem 273(20): 12101-12108. 

Orkin, S. H. and L. I. Zon (2008). "Hematopoiesis: an evolving paradigm for stem 
cell biology." Cell 132(4): 631-644. 

Orphanides, G. and D. Reinberg (2000). "RNA polymerase II elongation through 
chromatin." Nature 407(6803): 471-475. 

Orphanides, G. and D. Reinberg (2002). "A unified theory of gene expression." Cell 
108(4): 439-451. 

Pace, T. W. and A. H. Miller (2009). "Cytokines and glucocorticoid receptor 
signaling. Relevance to major depression." Ann N Y Acad Sci 1179: 86-
105. 

Padmos, R. C., M. H. Hillegers, et al. (2008). "A discriminating messenger RNA 
signature for bipolar disorder formed by an aberrant expression of 
inflammatory genes in monocytes." Arch Gen Psychiatry 65(4): 395-407. 

Pariante, C. M. and A. H. Miller (2001). "Glucocorticoid receptors in major 
depression: relevance to pathophysiology and treatment." Biol Psychiatry 
49(5): 391-404. 

Park, K. J., V. Krishnan, et al. (2005). "Formation of an IKKalpha-dependent 
transcription complex is required for estrogen receptor-mediated gene 
activation." Mol Cell 18(1): 71-82. 

Pasini, D., K. H. Hansen, et al. (2008). "Coordinated regulation of transcriptional 
repression by the RBP2 H3K4 demethylase and Polycomb-Repressive 
Complex 2." Genes Dev 22(10): 1345-1355. 

Perissi, V., A. Aggarwal, et al. (2004). "A corepressor/coactivator exchange 
complex required for transcriptional activation by nuclear receptors and 
other regulated transcription factors." Cell 116(4): 511-526. 

Perissi, V., K. Jepsen, et al. (2010). "Deconstructing repression: evolving models of 
co-repressor action." Nat Rev Genet 11(2): 109-123. 

Perissi, V. and M. G. Rosenfeld (2005). "Controlling nuclear receptors: the circular 
logic of cofactor cycles." Nat Rev Mol Cell Biol 6(7): 542-554. 

Perissi, V., L. M. Staszewski, et al. (1999). "Molecular determinants of nuclear 
receptor-corepressor interaction." Genes Dev 13(24): 3198-3208. 

Picard, E., C. Seguin, et al. (1999). "Expression of retinoid receptor genes and 
proteins in non-small-cell lung cancer." J Natl Cancer Inst 91(12): 1059-
1066. 



 47 

Pichiorri, F., L. De Luca, et al. (2011). "MicroRNAs: New Players in Multiple 
Myeloma." Front Genet 2: 22. 

Pichiorri, F., S. S. Suh, et al. (2008). "MicroRNAs regulate critical genes associated 
with multiple myeloma pathogenesis." Proc Natl Acad Sci U S A 105(35): 
12885-12890. 

Pichiorri, F., S. S. Suh, et al. (2010). "Downregulation of p53-inducible microRNAs 
192, 194, and 215 impairs the p53/MDM2 autoregulatory loop in multiple 
myeloma development." Cancer Cell 18(4): 367-381. 

Porcelli, S., A. Drago, et al. (2011). "Mechanisms of antidepressant action: an 
integrated dopaminergic perspective." Prog Neuropsychopharmacol Biol 
Psychiatry 35(7): 1532-1543. 

Privalsky, M. L. (2004). "The role of corepressors in transcriptional regulation by 
nuclear hormone receptors." Annu Rev Physiol 66: 315-360. 

Proudfoot, N. J., A. Furger, et al. (2002). "Integrating mRNA processing with 
transcription." Cell 108(4): 501-512. 

Ptak, C. and A. Petronis (2008). "Epigenetics and complex disease: from etiology to 
new therapeutics." Annu Rev Pharmacol Toxicol 48: 257-276. 

Purton, L. E., S. Dworkin, et al. (2006). "RARgamma is critical for maintaining a 
balance between hematopoietic stem cell self-renewal and differentiation." 
J Exp Med 203(5): 1283-1293. 

Raedler, T. J. (2011). "Inflammatory mechanisms in major depressive disorder." 
Curr Opin Psychiatry 24(6): 519-525. 

Raison, C. L. and A. H. Miller (2011). "Is depression an inflammatory disorder?" 
Curr Psychiatry Rep 13(6): 467-475. 

Rastinejad, F. (2001). "Retinoid X receptor and its partners in the nuclear receptor 
family." Curr Opin Struct Biol 11(1): 33-38. 

Rastinejad, F., T. Perlmann, et al. (1995). "Structural determinants of nuclear 
receptor assembly on DNA direct repeats." Nature 375(6528): 203-211. 

Reese, J. C. (2003). "Basal transcription factors." Curr Opin Genet Dev 13(2): 114-
118. 

Reichenberg, A., T. Kraus, et al. (2002). "Endotoxin-induced changes in food 
consumption in healthy volunteers are associated with TNF-alpha and IL-6 
secretion." Psychoneuroendocrinology 27(8): 945-956. 

Reichenberg, A., R. Yirmiya, et al. (2001). "Cytokine-associated emotional and 
cognitive disturbances in humans." Arch Gen Psychiatry 58(5): 445-452. 

Richards, E. J. (2006). "Inherited epigenetic variation--revisiting soft inheritance." 
Nat Rev Genet 7(5): 395-401. 

Richly, H., L. Aloia, et al. (2011). "Roles of the Polycomb group proteins in stem 
cells and cancer." Cell Death Dis 2: e204. 

Rosenfeld, M. G., V. V. Lunyak, et al. (2006). "Sensors and signals: a 
coactivator/corepressor/epigenetic code for integrating signal-dependent 
programs of transcriptional response." Genes Dev 20(11): 1405-1428. 

Sandoval, J. and M. Esteller (2012). "Cancer epigenomics: beyond genomics." Curr 
Opin Genet Dev 22(1): 50-55. 

Saumet, A., G. Vetter, et al. (2009). "Transcriptional repression of microRNA genes 
by PML-RARA increases expression of key cancer proteins in acute 
promyelocytic leukemia." Blood 113(2): 412-421. 



 48 

Schoeftner, S., A. K. Sengupta, et al. (2006). "Recruitment of PRC1 function at the 
initiation of X inactivation independent of PRC2 and silencing." EMBO J 
25(13): 3110-3122. 

Schroeder, F. A., C. L. Lin, et al. (2007). "Antidepressant-like effects of the histone 
deacetylase inhibitor, sodium butyrate, in the mouse." Biol Psychiatry 
62(1): 55-64. 

Schuettengruber, B., D. Chourrout, et al. (2007). "Genome regulation by polycomb 
and trithorax proteins." Cell 128(4): 735-745. 

Schwartz, Y. B. and V. Pirrotta (2007). "Polycomb silencing mechanisms and the 
management of genomic programmes." Nat Rev Genet 8(1): 9-22. 

Sharma, A., C. J. Heuck, et al. (2010). "DNA methylation alterations in multiple 
myeloma as a model for epigenetic changes in cancer." Wiley Interdiscip 
Rev Syst Biol Med 2(6): 654-669. 

Shelton, R. C., J. Claiborne, et al. (2011). "Altered expression of genes involved in 
inflammation and apoptosis in frontal cortex in major depression." Mol 
Psychiatry 16(7): 751-762. 

Simon, J. A. and R. E. Kingston (2009). "Mechanisms of polycomb gene silencing: 
knowns and unknowns." Nat Rev Mol Cell Biol 10(10): 697-708. 

Simon, J. A. and R. E. Kingston (2013). "Occupying chromatin: Polycomb 
mechanisms for getting to genomic targets, stopping transcriptional traffic, 
and staying put." Mol Cell 49(5): 808-824. 

Sims, R. J., 3rd, S. S. Mandal, et al. (2004). "Recent highlights of RNA-polymerase-
II-mediated transcription." Curr Opin Cell Biol 16(3): 263-271. 

Smith, E. M., K. Boyd, et al. (2010). "The potential role of epigenetic therapy in 
multiple myeloma." Br J Haematol 148(5): 702-713. 

Smith, R. S. (1992). "A comprehensive macrophage-T-lymphocyte theory of 
schizophrenia." Med Hypotheses 39(3): 248-257. 

Smith, R. S. and M. Maes (1995). "The macrophage-T-lymphocyte theory of 
schizophrenia: additional evidence." Med Hypotheses 45(2): 135-141. 

Sparmann, A. and M. van Lohuizen (2006). "Polycomb silencers control cell fate, 
development and cancer." Nat Rev Cancer 6(11): 846-856. 

Stromberg, T., S. Ekman, et al. (2006). "IGF-1 receptor tyrosine kinase inhibition by 
the cyclolignan PPP induces G2/M-phase accumulation and apoptosis in 
multiple myeloma cells." Blood 107(2): 669-678. 

Suh, Y. A., H. Y. Lee, et al. (2002). "Loss of retinoic acid receptor beta gene 
expression is linked to aberrant histone H3 acetylation in lung cancer cell 
lines." Cancer Res 62(14): 3945-3949. 

Tan, J., X. Yang, et al. (2007). "Pharmacologic disruption of Polycomb-repressive 
complex 2-mediated gene repression selectively induces apoptosis in 
cancer cells." Genes Dev 21(9): 1050-1063. 

Torchia, J., D. W. Rose, et al. (1997). "The transcriptional co-activator p/CIP binds 
CBP and mediates nuclear-receptor function." Nature 387(6634): 677-684. 

Tsankova, N., W. Renthal, et al. (2007). "Epigenetic regulation in psychiatric 
disorders." Nat Rev Neurosci 8(5): 355-367. 

Tsankova, N. M., O. Berton, et al. (2006). "Sustained hippocampal chromatin 
regulation in a mouse model of depression and antidepressant action." Nat 
Neurosci 9(4): 519-525. 



 49 

Tsankova, N. M., A. Kumar, et al. (2004). "Histone modifications at gene promoter 
regions in rat hippocampus after acute and chronic electroconvulsive 
seizures." J Neurosci 24(24): 5603-5610. 

Tu, Z., S. Prajapati, et al. (2006). "IKK alpha regulates estrogen-induced cell cycle 
progression by modulating E2F1 expression." J Biol Chem 281(10): 6699-
6706. 

Unno, K., Y. Zhou, et al. (2009). "Identification of a novel microRNA cluster miR-
193b-365 in multiple myeloma." Leuk Lymphoma 50(11): 1865-1871. 

Uptain, S. M., C. M. Kane, et al. (1997). "Basic mechanisms of transcript elongation 
and its regulation." Annu Rev Biochem 66: 117-172. 

Valk-Lingbeek, M. E., S. W. Bruggeman, et al. (2004). "Stem cells and cancer; the 
polycomb connection." Cell 118(4): 409-418. 

van Haaften, G., G. L. Dalgliesh, et al. (2009). "Somatic mutations of the histone 
H3K27 demethylase gene UTX in human cancer." Nat Genet 41(5): 521-
523. 

Wang, H., L. Wang, et al. (2004). "Role of histone H2A ubiquitination in Polycomb 
silencing." Nature 431(7010): 873-878. 

Wang, J. K., M. C. Tsai, et al. (2010). "The histone demethylase UTX enables RB-
dependent cell fate control." Genes Dev 24(4): 327-332. 

Vaquero, A., A. Loyola, et al. (2003). "The constantly changing face of chromatin." 
Sci Aging Knowledge Environ 2003(14): RE4. 

Weaver, I. C., N. Cervoni, et al. (2004). "Epigenetic programming by maternal 
behavior." Nat Neurosci 7(8): 847-854. 

Weaver, I. C., F. A. Champagne, et al. (2005). "Reversal of maternal programming 
of stress responses in adult offspring through methyl supplementation: 
altering epigenetic marking later in life." J Neurosci 25(47): 11045-11054. 

Webb, P., C. M. Anderson, et al. (2000). "The nuclear receptor corepressor (N-CoR) 
contains three isoleucine motifs (I/LXXII) that serve as receptor interaction 
domains (IDs)." Mol Endocrinol 14(12): 1976-1985. 

Weigelt, K., L. A. Carvalho, et al. (2011). "TREM-1 and DAP12 expression in 
monocytes of patients with severe psychiatric disorders. EGR3, ATF3 and 
PU.1 as important transcription factors." Brain Behav Immun 25(6): 1162-
1169. 

Widschwendter, M., J. Berger, et al. (2000). "Methylation and silencing of the 
retinoic acid receptor-beta2 gene in breast cancer." J Natl Cancer Inst 
92(10): 826-832. 

Vire, E., C. Brenner, et al. (2006). "The Polycomb group protein EZH2 directly 
controls DNA methylation." Nature 439(7078): 871-874. 

Wolf, G. (2006). "Is 9-cis-retinoic acid the endogenous ligand for the retinoic acid-X 
receptor?" Nutr Rev 64(12): 532-538. 

Xie, Z., C. Bi, et al. (2011). "Determinants of sensitivity to DZNep induced 
apoptosis in multiple myeloma cells." PLoS One 6(6): e21583. 

Yamamoto, Y. and R. B. Gaynor (2004). "IkappaB kinases: key regulators of the 
NF-kappaB pathway." Trends Biochem Sci 29(2): 72-79. 

Yamamoto, Y., U. N. Verma, et al. (2003). "Histone H3 phosphorylation by IKK-
alpha is critical for cytokine-induced gene expression." Nature 423(6940): 
655-659. 



 50 

Yasuda, S., M. H. Liang, et al. (2009). "The mood stabilizers lithium and valproate 
selectively activate the promoter IV of brain-derived neurotrophic factor in 
neurons." Mol Psychiatry 14(1): 51-59. 

Yoon, H. G., D. W. Chan, et al. (2003). "Purification and functional characterization 
of the human N-CoR complex: the roles of HDAC3, TBL1 and TBLR1." 
EMBO J 22(6): 1336-1346. 

Yoon, H. G., D. W. Chan, et al. (2003). "N-CoR mediates DNA methylation-
dependent repression through a methyl CpG binding protein Kaiso." Mol 
Cell 12(3): 723-734. 

You, J. S. and P. A. Jones (2012). "Cancer genetics and epigenetics: two sides of the 
same coin?" Cancer Cell 22(1): 9-20. 

Yu, J., D. R. Rhodes, et al. (2007). "A polycomb repression signature in metastatic 
prostate cancer predicts cancer outcome." Cancer Res 67(22): 10657-
10663. 

Yun, M., J. Wu, et al. (2011). "Readers of histone modifications." Cell Res 21(4): 
564-578. 

Zeng, X., S. Chen, et al. (2011). "Phosphorylation of EZH2 by CDK1 and CDK2: a 
possible regulatory mechanism of transmission of the H3K27me3 
epigenetic mark through cell divisions." Cell Cycle 10(4): 579-583. 

Zhan, F., Y. Huang, et al. (2006). "The molecular classification of multiple 
myeloma." Blood 108(6): 2020-2028. 

Zhang, Y. (2003). "Transcriptional regulation by histone ubiquitination and 
deubiquitination." Genes Dev 17(22): 2733-2740. 

Zhang, Z., K. Joh, et al. (2007). "Retinoic acid receptor beta2 is epigenetically 
silenced either by DNA methylation or repressive histone modifications at 
the promoter in cervical cancer cells." Cancer Lett 247(2): 318-327. 

Zheng, Y., S. M. Sweet, et al. (2012). "Total kinetic analysis reveals how 
combinatorial methylation patterns are established on lysines 27 and 36 of 
histone H3." Proc Natl Acad Sci U S A 109(34): 13549-13554. 

Zhou, Y., L. Chen, et al. (2010). "High-risk myeloma is associated with global 
elevation of miRNAs and overexpression of EIF2C2/AGO2." Proc Natl 
Acad Sci U S A 107(17): 7904-7909. 

Zhu, F., X. Xia, et al. (2007). "IKKalpha shields 14-3-3sigma, a G(2)/M cell cycle 
checkpoint gene, from hypermethylation, preventing its silencing." Mol 
Cell 27(2): 214-227. 

Zingone, A. and W. M. Kuehl (2011). "Pathogenesis of monoclonal gammopathy of 
undetermined significance and progression to multiple myeloma." Semin 
Hematol 48(1): 4-12. 

 
 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 910

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine.

Distribution: publications.uu.se
urn:nbn:se:uu:diva-199494

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2013


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Epigenetic regulation of transcription
	The process of transcription, in brief

	The Polycomb group proteins as major regulators of transcription
	Epigenetics in disease
	Epigenetics in multiple myeloma
	Epigenetics in mood disorders
	Inflammation in mood disorders


	Nuclear receptor regulated transcription
	The nuclear retinoic acid receptors
	The role of IKKα in transcriptional regulation


	IKKα contains two conserved LXXLL co-activator
	motifs and is recruited to the retinoic acid receptor (Paper I)
	Polycomb target genes are silenced in multiple myeloma (Paper II) and An epigenomic map of multiple myeloma reveals the importance of Polycomb gene silencing for the malignancy (Paper III)
	Ouabain-induced gene expression associated with mood disorders is mediated by the Polycomb group proteins in monocytes (Paper IV)
	Acknowledgements:
	References:
	Acta Universitatis Upsaliensis



