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Abstract

A major therapeutic challenge in musculoskeletal regenerative medicine is how to effectively re-

plenish bone tissue lost due to pathological conditions such as fracture, osteoporosis, or rheumatoid

arthritis. Mesenchymal stem cells are currently investigated for applications in bone-tissue engineer-

ing and human bone marrow-derived mesenchymal stem cells (hMSCs) could be a promising source

for generation of tissue-engineered bone. However, the therapeutic potential of MSCs has not been

fully exploited due to a lack of knowledge regarding the identity, nature, and differentiation of hMSCs.

Epigenetic mechanisms regulating the chromatin structure as well as specific gene transcription are

crucial in determination of stem cell differentiation. With the aim to systematically identify epige-

netic factors that modulate MSC differentiation, the work in this thesis encompasses an approach to

identify epigenetic mechanisms underlying, initiating, and promoting osteoblast differentiation, and the

investigation of individual epigenetic modulators. Various osteogenic inducers were validated for dif-

ferentiation of MSCs and an assay allowing assessment of differentiation outcome was developed. This

assay was subsequently employed in knockdown experiments with lentiviral short hairpin RNAs and

inhibitor screens with small molecules targeting putative druggable epigenetic modulator classes. This

approach identified around 100 epigenetic modulator candidates involved in osteoblast differentiation,

of these candidates approximately 2/3 downregulated and 1/3 upregulated alkaline phosphatase (ALP)

activity. Serving as a proof-of-concept, orthogonal validation experiments employing locked nucleic acid

(LNA) knockdown were performed to validate a subset of candidates. Two identified target genes were

selected for further investigation. Bromodomain-containing protein 4 (BRD4) was identified as one

component of epigenetic regulation; its inhibition led to a decrease in ALP expression, downregulation

of key osteoblast transcription factors Runx2 and Osterix, as well as impaired bone matrix forma-

tion. Knockdown of lysine (K)-specific demethylase 1A (KDM1A/LSD1) upregulated ALP activity

and treatment with a small molecule inhibitor targeting KDM1A led to an increase in ALP, RUNX2,

and bone sialoprotein expression. Intriguingly, in a transgenic mouse model overexpressing Kdm1a a

decrease in bone volume and bone mineral density was observed, thus supporting the hypothesis that

KDM1A is a central regulator of osteoblast differentiation.
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1 Introduction

1.1 Tissue engineering

The generation of bone tissue for transplantation purposes is in high demand in clinical

settings such as orthopaedic surgery. With an ageing population and a general shortage

of donor tissue, the stem cell field holds a promising future in biological repair with a

broad spectrum of potential clinical applications. The requirement for regeneration and

replacement of skeletal tissues is enormous, ranging from skeletal defects arising from

developmental abnormalities, to inflammatory bone diseases, tumours and degenerative

diseases such as osteoarthritis and osteoporosis. However, this demand can barely be

satisfied. At present, autologous bone grafting is generally considered as being the “gold

standard” for the replacement of osseous tissues [1]. As bone tissue is “simply” trans-

planted from one part of the body to another in the same individual it is unlikely to cause

immune rejection and in addition already contains elements that are critical for promot-

ing bone formation, for example the bone scaffold structure and growth factors. However,

autologous bone tissue from healthy bones is of limited availability, and a surgical inter-

vention always involves the risk of post-operative pain and complications at the donor site,

such as potential injuries to surrounding arteries, nerves, and tissues, and a general risk of

infection [2–4]. In contrast, allogenic or xenogenic transplantations, which use transplants

sourced from a genetically non-identical member of the same species as the recipient, or

from another species, bear a risk of immunological rejection and transmission of diseases.

To fill this gap in tissue availability, scientists and surgeons developed synthetic grafts with
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similar properties to bone. These are often made of hydroxyapatite, the bone mineral, or

other biocompatible substances, and are formed into a scaffold that would allow bone

growth [5]. This osteoconductive method has been improved over the last years by adding

growth factors that induce the differentiation of osteoprogenitor cells into osteoblasts, the

bone forming cells. To take this one step further and promote osteogenesis within the

graft, the application of stem cells has gained increased significance stimulating research

over the last decades [6]. With the progress of combining scaffolds, progenitor cells, and

growth factors, tissue engineering has the potential to overcome the aforementioned limita-

tions by creating functional tissues that have the capacity for growth and self-repair [7–9].

In the next section, the different types of stem cells available for tissue engineering will be

presented and their advantages as well as accompanying risks will be discussed.

1.2 Stem cells

Stem cells have the potential to develop into many different cell types during early life

and growth. They can be distinguished from other cells by two major characteristics:

First, they are unspecialised with an unlimited self-renewing capacity through cell divi-

sion (mitosis), and second, under specific physiological or experimental conditions they

can differentiate into tissue-specific cell types. Referred to as “potency”, stem cells are

characterised by their capacity to differentiate into other cell types [10]. The cell with

the greatest potency is the totipotent zygote with the ability to divide and produce every

differentiated cell type of an organism. During development, when cell fate is determined,

the potency of a cell is gradually reduced and eventually only the potential to generate a

few or one cell type will remain (figure 1.1).
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Figure 1.1: Different potencies of stem cells. The zygote is totipotent, the cell with the greatest differenti-
ation potential and can divide to produce all the differentiated cells in an organism. With differentiation
and lineage decisions made, cells lose their potency. Adapted from [11].

Almost a decade ago, scientists discovered that this is not a one-way street and that mature

somatic cells can be converted into stem cells, the so-called induced pluripotent stem cells

(iPSCs) [12].

1.2.1 Types of stem cells

Apart from the iPSC method, stem cells are derived from two main sources: embryonic

stem (ES) cells are obtained from the inner cell mass of blastocysts, and adult stem cells

can be found in various tissues of the body. The main difference between these two types

of stem cells is their ability to differentiate into other cell types; ES cells can become every

cell type of the body, whereas adult stem cells are already limited in their differentiation

capability depending on their tissue of origin. It is postulated that the primary role of
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undifferentiated adult stem cells is the repair and maintenance of the tissue in which they

are found. Adult stem cells have been identified in many organs and tissues including

bone marrow, blood, brain, skin, lung, heart, liver, gut, testes, glands, and skeletal muscle

[13–16]. Mesenchymal and hematopoietic stem cells were shown to circulate in the body

and if required can for example remain in an infected tissue and quickly produce cells

needed to fight the infection or suppress the immune response [17,18]. The application of

embryonic stem cells with their origin in the inner cell mass of blastocysts formed through

in vitro fertilisation has always been afflicted with ethical concerns about the destruction of

human embryos. Their usage is still controversial and researchers strive to find alternatives

[19,20]. Consequently, the use of adult stem or progenitor cells in both clinical applications

and medical development has been further developed in recent years. Adult bone marrow-

derived stromal cells with their ability to differentiate into mesenchymal cell types, e.g.

osteoblasts, chondrocytes, adipocytes, tenoblasts, and stromal cells, have been the focus of

intensive efforts aiming at their translation to new therapeutic approaches. With regard to

osteoregenerative purposes and production of new functional bone, or as tools for studying

both normal and pathological osteogenesis and osteogenic diseases, these cells are of great

interest. In addition to naturally occurring stem cells, it was recently discovered that

adult somatic cells, such as fibroblasts or blood cells, can be reprogrammed into cells with

stem cell-like functions, so-called induced pluripotent stem (iPS) cells. Yamanaka et al.

identified four transcription factors, namely OCT4, SOX2, KLF4, and C-MYC, as being

sufficient to reprogram somatic cells to express genes and factors important for maintaining

the defining properties of embryonic stem (ES) cells. These transcription factors are known

to be important for the self-renewal of undifferentiated embryonic stem cells and for a wide

range of cellular processes, including development, proliferation, differentiation, and cell
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growth. The generation of mouse iPS cells was first reported in 2006, followed by the

generation of human iPS cells in 2007 [12, 21]. Although reprogrammed cells were shown

to meet the defining criteria for pluripotent stem cells and display common ES cell markers,

it still remains to be elucidated if iPS and ES cells differ in significant ways. Both ES

and iPS cells can form teratomas, cell masses that contain cells from all three germ layers,

and produce chimeric offspring. Global gene expression profiles and epigenetic states of

iPS cells have been shown to be highly similar to ES cells, but it still remains unknown if

ES-cell-like characteristics are re-established throughout the genome [22–24]. The concern

that the reprogramming might not lead to fully comparable cells and that the cells possess

an epigenetic memory has still not been ruled out [25–27].

1.2.2 Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are adult stem cells of stromal origin and can be obtained

from different parts of the body, including bone marrow, adipose tissue, dental tissue, and

blood. MSCs express a set of surface markers, including CD105, CD90, CD44, CD166,

CD29, CD73, and also CD106, and are negative for CD14, CD34, and CD45 [28]. How-

ever, no specific markers currently exist that can reliably discriminate between MSCs and

fibroblasts [29].

MSCs are multipotent stem cells and corresponding to their origin have the potential

to differentiate into mesenchymal cell types, e.g. osteoblasts, chondrocytes, adipocytes,

tenoblasts, and stromal cells, as well as the myogenic lineage, and therefore play an impor-

tant role in tissue repair and regeneration processes of the adult organism (figure 1.2). In

the early 1970’s, Friedenstein and colleagues were the first to report the presence of cells

that could be isolated from the adult bone marrow stroma. These cells could proliferate
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and form colonies ex vivo as adherent cells, exhbited fibroblast-like morphology, and gave

rise to multiple tissues found within the skeleton - bone, cartilage, adipocytes, fibroblasts,

and myelosupportive stroma [30].

Figure 1.2: The multipotency of MSCs. MSCs have the ability to self-renew and to differentiate towards
the mesodermal lineage. Transdifferentiation into cells of other lineage in vivo is still controversial (dashed
arrows). Adapted from [31].

Compared to this “skeletal stem cell” found in the bone marrow stroma, the “mesenchymal

stem cell” as termed by Caplan [32], can be found almost everywhere in the body and is

thought to be endowed with a much broader multipotency (figure 1.2) [33–35]. Although

the broader definition has become more popular and attained universal use, with regard

to our interest in bone development, the original understanding of skeletal stem cells is

underlying the work in this thesis. MSCs are known for their anti-inflammatory properties

and immune modulatory capabilities. They regulate immune responses through interact-
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ing with and suppressing the activation of T-cells, B-cells, dendritic cells, as well as natural

killer cells, and by inhibiting the release of pro-inflammatory cytokines [31,36]. Although

MSCs isolated from the previously mentioned different sources share a considerable de-

gree of overlap in their expression profile, they are known to have distinct variations in

the pattern and level of gene expression. For instance, adipose tissue-derived multipotent

stromal cells show a higher level of secretion of cytokines involved in immunomodula-

tory effects than bone marrow-derived multipotent stromal cells [37]. In osteoarthritis

(OA), MSCs contribute to maintenance of healthy tissues by acting as reservoirs of repair-

competent cells, influencing host-cell behaviour by activating a paracrine response and

by reducing inflammation [38]. To date, there are around 400 registered clinical trials

(www.clinicaltrials.gov) using MSCs to treat various conditions, including bone defects,

wound healing, inflammatory diseases such as OA, rheumatoid arthritis (RA), and multiple

sclerosis, as well as diabetes. Some of these early trials are already completed and 31 are

even in Phase III or IV (as in March 2014), supporting the therapeutic potency of MSCs.

Nevertheless, there are drawbacks: surgical bone marrow aspirations only yield limited

numbers of MSCs (approximately one stem cell in 30,000 cells) and with donor age the

proliferation rate of adult MSCs decreases, thus their ability to expand and differentiate

is limited [39,40].

The potential of MSCs as source for cell-based regenerative technologies is limited by our

understanding of their development, knowledge about factors and pathways influencing

cell fate decisions towards a specific cell type, as well as epigenetic modifications occurring

during their differentiation. In order for MSCs to commit to the osteoblast lineage, a

combined action of signal transduction pathways induced by bone-promoting cytokines is

required. In in vitro differentiation studies, MSCs have been shown to respond to various
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osteogenic induction factors, including the extracellular matrix-promoting agent ascorbic

acid, beta-glycerophosphate, a phosphate source promoting bone matrix mineralisation,

and the synthetic glucocorticoid agonist dexamethasone [41–43]. Other factors, such as

members of the bone morphogenetic protein family (BMPs), and the calcium-regulating

1,25-dihydroxyvitamin D3 are also known to play an important role in in vitro osteoblast

differentiation [44–47]. Lately, the cytokine oncostatin M has been shown to promote

mesenchymal stem cell differentiation [48, 49]. All these factors will be presented in more

detail in chapter 2. During the differentiation process towards the osteogenic lineage,

MSCs pass through different stages of development.

Figure 1.3: Stages of osteogenic differentiation. Mes-
enchymal stem cells commit to the osteoblastic lin-
eage, in which early stages they are characterised
by expressing the transcription factors RUNX2 and
Osterix (OSX). This ultimately leads to the devel-
opment of osteoblasts and subsequent full matura-
tion, in which a subset of osteoblasts can become os-
teocytes upon being entombed in the bone matrix.
Adapted from [50].

Following initiation, the first part of dif-

ferentiation is characterised by the com-

mitment phase, where cells leave their

stem cell-like state; this is directly followed

by the lineage progression phase, where

early markers of the chosen lineage are ex-

pressed. During osteogenic differentiation,

this entails the expression of early marker

transcription factors RUNX2 and Osterix

(OSX) [51, 52]. This stage is succeeded

by the full differentiation and ultimately

the maturation phase, in which osteoblasts

are fully differentiated and captured within

mineralised tissue where they become osteocytes (figure 1.3) [53].
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The differentiation of stem cells into the osteogenic lineage for subsequent use in bone

tissue engineering and bone reconstruction offers a chance to overcome various problems

in regenerative medicine. In developed countries, an increased incidence of osteodegen-

erative diseases, such as osteoporosis and osteoarthritis, represents a public health issue

afflicting a high proportion of the elderly population. Together with systemic disorders

like osteogenesis imperfecta (OI) and fibrous dysplasia this generates a major need for

healthy bone tissue which is exacerbated by a general shortage of donor cells, tissues

and organs. The generation of bone cells through differentiation of MSCs could possi-

bly not only help age-related diseases, but could also provide useful applications in bone

reconstruction after traumatic bone injuries and treatment of skeletal deficiencies. Fur-

thermore, predetermined bone forming cells could be used for transplantation to repair

and strengthen porous, weak, and fragile bone matrix in systemic bone disorders. How-

ever, to meet these demands and opportunities, well-defined and efficient protocols for

tissue generation are needed and have to fulfil clinical safety standards ensuring the gener-

ation of high-quality homogeneous cell populations. In order to generate these protocols,

we need a clear understanding of the basic biology and the differentiation process from

stem cells into osteoblasts and despite the important advances made in the past, there is

still considerable ambiguity regarding these processes. These uncertainties have a major

impact on the envisioned therapeutic application of MSCs and can only be overcome by a

thorough assessment of genetic and epigenetic mechanisms underlying the differentiation

into bone-forming cells. Before discussing known mechanisms involved in osteogenesis, and

leading over to how this thesis will contribute to a better understanding, a brief overview

of bone function, development, and remodelling is given.

9



1.3 Bone function and development

Bone and cartilage are the two tissue components constituting the endoskeleton of verte-

brates. Although of rigid structure, bone is a dynamic organ that is constantly remodelled

to adapt to the forces placed upon it.

The human skeleton serves six major functions [54]:

• Support: Bone supports tissues and muscles by providing a rigid shape.

• Protection: The rigidity of the bones protects inner organs from damage, for example

the rib cage and the skull.

• Movement: Bones enable body movements by acting as levers and points of at-

tachment for muscles, and together with the joints the three provide the principal

mechanics for movement.

• Production of blood cells: The skeleton is the site for haematopoiesis, the develop-

ment of blood cells that takes place in the bone marrow.

• Storage of minerals and energy: Bones serve as a reservoir for calcium and phosphate.

The bone marrow is also involved in iron metabolism and the yellow bone marrow

acts as a storage reserve for fatty acids.

• Part of the endocrine system regulating energy metabolism: For example, bone

cells release osteocalcin, which regulates insulin production and insulin sensitivity in

the body and thereby contributes to the regulation of blood glucose levels and fat

deposition [55,56].
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Figure 1.4: Schematic overview of bone, depicting gross overview, and cellular distribution. The periosteum
is a membrane covering the outer surface of bones. Osteocytes are cells derived from osteoblasts that
become trapped in the extracellular matrix (ECM). The osteon or haversian system is the functional unit
of compact bone, containing the nerves and blood supplies. Adapted from [57].

There are five types of bones found in the human body: long, short, flat, irregular, and

sesamoid bones [58]. Most of the long bones are found in the limbs and are characterised

by a shaft, the diaphysis that is much longer than it is wide, a high proportion of compact

bone, and lesser amounts of bone marrow. Short bones in wrists and ankles have only a

thin layer of compact bone, as do flat bones like the skull and sternum. Finally, there are

irregularly shaped bones including vertebrae and the pelvis that do not fit in any of the

above categories, and sesamoid bones, which are embedded in tendon. Bone tissue is a

type of dense connective tissue composed of compact (cortical) bone and spongy cancel-

lous (trabecular) bone (figure 1.4) [59]. The bone organ consists of a mineralised matrix
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composed primarily of inorganic hydroxyapatite (Ca5(PO4)3(OH)), organic collagen, and

growth factors. Within the matrix, a specialised bone cell type can be found, the osteo-

cyte. These cells are derived from osteoblasts that become “trapped” in the matrix. There

are two ways in which bone tissue formation (osteogenesis) occurs: intramembranous os-

sification is the direct laying down of bone into the primitive connective tissue, while

endochondral ossification forms bone by replacing a cartilaginous precursor that evolved

earlier during (embryonic) development (figure 1.5).
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Figure 1.5: Osteogenesis can occur in two different ways: During intramembranous ossification (a), mes-
enchymal stem cells differentiate directly into osteoblasts. By contrast, during endochondral ossification
(b), mesenchymal stem cells condense and differentiate into perichondrial cells and chondrocytes first before
becoming osteoblasts. Adapted from [60].

Bone is constantly being remodelled in a dynamic process in which mature bone tissue is

replaced by new tissue. Bone remodelling not only occurs during early growth or following
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injuries, but also in response to repetitive micro-damage from normal physical activity,

and regulates calcium and phosphate levels in the body. In the first year of life almost

100% of the skeleton is replaced, whereas in adults remodelling only occurs for about

10% of total bone. During bone remodelling, the integrity of the skeleton is maintained

through the balanced activities of its constituent cell types. Osteoblasts are the cells

responsible for the synthesis and mineralisation of bone; osteoclasts, large multinucleated

cells, are responsible for the dissolution and resorption of bone, and osteocytes act as

mechanosensors and exert endocrine functions (figure 1.6) [61].

�������������������������

Figure 1.6: Bone remodelling is a fine balance act between osteoclasts (which are responsible for bone re-
sorption) and osteoblasts (which are responsible for bone formation). Osteoclasts arise from haematopoietic
stem cells, whereas osteoblasts arise from mesenchymal stem cells. HSC, haematopoietic stem cells; MP,
mesenchymal progenitors. Adapted from [60].

While osteoblasts and osteocytes are derived from mesenchymal precursors, osteoclasts

are of haematopoietic origin. These cells are tightly coupled and their balanced interplay

is essential for maintaining a stable bone mass. Indeed, an imbalance leading to reduced

osteoblast activity and/or increased osteoclast function results in bone loss and osteo-

porosis. Osteoclast differentiation is controlled by the receptor activator of nuclear factor

kappa-β (RANK)/receptor activator of nuclear factor kappa-β ligand (RANKL) pathway

that relies on cell-cell interaction between osteoblasts and osteoclast precursors. Upon
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RANKL binding, amongst others NF-κβ (nuclear factor-κβ) and NFATc1 (nuclear factor

of activated t cells, cytoplasmic, calcineurin-dependent 1) are activated, inducing a set of

genes leading to cell fusion and expression of proteolytic enzymes necessary for osteoclast

function, such as tartrate resistant acid phosphatase (TRAP), Cathepsin K, and matrix

metalloproteases (MMPs). Once activated and differentiated, osteoclasts adhere to the

site of resorption and form a “lacuna” through sealing of the underlined bone matrix by a

cytoskeletal rearrangement and the subsequent formation of an actin ring [62]. By form-

ing a specialised cell membrane, the “ruffled border”, osteoclasts increase their secretion

and resorption surface. Dissolved bone material is taken up via transcytosis and released

into the extracellular compartment [63]. In a balanced system, bone resorption is followed

by synthesis of new bone by osteoblasts, a process that takes substantially longer than

the resorption. Bone resorption is regulated by osteoblasts and controlled through the

RANKL/RANK/osteoprotegerin (OPG) system. OPG is an osteoblast-secreted decoy re-

ceptor that protects the skeleton from excessive bone resorption by binding to RANKL

and preventing it from binding to its receptor on osteoclasts, RANK. Osteocytes, although

metabolically less active, are also involved in the regulation of bone turnover, the con-

trol of mineral metabolism, and the response to loading through various mechanosensory

mechanisms [53]. In addition, osteoclasts are regulated by several hormones, including

parathyroid hormone (PTH) and calcitonin, signalling mechanisms that will be discussed

in the following subsection 1.3.2 describing osteogenic signalling pathways.
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1.3.1 Musculoskeletal pathologies

There are many classified skeletal pathologies with one of the most common being osteo-

porosis, a disease characterised by a reduction in bone mass and bone mineral density

(BMD). Osteoporosis is most common in women after menopause when oestrogen levels

decline. The lack of oestrogen leads to an imbalance between bone formation and resorp-

tion, resulting in inadequate formation of new bone [64]. Another skeletal disorder leading

to a decrease in bone mass and strength, but with a very different underlying mechanism,

is Osteogenesis Imperfecta (OI). A deficiency in type 1 collagen, the main component of

connective tissue, which is caused by the substitution of an amino acid in the collagen

triple helix structure leads to weaker and brittle bone. The incidence of OI is estimated

to be one per 20,000 live births and presently there is no cure [65]. Rheumatoid arthritis

(RA) is an autoimmune disease that results in a chronic, systemic inflammatory disorder

that affects primarily (synovial) joints, leading to the destruction of articular cartilage,

ankylosis (fusion) of the joints and wear of bones [66]. Ankylosing spondylitis (AS) is

another chronic inflammatory disease that mainly affects joints in the spine and in the

pelvis, causing eventual fusion of the spine [67]. For both, pathogenesis is not yet fully

understood, and as a result, disease management and treatment are often unsatisfactory.

Osteoarthritis (OA) is a disease leading to a loss in bone strength as a secondary effect.

OA can be caused by a variety of reasons, including hereditary, developmental, metabolic,

and mechanical deficits, as well as injury. It is initiated by a degenerative process that

eventually causes loss of cartilage and a corresponding lack of protection of bone surfaces

leading to bone damage [68]. According to the National Health Service (NHS), it is the

most common type of arthritis found in the UK, with around one million patients per

annum seeing their general practitioner (GP), leading to more than 140,000 hip and knee
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replacement surgeries. Skeletal disorders are not only caused by a loss of bone but a

disease pattern can also be obtained due to excessive bone growth. In Fibrodysplasia ossi-

ficans progressiva (FOP), a symptom sometimes referred to as “Stone Man Syndrome”, a

mutation of the body’s repair mechanism causes fibrous tissue, including muscle, tendon,

and ligaments, to be ossified spontaneously or when damaged. The genetic cause of FOP

was discovered within the ACVR1 gene (activin A receptor, type 1), which encodes a

type I bone morphogenetic protein (BMP) transmembrane receptor [69]. A number of

point mutations in this gene were reported to lead to its constitutive activation, which in

turn induces alkaline phosphatase activity, upregulates BMP-4 and downregulates BMP

antagonists [70].

1.3.2 Osteogenic signalling pathways

The formation and development of bone tissue is a strictly controlled process, in which

various extrinsic factors, including hormones and growth factors, activate osteoblast and

osteoclast specific signalling proteins and transcription factors required for osteogenic dif-

ferentiation [71]. This process is tightly regulated by cytokines, small proteins (approx-

imately 5-20kDa) which are important in cell signalling that regulate the expression of

cell-lineage specific transcription factors. In osteoblast differentiation, bone morphogenetic

proteins (BMPs), transforming growth factor (TGF)-β, parathyroid hormone (PTH), cal-

citonin, members of the hedgehog morphogens, Wnt, JAK/STAT (Janus kinase/signal

transducer and activator of transcription), fibroblast growth factor (FGF), Notch, and

NEL-like protein 1 signalling proteins are involved in the initiation of signal transduction

cascades leading to osteoblast lineage commitment (figure 1.7 to figure 1.9) [60,72,73]. The

key event in osteoblast differentiation is the activation of the transcription factor RUNX2
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(also known as Cbfa1), which is targeted by all of the above signalling pathways [51,74,75].

After activation, RUNX2 interacts with transcriptional activators, repressors and other

co-regulatory proteins such as the transcription factor Osterix (OSX) and regulates the

expression of numerous osteoblast genes including alkaline phosphatase (ALPL), collagen

1 (COL1 ), osteopontin (OPN ), osteonectin (SPARC ), osteocalcin (BGLAP), and bone

sialoprotein (IBSP) [52]. Mice with a homozygous knockout for Runx2 (Runx2 -/-) show

an absence of differentiated osteoblasts as well as mineralisation and die shortly after

birth [76].

Bone morphogenetic protein (BMP) signalling plays a key role in skeletal development,

bone remodelling and maintenance of bone homeostasis, and controls osteoblast-specific

genes through binding of SMAD proteins (SMAD1, -5, and -8), the intracellular mediators

of BMP signalling. The SMAD proteins are homologs of the Caenorhabditis elegans

protein SMA and the Drosophila protein MAD (mothers against decapentaplegic). The

family members BMP-2, -4, and -7 are known to stimulate expression of osteoblast markers

in osteoprogenitors, cells that are committed to osteoblast differentiation (figure 1.7) [77–

79].

Members of the transforming growth factor beta (TGF-β) superfamily are proteins

that play an important role in signalling pathways involved in various cellular processes

including cell growth and development, as well as differentiation and are amongst the

most abundant cytokines found in the bone matrix. Like BMPs, these proteins interact

with a conserved family of cell surface serine/threonine-specific protein kinase receptors

(composed of type I and II subtypes), and generate intracellular signals using SMAD2 and

-3, which act as transcription factors to regulate target gene expression (figure 1.7) [80].

Signalling through the parathyroid hormone (PTH) shows both anabolic and catabolic
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effects on bone. PTH increases the activity of the cytochrome P450 superfamily member

1-α-hydroxylase, which converts 25-hydroxycholecalciferol to 1,25-dihydroxyvitamin D3,

the active form of vitamin D, thereby enhancing osteogenesis. 1,25-dihydroxyvitamin

D3 increases the availability of calcium and phosphate for incorporation into bone and

stimulates the production of osteocalcin and osteopontin in osteoblasts [81–83]. With a

more direct effect, PTH can also bind to osteoblasts, stimulating them to increase their

expression of RANKL and inhibiting their expression of OPG. The lack of competitive

OPG facilitates the binding of RANKL to RANK and stimulates osteoclast precursors

to fuse, forming multinucleated new osteoclasts and thereby increasing bone resorption.

A similar effect was shown for 1,25-dihydroxyvitamin D3, which binds to its receptor

(vitamin D receptor, VDR) on osteoblasts, induces RANKL expression and downregulates

OPG (figure 1.7) [84].
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Figure 1.7: Osteogenic signalling pathways I. a | Bone morphogenetic protein (BMP) signalling stimulates
osteoblast differentiation and function. Binding of BMP-2 or BMP-4 to their receptors results in phospho-
rylation of SMAD1, -5 or -8. These then form a complex with their partner, SMAD4, and enter the nucleus
to regulate gene expression. b | TGF-β signalling. TGF-β superfamily ligands bind to a type II receptor,
which recruits and phosphorylates a type I receptor and then phosphorylates SMAD2, or -3 which can
then bind SMAD4, and accumulate in the nucleus where they act as transcription factors and participate
in the regulation of target gene expression. c| Parathyroid hormone (PTH) stimulates osteogenic cell pro-
liferation. The PTH receptor is a G-protein-coupled receptors (GPCR) which associates with at least two
signal transduction systems, the cAMP-dependent protein kinase (PKA) pathway and the phospholipase C
(PLC). Both systems take part in regulation of a number of target proteins involved in bone and cartilage
development. Adapted from [85,86].
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Calcitonin, also known as thyrocalcitonin, is a hormone that in humans is produced

by the parafollicular cells (C-cells) of the thyroid gland, which counteracts the effects of

PTH. Calcitonin generally participates in calcium (Ca2+) and phosphate metabolism, both

important components of extracellular matrix and essential for ossification. Calcitonin

reduces blood calcium levels and thereby influences bone formation and remodelling, but

also protects against calcium loss from the skeleton during periods of calcium mobilisation,

such as lactation [87]. The hormone exercises its effects in two different ways, on the one

hand by inhibiting osteoclast activity in bone, thereby preventing calcium release [88], and

on the other hand by inhibiting calcium absorption by the intestine and kidney (figure

1.8) [89–91].

Hedgehog andWnt signalling pathways control bone formation and development through

regulation of RUNX2 expression and both function to drive differentiation of osteo-

chondrogenic progenitor cells towards the osteoblast lineage [92–94]. Wnt proteins are

glycoproteins related to the Drosophila melanogaster protein Wingless, a segment polarity

gene involved in the formation of the body axis during embryonic development. Hedge-

hog signalling also takes its name from a segment polarity gene found in Drosophila, and

the involved ligands are key regulators during vertebrate embryonic development [95–97].

Both pathways were shown to integrate signals, e.g. the effect of BMP-2 on mineralisa-

tion was reported to be partly mediated by the induction of a Wnt autocrine/paracrine

loop (canonical Wnt/β-catenin signalling), which appears to be responsible for alkaline

phosphatase induction (figure 1.8) [73]. Similarly, Hedgehog-induced osteoblastogenesis

requires BMP signalling and together they elicit a synergistic expression of alkaline phos-

phatase activity [98].

A role for JAK/STAT signalling as negative regulator of BMP-induced osteogenic dif-
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ferentiation was proposed by Levy et al. [99]. In hMSCs, phosphorylation of STAT3

tyrosine was mediated by JAK2 as response to BMP-2 and -4. Conversely, another publi-

cation showed that under dexamethasone and BMP-2 treatment, the knockout of STAT3

by siRNA (small interfering RNA) suppresses the synergistic effects of the two inducers,

suggesting that STAT3 is required for osteogenic differentiation (figure 1.8) [100].
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Figure 1.8: Osteogenic signalling pathways II. a| The activities of calcitonin (CT) are mediated by high
affinity calcitonin receptors (CTRs). The G- protein-coupled receptor associates with at least two sig-
nal transduction systems, the cAMP-dependent protein kinase (PKA) pathway and the phospholipase C
(PLC). Activation of the PLC also causes the release of Ca2+ from intracellular stores. Receptor activity
modifying proteins (RAMPs) are single-transmembrane domain proteins that provide a mechanism for
the diversification and regulation of receptor function. b| Hedgehog signalling through Indian hedgehog
(IHH) is required for osteoblast differentiation through endochondral ossification. IHH binding to the re-
ceptor Patched (PTCH) activates signalling through Smoothened (SMO), thereby activating the GLI2/3
complex and promoting gene expression. c|WNT signalling promotes osteoblast differentiation. During
β-catenin-dependent WNT signalling, β-catenin is stabilised following binding of WNT to its receptors
Frizzled (FZD) and lipoprotein receptor-related protein 5 (LRP5), and activation of dishevelled (DSH),
leading to the transcription of β-catenin target genes. β-catenin-independent signalling forms a similar
transmembrane complex and activates secondary messengers such as protein kinase C (PKC) or c-Jun
N-terminal kinases (JNKs). d|JAK/STAT signalling. JAKs are activated by cytokine binding to the
cell-surface cytokine receptors and dimerisation of two receptor molecules. Through dimerisation the two
JAKs come into close proximity, where they can phosphorylate each other, and upon binding also STATs.
Once phosphorylated, two STATs form a dimer, an active transcription factor that enters the nucleus and
regulates the transcription of various genes that regulate cell proliferation and differentiation. Adapted
from [85,86].

Fibroblast growth factors (FGFs) are known to play important roles in skeletal devel-

opment and postnatal osteogenesis by activating FGF receptors (FGFRs) and downstream

signalling pathways that control cells of the osteoblast, adipocyte, and chondrocyte lineage

(figure 1.9) [101,102].
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Another highly conserved signalling system, theNotch pathway, has been reported to play

a major role in the commitment of mesenchymal cells to the osteoblastic lineage (figure

1.9). Hilton et al. suggested that Notch signalling in bone marrow acts to maintain a pool

of mesenchymal progenitors by suppressing osteoblast differentiation [103].

The role of NELL-1 signalling in osteogenesis was first discovered in premature bone for-

mation in human sporadic coronal craniosynostosis [104]. NELL-1 is expressed during both

intramembranous and endochondral bone formation and in several in vivo studies, such

as calvarial defect and spinal fusion models, it was demonstrated that NELL-1 signalling

shows a comparable bone regeneration capacity to BMP-2. Furthermore, NELL-1 was

reported to be directly regulated by RUNX2 [105–107]. Recent in vitro and in vivo data

showed that NELL-1 can also promote osteogenesis by exerting an anti-adipogenic effect

and repressing adipocyte differentiation and gene expression possibly via a Hedgehog-

dependent mechanism (figure 1.9) [108].

In summary, the intricate cell signalling processes allow induction of osteoblast differenti-

ation via a variety of pathways, which are however very closely related and characterised

by a high degree of cross-talk. Precise organisation of this orderly process is essential for

an organised cascade of events to be initiated. The switch from mesenchymal stem cell

homeostasis to specific gene transcription required for differentiation is orchestrated by

epigenetic mechanisms that are highly dynamic in regulating the chromatin structure. In

recent years, significant progress has been made in deciphering the epigenetic mechanisms

underlying differentiation in general and a review on the findings is given in the next

section.
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Figure 1.9: Osteogenic signalling pathways III. a| Fibroblast growth factor (FGF) signalling has diverse
roles in osteoblast lineage cells. FGFs function by binding to cell surface tyrosine kinase FGF receptors
(FGFR), leading to the activation of multiple signalling modules (MAPK, mitogen-activated protein ki-
nase; STAT1, signal transducer and activator of transcription 1; PI3K, phosphoinositide 3-kinase, PKC).
FGF signalling regulates pre-osteoblast proliferation and osteoblast differentiation, as well as the function
of mature osteoblasts. However, the precise stages at which FGFs regulate proliferation and differentia-
tion, and the intracellular signalling cascades responsible for each function, remain to be elucidated. b
| Notch signalling inhibits osteoblast differentiation. Following binding to their ligands, Notch receptors
are proteolytically cleaved by the γ-secretase complex, leading to release of the Notch intracellular domain
(NICD) from the plasma membrane. NICD interacts with RBPJκ and together they activate downstream
target genes, ultimately leading to inhibition of osteoblast differentiation. c | NELL-1 signalling. NELL-1
is a secreted osteoinductive protein that binds to the cell surface receptor integrin β1. Multiple intracel-
lular signalling pathways have been shown to increase after NELL-1 stimulation and although the exact
mechanism is still unknown, NELL-1 treatment results in increased RUNX2 transcription and induction
of osteogenic programming. Adapted from [85,86].
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1.4 Epigenetics

The term “epigenetics” was coined in 1942 by Conrad Hal Waddington (1905-1975), a

British developmental biologist, who described how gene regulation modulates develop-

ment and phenotypes. Waddington proposed the concept of an “epigenetic landscape” to

represent the process of cellular fate determination during development [109]. Visualising

the irreversible cell fate determinations as marbles travelling down a valley with ridges

representing the “choices” the cells have to made, Waddington used this conceptual model

as a metaphor for biological development, at that time not even knowing about genes and

their role in heredity and development. Today, with additional knowledge about genes,

heredity, and cell fate determination, epigenetics is defined as ”the study of heritable

changes in gene activity that are not caused by changes in the DNA sequence” [110,111].

Epigenetic regulation of gene expression is known to occur due to alterations in chromatin

proteins that do not change the DNA sequence, but alter the chromatin architecture and

the accessibility of genes, resulting in changes to gene expressions that are preserved dur-

ing cell division. These chromatin proteins (i.e. histones) pack and order the DNA into

nucleosomes, which are fundamental structural repetitive units, formed by 146 base pairs

wrapped around a histone protein core. The protein core is an octamer composed of two

copies of each histone subunit H2A, H2B, H3 and H4, linked by histone H1, which “sits”

on the structure and binds to the linker DNA between the nucleosomes, stabilising the

structure and keeping the DNA in place [112, 113]. Each of the core subunits is char-

acterised by an architectural motif near their C-terminus, termed the “histone fold” that

allows the assembly into a nucleosome [114]. In addition, the subunits have a more flexible

N-terminal tail that protrudes from the nucleosome and can be subjected to a variety of

post-translational modifications (PTMs) as outlined below (figure 1.10).
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Figure 1.10: Organisation of DNA in an eukaryotic cell. DNA is packaged with proteins (histones) into
nucleosomes to form chromatin fibres that make up the chromosomes. By this organisation, DNA is pack-
aged into a smaller volume, strengthened to prevent damage and allows controlled mitosis (replication)
and transcription. Posttranslational modifications of histone proteins, including methylation, acetylation,
phosphorylation, and ubiquitination, alter their interaction with the DNA and thereby allow gene regula-
tion. The tail of histone 3 is shown as an example for different modifications. Adapted from [115].

Epigenetic modifications switch genes on or off during growth and development, which

makes epigenetics fundamental to cellular differentiation and stem cell linage commit-

ment. The main epigenetic mechanisms of gene regulation are DNA methylation and

histone modifications, including methylation and acetylation of lysine residues, phosphory-
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lation of serine and threonine residues, or other less common PTMs including sumoylation

and ubiquitination of lysine residues [116]. The establishment, maintenance or erasure,

and recognition of these histone modifications are implemented by so called “writers”,

“erasers”, and “readers”. These are molecules that attach (’write’) and erase modifica-

tions to DNA or histones, or that bind to (’read’) a specific epigenetically modified site

(table 1.1) [117]. In this work, with regard to the following chapters, the “writers” and

“erasers” for methylation and acetylation as well as the “reader” class bromodomains will

be further discussed.

Epigenetic Mechanism "Writer" Enzymes "Reader" Domains "Eraser" Enzymes Function Ref.
DNA Methylation DNA methyltransferases Methyl-CpG binding

domains
Active DNA
demethylation
(enzymes unknown),
passive DNA
demethylation (passive
process)

Genomic stability [118]

Histone Methylation Protein methyltransferases (PMTs) Mainly
chromodomains; tudor
domains; PHD fingers;
bromodomains

Histone demethylases transcriptional
repression or
activation; DNA repair;
stress response; ageing

[119]

Histone Acetylation Histone acetyltransferases Tandem
bromodomains; tandem
PHD fingers

Histone deacetylases transcriptional
activation, associated
with euchromatin

[120]

Histone Arginine Methylation Protein arginine methyltransferases (PRMTs) Tudor domains
(recognise
symmetrically
dimethylated arginines)

Histone demethylases;
peptidyl arginine
deiminases (PADIs)
(putative)

transcriptional
regulation

[121]

Histone Ubiquitination Ubiquitin E2 conjugases, ubiquitin E3 ligases Unknown Ubiquitin-specific
proteases

transcriptional
activation, crosstalk
with other chromatin
modifications

[122]

Histone Phosphorylation Kinases (e.g. proteine kinase C, Haspin, Aurora B) Chromoshadow
domains
(phosphoTyrosine);
14-3-3 proteins
(phosphoSerine);
BRCT proteins

Protein tyrosine
phosphatases; protein
serine/threonine
phosphatases

Response to DNA
damage; DNA repair,
transcription and
chromatin compaction
(mitosis) and
relaxation

[123]

Table 1.1: Epigenetic modifications and related "writers", "readers", and "erasers". Known functions and
references are given for each mechanism.
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1.4.1 Methylation

Methylation contributes to epigenetic inheritance by either DNA methylation or protein

methylation, i.e. the methylation of lysine or arginine residues on histones [124]. Protein

methylation is carried out by histone methyltransferases, adding methyl groups to either

arginine or lysine residues. Arginine can be methylated once (monomethylated arginine)

or twice (dimethylated arginine), whereas lysine can be monomethylated, dimethylated,

and trimethylated by protein methyltransferases (figure 1.11).

�

�

Figure 1.11: Methylation of lysines (A) and arginines (B). Lysine can be monomethylated, dimethylated,
and trimethylated by lysine methyltransferases, whereas arginine can be methylated once (monomethylated
arginine) or twice (dimethylated arginine). Adapted from [125].
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The consequences of PTMs on histones are alterations of biochemical properties, result-

ing in global chromatin changes and epigenetically repressed or activated gene expression.

They also elicit more versatile effects by recruiting specialised “reader”-domains that recog-

nise specific modifications and facilitate downstream chromatin-modulating events. In

DNA methylation a methyl group is added to the 5’ position of the cytosine pyrimidine

ring and typically occurs at CpG dinucleotides. Unmethylated CpGs are often grouped in

clusters, called CpG islands, which are typically located around the promoters of house-

keeping genes and other frequently expressed genes essential for cell functions. As DNA

methylation is re-established during cell division, it provides genomic stability and consti-

tutes a form of “memory“ for the cell. Only recently methylation was also discovered as

a modification method for RNA, with N6-methyladenosine (m6A) identified as the most

abundant internal modification of messenger RNA in eukaryotes. Although its mam-

malian function remains unknown, both mRNAs and long non-coding RNAs (lncRNAs)

were shown to harbour m6A modification [126]. Furthermore, the discovery of mam-

malian RNA demethylases suggests a dynamic regulation of these modifications [127].

In mammals, methylation is carried out by DNA methyltransferases (DNMTs), provid-

ing the basis for maintenance of methylation marks and for de novo methylation. DNA

methyltransferase 1 (DNMT1) is responsible for the preservation of methyl marks during

each cellular DNA replication cycle, preventing passive demethylation, while the methyl-

transferases DNMT3a and DNMT3b catalyse de novo methylation [128]. The effects of

DNA methylation are potentiated by the recruitment of DNA binding proteins, among

them methyl-CpG-binding proteins which repress transcription from methylated gene pro-

moters. These proteins act as structural proteins, which then again recruit a variety of

chromatin remodelling and modifying factors, such as histone deacetylase (HDAC) com-

29



plexes, leading to chromatin compaction and in consequence to transcriptional repres-

sion [129]. For many years, histone methylation was thought to be a permanent and

irreversible modification, and that the methylated histone tail would only be removed by

histone exchange. This was supported by studies showing that the half-life of histone

methyl marks was approximately equal to that of histones themselves [130]. However,

since 2004, when in a ground-breaking study Shi et al. demonstrated that the amine

oxidase KDM1A/LSD1 (Lysine (K)-Specific Demethylase 1A) could demethylate lysine 4

on histone H3 in an FAD (flavin adenine dinucleotide)-dependent reaction [131, 132], ad-

ditional histone demethylases have been found. Highlighting the importance of KDM1A

for normal development, the targeted homozygous deletion of murine Kdm1a has been

shown to result in early embryonic lethality, later discussed in chapter 5 [133]. Two other

research groups reported the discovery of the first histone arginine demethylase peptidyl

arginine deiminase 4 (PAD4) that functions as a histone deiminase, with the ability to

convert monomethyl arginine to citrulline [134, 135]. In 2006, the first JmjC domain-

containing protein was demonstrated to be a histone demethylase [136]. JHDM1 (JmjC

domain-containing histone demethylase 1) was the first demethylase shown to specifically

demethylate H3K36. The Jumonji C (JmjC) domain utilises Iron(II) and 2-oxoglutarate

as cofactors and catalyses lysine demethylation of histones through an oxidative reaction.

The name Jumonji (Japanese for “cruciform”) was originally derived from a mouse mu-

tation that affected neural tube development and produced a cross-like structure on the

neural plate [137]. Up to date, there are six different subfamilies of Jumonji-type his-

tone lysine demethylases (KDMs) with a variety of domains serving essential functions

in regulating the epigenetic landscape of the chromatin environment. The identification

of histone demethylases challenged the concept of histone methylation as stable and ir-
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reversible marks, and suggested that histone methylation is much more dynamic than it

was thought for a long time.

1.4.2 Acetylation

Acetylation of lysine residues on the N-terminal tail is one of the most frequently occurring

post-translational modifications of histone proteins. Histone tails are positively charged

due to occurrence of lysine and arginine amino acids, which together with the negatively

charged DNA leads to a tight packaging of chromatin. It is thought that acetylation by

histone acetyltransferases (HATs) neutralises the positive charge by changing amines to

amides and thereby decreasing the ability of histones to bind to DNA. This causes an

opening of the chromatin architecture, allowing for regulatory elements to bind and tran-

scription to occur. On the contrary, removal of the acetyl group by histone deacetylases

(HDACs) increases the positive charge and condenses the DNA structure, thereby prevent-

ing transcription. Histone acetyltransferases acetylate lysine residues on histone proteins

by transferring an acetyl group from acetyl CoA to form ε-N-acetyl-lysine. HATs were tra-

ditionally divided into two classes based on their subcellular localisation, found either in

the nucleus (class A) or in the cytoplasm (class B), but are now generally divided into the

two major classes, the MYST and the GNAT families. The GNAT family is characterised

by the presence of a bromodomain and acetylates lysines on histone H2B, whereas the

MYST family exhibit zinc fingers and chromodomains modifying H2A. Both GNAT and

MYST family have been shown to acetylate lysines on histones H3 and H4 [138]. Histone

deacetylases are classified into four classes depending on sequence homology and domain

organisation [139]. Class I HDACs are mostly localised within the nucleus, whereas class

II HDACs shuttle between the nucleus and the cytoplasm. Knockout analysis of differ-
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ent class I and class II HDAC proteins indicates that class I HDACs play a role in cell

survival and proliferation, whereas class II HDACs may have tissue-specific roles. Class I

and II are considered "classical" HDACs whose activities are inhibited by Trichostatin A

(TSA) [140], whereas class III is a family of nicotinamide adenine dinucleotide (NAD+)-

dependent proteins not affected by TSA. These are also known as members of the Sirtuin

family of proteins [141, 142]. The only member of class IV is HDAC11, which was first

described in 2002 and displays characteristics of both class I and class II HDACs [143]. In

the past decade, HDAC inhibitors were “discovered” as new agents in cancer therapy [144].

This was based on several cancer promoting mutations and chromosomal translocations

resulting in repression of transcription through abnormal recruitment and activation of

HDACs, thus, developing potent inhibitors against these classes could be essential in tar-

geting cancer [145]. Trials have shown an anti-proliferative effect on cancer in cell culture,

animal models and in humans with both haematological and solid tumours, however, the

exact mechanism by which this effect is exerted is still unknown [146]. Recently, HDAC in-

hibitors have also been considered for therapy in autoimmunity and transplantation, given

that selective inhibitors are developed [147]. From the time acetylation was discovered,

research has emerged to show that lysine acetylation not only changes the organisation

of chromatin but also generates binding sites for specific protein-protein interaction do-

mains, such as the acetyl-lysine-binding bromodomain, which will be discussed in the next

section.

1.4.3 Bromodomains

Bromodomains (BRDs) are found in several chromatin-associated proteins, e.g. his-

tone acetyltransferases, and constitute evolutionarily conserved protein-protein interac-
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tion modules that recognise ε-N-lysine acetylation motifs. Their name is derived from the

Indian word ‘Brahma’ (meaning “fate”) for the first bromodomain-containing protein to

be identified in Drosophila melanogaster [148]. The bromodomain comprises a 110 amino

acids wide region that is most often present only once per protein, but can also occur mul-

tiple times. In the BET subfamily of bromoproteins, with the four members BRD2, BRD3,

BRD4, and the testis-specific isoform BRDT, two N-terminal BRDs are present [149,150].

To date, there are 61 unique human bromodomains that can be clustered into eight distinct

families based on structural similarity, because despite large sequence variations, all bro-

modomains share a three-dimensional structure important for substrate specificity [151].

This conserved fold comprises a left-handed bundle of four alpha helices (αA, αB, αC, αZ)

linked by diverse loop regions (ZA and BC loops) [152]. In co-crystal structures with

peptide ligands it could be shown that the acetylated lysine residue is recognised by a cen-

tral hydrophobic cavity within the bromodomain module and is anchored by a hydrogen

bond with an asparagine residue present in most bromodomains (see chapter 4 for more

information) [153]. BRDs have an important role in the targeting of chromatin-modifying

enzymes to specific sites and in the recruitment of proteins to macromolecular complexes,

and thereby regulate the transcription of e.g. growth-promoting genes or cell cycle reg-

ulators. For instance, BRD4 and BRD2 are key mediators of transcriptional elongation

by recruiting the positive transcription elongation factor complex (P-TEFb) [154, 155].

BRD4 will be discussed in more detail later in this thesis (chapter 4).

1.4.4 Epigenetic mechanisms in osteogenic differentiation

As outlined previously, in recent years there has been a growing interest in applying mes-

enchymal stem cells to tissue engineering and increased efforts have been made to elucidate
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the molecular mechanisms of their directed differentiation. The exact molecular mecha-

nisms governing the differentiation of bone marrow derived stem cells into osteoblasts

remain largely unknown and detailed systematic investigations of underlying epigenetic

mechanisms are missing. To summarise, recent publications have proposed roles of mainly

HDACs, methyltransferases and demethylases in osteogenic differentiation. Maroni et al.

showed that pan-HDAC chemical inhibition by using Trichostatin A, or knockdown of

HDAC1 and -3 in adipose tissue-derived mesenchymal stem cells, leads to an early activa-

tion of RUNX2 and ALPL, while concomitantly decreasing PPAR-γ and its target genes

required for adipogenic differentiation [156]. In BMP-9-mediated osteogenic differentia-

tion of mouse mesenchymal stem cells, TSA also potentiates the activity of early marker

alkaline phosphatase as well as late markers osteopontin (OP), osteocalcin (BGLAP), and

furthermore promotes matrix mineralisation [157]. A previous study had already shown

that HDAC3 interacts with the amino terminus of key transcription factor RUNX2 and

could thereby suppress RUNX2-mediated activation of the osteocalcin promoter. Suppres-

sion of Hdac3 in MC3T3 pre-osteoblasts by RNA interference consequently accelerated

the expression of Runx2 target genes, osteocalcin, osteopontin, and bone sialoprotein.

However, Runx2 levels were not significantly altered [158]. In contrast, Hdac3 conditional

knockout mice, although of normal size and weight, showed a progressive loss of trabecular

and cortical bone mass with age. Mineralisation of cortical bone was reduced and the mice

suffered frequent fractures, and indicating that the reduction in bone mass was caused by

defects in osteoblast formation and activity these mice also showed a lower bone resorp-

tion [159]. However, HDACs, and also HDAC3, were shown to also influence osteoclast

differentiation. Suppression of HDAC3 expression was reported to inhibit their differentia-

tion, whereas osteoclasts suppressed for HDAC7 expression had accelerated differentiation
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when compared to control cells [160]. Another pan-HDAC inhibitor, suberoylanilide hy-

droxamic acid (SAHA) suppressed osteogenic colony formation and decreased gene expres-

sion of immature osteoblasts when applied to murine bone marrow-derived adherent cells in

vitro. Interestingly, mature osteoblasts appeared to be resistant with an increased activity,

suggesting that the response of osteoblasts to SAHA is dependent on their differentiation

state [161]. Epigenetic modifications involving demethylases were reported to constitute a

crucial part in mesenchymal stem cell differentiation. Both histone demethylases KDM4B

and KDM6B have been observed to play critical roles in osteogenic commitment of MSCs

by removing H3K9me3 and H3K27me3 chromatin marks [162]. Depletion of KDM4B or

KDM6B significantly reduced osteogenic differentiation and increased adipogenic differen-

tiation. Interestingly, increased levels of H3K27me3- and H3K9me3-positive bone marrow-

derived MSCs were found in ovariectomised and ageing mice in which adipogenesis was

highly active. The interaction of NO66, a Jumonji family histone demethylase, with the

transcription factor Osterix was reported to inhibit OSX-mediated promoter activation,

with NO66 demethylating H3K4me and H3K36me [163]. Two other enzymes involved in

histone modifications, the histone-lysine N-methyltransferase enhancer of zeste homology 2

(EZH2) and lysine demethylase 6A (KDM6A), displayed different transcript levels during

MSC differentiation [164,165]. Enforced expression of EZH2, which trimethylates H3K27

(H3K27me3) promoted adipogenic differentiation in vitro and inhibited osteogenic differ-

entiation potential in vitro and in vivo. In contrast, enforced expression of KDM6A, which

removes the repressive H3K27me3 mark on chromatin, inhibited adipogenesis in vitro and

promoted osteogenic differentiation in vitro and in vivo. Conversely, inhibition of EZH2

activity and knockdown of EZH2 gene expression resulted in decreased adipogenesis and

increased osteogenesis, and similarly for KDM6A/KDM6A, in increased adipogenesis and
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decreased osteogenesis. On the other hand, a contradictory effect on bone metabolism of

yet another histone methyltransferase, SETDB1, was observed in knockout animals and

SETDB1 -null mesenchymal stem cells. Its deletion severely impairs osteoblast differen-

tiation and trabecular bone formation, however has no effect on osteoclastogenesis [166].

Lastly, DNA methyltransferase inhibitor 5-azacytidine was shown to significantly facilitate

osteogenic differentiation when MSCs were pre-treated with the compound for 24 hours

prior to osteogenic induction. Treatment was accompanied by hypomethylation of genomic

DNA and increased osteogenic gene expression [167, 168]. However, although epigenetic

modifications are key elements in mesenchymal stem cell biology and development, still

relatively little is understood about potential key factors responsible for pattern changes

during osteoblast differentiation.

1.5 Summary

A major therapeutic challenge is how to replace bone once it is lost under various patho-

logical conditions, as mammals have a limited capacity to repair bone defects caused by

common bone diseases such as osteoporosis, rheumatoid arthritis or osteoarthritis. To meet

this high demand for healthy bone cells and tissue, stem cells are currently investigated

for application in bone-tissue engineering and human bone marrow-derived mesenchymal

stem cells (hMSCs) could be a promising source for tissue-engineered bone. However,

their potential is limited by a lack of knowledge regarding the regulation of transition

from hMSCs to osteoblasts, the bone forming cells. A better understanding of the epige-

netic mechanisms underlying, initiating, and promoting differentiation could help shedding

light on this process.
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1.6 Aims of this thesis

The therapeutic potential of human mesenchymal stem cells in tissue engineering is not

fully utilised yet due to a lack of knowledge regarding the identity, nature, and development

of MSCs. With the aim to systematically analyse the epigenetic side of MSC development,

the work in this thesis shall encompass a broad approach to identify epigenetic mechanisms

involved in osteoblast differentiation as well as specific investigation of identified individual

targets.

The first aim is to test different induction mechanisms of osteoblast differentiation in order

to allow a comprehensive analysis of the bone phenotype under different conditions.

Second, an assay to assess osteoblast differentiation will be developed and validated for

repeatable performance in high-throughput experiments.

Subsequently, two approaches to identify epigenetic modifiers, knockdown by short hairpin

RNAs and protein inhibition by small molecules will be pursued, leading to a list of target

genes potentially involved in osteoblast differentiation.

Finally, the function of two target genes regarded as strong candidates for involvement

in epigenetic regulation of osteoblast differentiation will be studied in cell culture and a

mouse model.

Therefore, the structure of this thesis is as follows:

Chapter 1 gives an introduction to the relevant fields involved in the work of this thesis.

In Chapter 2 the various in vitro differentiation methods are presented and applied to

human mesenchymal stem cells. An assay for measuring alkaline phosphatase activity

as a means of osteoblast differentiation is developed and tested for different osteogenic

inducers.
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The work in Chapter 3 utilises the aforementioned assay in short hairpin RNA and small

molecule inhibitor screens. The methods used to identify epigenetic modifiers involved

in osteoblast differentiation are described, the hit selection process is presented, and the

chapter concludes with a list of target genes.

Chapter 4 is showing work performed on bromodomain-containing protein 4 (BRD4),

one of the two main follow-up targets. Its effect on osteoblast differentiation is assessed

by microarray analysis, and various biochemical and cell-based assays.

Chapter 5 is dealing with the role of the second follow-up target, lysine-specific demethy-

lase 1 (KDM1A) in osteoblast differentiation. Utilising a small molecule inhibitor and a

transgenic mouse model, its effect on bone formation is investigated.

Chapter 6 summarises the previously presented data, discusses its relevance and gives

an overview of future perspectives.

Every chapter has a short chapter-specific introduction stating the aim and finishes with a

conclusion. Relevant methods are specified in each chapter and a flow chart of this thesis’

work is shown at the beginning of chapter 3.
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2 Investigation of different osteogenic inducers and

development of osteoblast differentiation assay

2.1 Introduction

To address the first aim of my thesis, the validation of different osteoblast induction mecha-

nisms, differentiation assays with various inducing factors were performed. Beginning with

a literature review on in vitro differentiation methods, an assessment was made about the

osteoblast differentiation potential of human mesenchymal stem cells. This resulted in

the development of a generic assay that is subsequently employed to test different in-

duction methods. Three induction methods were chosen, validated and applied to screen

short hairpin RNA-mediated knockdown and small molecule inhibition described later in

chapter 3.

2.2 In vitro osteoblast differentiation methods

One of the most remarkable characteristics of mesenchymal stem cells (MSCs) is their

ability to differentiate into osteoblasts in vivo and in vitro, providing an important model

system for bone biology and regulation of bone formation [31]. In vitro differentiation

can be achieved by culturing in the appropriate induction medium containing the basic

growth supplements beta-glycerophosphate and ascorbic acid 2-phosphate, and additional

inducive factors such as dexamethasone, BMPs, 1,25-dihydroxyvitamin D3, or cytokines.

Although all these factors were demonstrated to induce osteoblast differentiation (see

below), they remain controversial, as the different treatments were shown to have varied

effects on differentiation and produce osteoblastic cells with different phenotypic character-

istics. In human osteoblast cells differentiated from bone marrow, Jorgensen et al. found
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that alkaline phosphatase activity was increased by dexamethasone, but not by BMP-2

treatment [169]. In addition, expression of the late cellular differentiation marker osteo-

calcin was low in cultures treated with dexamethasone or BMP-2, but in combination with

1,25-dihydroxyvitamin D3, BMP-2 displayed an increased osteocalcin production while the

combination with dexamethasone completely suppressed it. The osteoblast transcription

factor RUNX2 was shown to be differently regulated by various osteoblast differentiat-

ing reagents. Treatment with dexamethasone, BMP-2, or TGF-β, led to an increase of

RUNX2 expression with BMP-2 showing an earlier enhancement. Induction by means of

1,25-dihydroxyvitamin D3 led to an initial inhibitory effect followed by a lower, but still

stimulating effect after 48 hours, indicating that the rapid stimulatory effect on osteocalcin

expression by 1,25-dihydroxyvitamin D3 is independent of RUNX2 [78].

The synthetic glucocorticoid (GC) agonist dexamethasone is one of the best studied in

vitro inducers for osteoblast differentiation; however, there has been controversy about its

effects as it has been shown to have contrasting dual functions in bone metabolism. On the

one hand, it is a prerequisite supplement for effective in vitro osteoblast differentiation, and

on the other hand it is known to be a catabolic factor inducing bone loss or osteoporosis

under prolonged drug treatment [170,171]. In addition, dexamethasone was reported to in-

duce adipogenesis as well as osteogenesis in multipotent stromal cells from human adipose

tissue [172]. However, in in vitro differentiation models of bone marrow osteogenic stro-

mal cells, dexamethasone induced morphological changes, increased alkaline phosphatase

expression and was essential for matrix mineralisation [173]. It was therefore suggested

that the different effects of dexamethasone on differentiation might be dependent on the

stage of development and that human osteoblast differentiation needs to be triggered by

GCs in a specific time-window during the early stages of development [174]. Cellular
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responses to glucocorticoids are dependent on the binding of GCs to the intracellular glu-

cocorticoid receptor (GR), which in turn translocates to the nucleus and modulates gene

expression. Interactions with DNA are mediated by either targeting specific glucocorticoid

response elements (GRE) or nGRE (negative GRE) [175]. Depending on the nature of

the GRE, the overall process of GR binding can result in activation or repression of genes

containing GR-binding sites. The GR has also been shown to interact with chromatin re-

modelling complexes such as the cAMP-response element-binding (CREB)-protein and the

SWI/SNF (SWItch/Sucrose NonFermentable) complex [176]. Dexamethasone was shown

to increase the effects of vitamin D and its receptor in a GR-dependent manner. In squa-

mous cell carcinoma, the anti-tumour effects of 1,25-dihydroxyvitamin D3 were increased

in combination with dexamethasone [177].

1,25-dihydroxyvitamin D3 plays a role in the regulation of early stages of osteoblast

differentiation, but similar to dexamethasone, it was reported to also exert effects on adi-

pogenesis. In primary rat calvaria cells, it stimulated differentiation into adipocytes [178];

however, overall 1,25-dihydroxyvitamin D3 is thought to favour the differentiation into

the osteoblast instead of the adipogenic lineage [179]. It stimulates alkaline phosphatase

transcription, expression and activity during both proliferation and differentiation [180],

induces the production of osteocalcin [181], stimulates synthesis of collagen type 1, and

regulates osteopontin expression [182]. Conversely, 1,25-dihydroxyvitamin D3 was shown

not to have an effect on the expression of another extracellular matrix protein, bone sialo-

protein (IBSP), in human bone marrow stromal cells. However, when added in addition to

dexamethasone-treated cultures, high levels of IBSP could be observed [182]. The vitamin

D receptor (VDR) plays a central role in the effects of 1,25-dihydroxyvitamin D3 on bone

metabolism. VDR knockout mice display hypocalcemia and osteomalacia, a condition
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characterised by a softening of the bone caused by defective bone mineralisation [183]. In

addition, 1,25-dihydroxyvitamin D3-mediated osteoclast formation was abolished in the

VDR knockout mice, indicating that the VDR on osteoblasts is essential for osteoclast

differentiation [84]. Once the nuclear VDR is activated, it recognises vitamin D response

elements (VDRE) in the promoter sequence of vitamin D-regulated genes [184].

Bone morphogenetic proteins (BMPs) are known for their ability to initiate, promote,

and maintain chondrogenesis and osteogenesis [185, 186]. Particularly BMP-2 and -6 are

thought to be inducers of osteoblast differentiation [187]. Many of the cellular functions

and signalling pathways of BMP-2 are not fully understood, but seem to involve multiple

cross-talks involving SMAD, Wnt, and MAPK signalling pathways [186, 188, 189]. As all

other inducers, BMP-2 exhibits varied effects on osteoblast differentiation, and continuous

treatment with BMP-2 alone was also reported to result in a less efficient enhancement of

in vitro matrix mineralisation [190].

Finally, mesenchymal stem cells and osteoblasts not only respond to growth and differen-

tiation factors, but have also been shown to be responsive to a number of locally acting

cytokines. In addition to the active regulatory role of MSCs in response to inflamma-

tion, infection, and wound healing (as briefly discussed in the introduction), MSCs are

also receptive to and regulated by cytokines. A number of interleukins, mainly interleukin

1 and 6, tumour necrosis factor-α (TNF-α), as well as oncostatin M (OSM, a member of

the interleukin 6 subfamily), were shown to induce osteoblast differentiation [191,192]. In

two reports, activated monocytes/macrophages were shown to induce osteoblastogenesis of

MSCs through OSM secretion [48,193]. However, the osteoblast promoting effect of OSM

was only shown in early, but not late, bone marrow mesenchymal stem cells; in mature

osteoblasts, OSM inhibited osteoblast gene expression and bone mineralisation [194]. The
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different responses caused by various inducers presented can be attributed to a variety of

causes, for instance the difference in species (e.g. human, mouse, rat), different culture

conditions, and different stages of differentiation. In addition, the tissue the cells are

originating from can exhibit diverse levels and compositions of growth factors, hormones,

and cytokines, all together leading to different responses. In order to dissect the varied

effects on osteoblast differentiation, this thesis aims to identify epigenetic modifications

that underlie these differences and to potentially discover unique chromatin modification

pathways caused by different induction methods.

2.3 Chapter outline

With the aim to identify unique mechanisms underlying differentiation induced by differ-

ent factors, a selection of diverse differentiation conditions was made. Initially, the general

ability of the employed human MSCs to differentiate into osteoblasts was tested using the

well-studied inducer dexamethasone. Subsequently, various inducers at different concen-

trations were applied to MSCs with differentiation assessed using an assay measuring the

early bone marker alkaline phosphatase. Finally, three induction methods were chosen

and their differentiation induction potential was confirmed by quantitative polymerase

chain reaction (qPCR) analysis of osteoblast gene expression. All conditions were tested

on the same passage of one human mesenchymal stem cell line in order to minimise any

cell origin-related effects.
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2.4 Materials and Methods

2.4.1 Cell culture

Human MSCs from a 21 years old female donor were cultured in MesenPRO-RS™ medium

(MSC, Life Technologies) for expansion. To induce osteogenesis, cells were cultured until

confluency was reached and stem cell medium (MSC) was replaced with basic osteogenic

medium (OD). For the initial experiment using dexamethasone, the osteogenic medium

(+DEX) was composed of DMEM/F12 supplemented with 15% fetal bovine serum (FBS),

1% penicillin/streptomycin (P/S), 1% non-essential amino acids (NEAA), 2mM glutamine,

50µg/ml ascorbic acid, 10mM beta-glycerophosphate, and 10nM dexamethasone. In ad-

dition, a control medium (CM) was employed, composed of DMEM/F12 supplemented

with 15% FBS, 1% P/S, 1% NEAA, and 2mM glutamine, representing a basal medium

with neither growth factors for stem cell maintenance nor inducive supplements facilitat-

ing osteoblast differentiation. In subsequent experiments with varying inducers, media

composed of DMEM/F12 supplemented with 10% FBS, 1% P/S, 1% NEAA, 2mM glu-

tamine, 50µg/ml ascorbic acid, 10mM beta-glycerophosphate (basic osteogenic medium,

OD) containing either 10 or 100nM dexamethasone (+DEX), 1nM 1,25-dihydroxyvitamin

D3 (+VitD3), 100ng/ml BMP-2 (+BMP), or 10 to 100ng/ml oncostatin M (+OSM) were

applied. For the final confirmation of the differentiation potential of the three inducers,

the concentrations used were 10nM for dexamethasone, 1nM for 1,25-dihydroxyvitamin

D3, and 10ng/ml for oncostatin M (table 2.1). A comprehensive list of all medium com-

positions and supplement concentrations used in this thesis can be found in appendix

A.1.
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Name Composition
MSC MesenPro-RS™ + 1% P/S
CM DMEM F/12 + 15% FBS + 1% P/S + 1% NEAA + 2mM glutamine
OD DMEM F/12 + 15% FBS + 1% P/S + 1% NEAA + 2mM glutamine + 50µg/ml

ascorbic acid + 10mM beta-glycerophosphate
+DEX DMEM F/12 + 15% FBS + 1% P/S + 1% NEAA + 2mM glutamine + 50µg/ml

ascorbic acid + 10mM beta-glycerophosphate + 10-100nM dexamethasone
+VitD3 DMEM F/12 + 15% FBS + 1% P/S + 1% NEAA + 2mM glutamine + 50µg/ml

ascorbic acid + 10mM beta-glycerophosphate + 1nM 1,25-dihydroxyvitamin D3
+OSM DMEM F/12 + 15% FBS + 1% P/S + 1% NEAA + 2mM glutamine + 50µg/ml

ascorbic acid + 10mM beta-glycerophosphate + 10-100ng/ml OSM
+BMP DMEM F/12 + 15% FBS + 1% P/S + 1% NEAA + 2mM glutamine + 50µg/ml

ascorbic acid + 10mM beta-glycerophosphate + 100ng/ml BMP2

Table 2.1: List of media used during assay development and their detailed composition

2.4.2 Cell viability assay

Cells were incubated with Presto Blue® (Life Technologies) for 30mins at 37°C. Fluo-

rescence was measured using a fluorescence plate reader (FLUOStar OPTIMA, BMG

Labtechnologies; excitation 544nm, emission 590nm, gain 1255). For more detail on the

Presto Blue® mechanism, see subsection 2.6.

2.4.3 Alkaline phosphatase assay

The assay can be performed either directly on lysed cells in 96 or 384 well plates or with

purified protein lysates. If done directly in plates, cells were washed twice in PBS and

lysed using CelLytic M™ (Sigma-Aldrich; addition of 2% mammalian protein inhibitor

cocktail, Sigma-Aldrich). After 15mins incubation, the plate was sealed and shaken on

a plate shaker at around 10 Hertz for 30s. The substrate for alkaline phosphatase, 4-

Methylumbelliferyl phosphate (4-MUP; Sigma-Aldrich) was added directly onto the cells.

If performed with purified protein lysates, cell lysates were spun down and the supernatant

was collected. Total protein concentration was determined using BCA assay (Pierce,

Rockford, IL) and an aliquot was used in the alkaline phosphatase assay. The activity
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of alkaline phosphatase will form the soluble fluorescent substance 4-Methylumbelliferone

(4-MU) which was detected using a fluorescence plate reader (FLUOStar OPTIMA, BMG

Labtechnologies; top-read; excitation 360nm, emission 460nm, gain 800). Alkaline phos-

phatase activity was measured at 0, 30, and 60mins after substrate addition.

2.4.4 RNA extraction and cDNA synthesis

Cells were cultured in previously mentioned media compositions and harvested on the

following days post-induction: day 1, 3, 5, 7, 14, 21, 28. Cells were washed twice in PBS

and RNA was extracted using the Qiagen RNAeasy Mini Kit. cDNA was synthesised from

up to 0.5µg of RNA by reverse transcription in a total volume of 20µl using random primers.

Expression of genes was tested using cDNA specific primers, targeting housekeeping genes

Actin B, GAPDH, and 18S, osteoblast genes Runx2, Osterix, bone sialoprotein, collagen

1A1, osteocalcin, osteonectin, and alkaline phosphatase. PCR was performed for 40 cycles

of denaturation (95°C for 20s), annealing (95°C for 1s), and extension (60°C for 1min).

The primer sequences can be found in appendix A.2.

2.4.5 Microarray study

Microarray analysis was performed using the Illumina bead array HT12.V4 and samples

were normalised using RMA (Robust Multi-array Average) [188]. Values are indicative for

fold-change normalised to undifferentiated MSCs on day 1.

2.4.6 Cell fixation

Cells were washed twice in PBS and fixed in either 4% paraformaldehyde (PFA) or 70%

Ethanol (EtOH) for 20-30mins at room temperature. Fixative was removed and cells were
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washed again three times in PBS and stored at 4°C in PBS.

2.4.7 Alizarin Red S staining

Alizarin Red S staining (ARS) was used to identify calcium in the extracellular matrix.

Cells were washed twice in PBS and fixed in 70% EtOH for 20-30mins. Fixative was

removed and cells were stained with 1.5% ARS solution (pH 4.1-4.2) for 15mins at room

temperature before being washed three times in double distilled H2O (ddH2O). Calcium

deposits were observed under microscope (bright-field) and plates were scanned using an

Epson scanner (Epson Perfection 3200 Photo). The incorporated dye was extracted with

10% (v/v) acetic acid, shaken on a plate shaker for 1 hour, and absorbance was measured

at 405nm.

47



2.5 Dexamethasone-induced gene expression profile of human mesenchy-

mal stem cell-derived osteoblasts

Figure 2.1: Hierarchical clustering of stably regu-
lated genes of a microarray study of MSCs undergo-
ing dexamethasone-induced differentiation. Changes
in gene expression are indicated in red (increase) or
green (decrease). Time points shown are indicative
for cells in MSC medium after 21 days (MSC), in
control medium (CM) after 14 and 21 days, and in
complete osteogenic differentiation medium contain-
ing dexamethasone (+DEX) after 7, 14, and 21 days.

Dexamethasone-induced differentiation was

employed as a “prototype” differentiation

protocol. To assess changes in gene ex-

pression induced by dexamethasone treat-

ment, microarray studies were performed.

Genes showing a change in gene expression

at least at two time points of differentia-

tion (any two days of day 7, 14, and 21),

with no change in the control medium, were

considered as stably up- or downregulated

genes caused by dexamethasone, yielding

a total of 176 stably regulated genes. As

seen in figure 2.1, the majority of these

(110) were genes upregulated under dex-

amethasone treatment, while 66 genes were

downregulated. To confirm and also illus-

trate the change dexamethasone is causing

in mesenchymal stem cells, a principal com-

ponent analysis (PCA) was performed. A

PCA identifies the essential variable in a

dataset, in this case the condition under
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which the largest possible variance could be observed. The result can be seen in figure

2.2. The first principal component (1 = x-axis) has the largest possible variance and each

succeeding component (2 = y-axis) has the highest uncorrelated variance. Differentiation

induction by dexamethasone accounted for the largest possible variance, i.e. for as much

variability in the data as possible. The most significant change could already be observed

within the first seven days of differentiation; subsequently only minor changes were seen.

Cells remaining in mesenchymal stem cell medium showed an expression profile unrelated

to the dexamethasone profile and were therefore found on the y-axis, indicating the second

principal component. Application of the control medium (CM) led to a minor change in

the direction of dexamethasone-induced changes, but to a lower extent, suggesting that

the control medium allowed cells to differentiate, but did not direct differentiation towards

osteogenesis.
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Figure 2.2: Principal component analysis of dexamethasone-induced differentiation. The first principal
component (1) is shown on the x-axis and the second component on the y-axis (2). The straight arrows
indicate the direction of change, the curved arrow shows the biggest difference from D1 MSC to D7 DEX.
Day 1 (D1) to day 21 (D21) of culture are shown. MSC, mesenchymal stem cell medium; CM, control
medium; DEX, osteogenic differentiation medium containing dexamethasone.

The list of all regulated genes can be found in appendix A.3, here only the highest upregu-

lated ones, generating a dexamethasone-induced profile, will be discussed. In table 2.2, the

12 highest upregulated genes on day 21 with their fold changes compared to the MSCs on

day 1 are presented and their relation (based on publications) to osteoblast development

and bone is indicated.
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Gene symbol Entrez Gene Name Fold Change Type(s) Associated with “bone”
APOD apolipoprotein D 16.3 lipid transporter !

CADM3 cell adhesion molecule 3 15.3 other
SUSD2 sushi domain containing 2 12.1 other !

DARC Duffy blood group, chemokine receptor 11.3 G-protein coupled receptor !

OLFML2A olfactomedin-like 2A 10.1 other
OMD osteomodulin 9.2 other !

FAM167A family with sequence similarity 167, member A 8.6 other
LEPR leptin receptor 8.4 transmembrane receptor !

BMP6 bone morphogenetic protein 6 7.9 growth factor !

CRISPLD2 cysteine-rich secretory protein LCCL domain containing 2 7.7 other
WFDC1 WAP four-disulfide core domain 1 7.6 other
FBLN1 fibulin 1 7.4 other

Table 2.2: Dexamethasone-induced gene expression. The highest upregulated genes under dexamethasone
treatment on day 21 are shown and their fold change, type, and association with bone are indicated.

Apolipoprotein D (APOD) is a member of the lipocalin superfamily of lipid transport

proteins and has been reported to be highly upregulated upon osteoblast differentiation

[195,196]. Its expression was shown to be specifically up-regulated by p73 and p63, but not

by p53 [197]. Interestingly, a paper from Sasaki et al. reported that the p73 isoform TAp73

induces osteoblast differentiation in the human osteosarcoma cell line Saos-2 via APOD

transactivation, as assessed by alkaline phosphatase activity and that APOD knockdown

abrogates the p73-mediated alkaline phosphatase induction [197]. ApoD was also reported

to physically interact with the Leptin receptor, a gene that is also found upregulated in

this dataset (table 2.2) [198].

Cell adhesion molecule 3 (CADM3) is a member of the nectin-like family of cellular

adhesion molecules involved in cell adhesion and extracellular matrix formation, both

important processes for bone matrix formation [199].

The role of the duffy blood group atypical chemokine receptor (DARC), a G-

protein coupled receptor, in osteoblast formation is unknown, however, it was reported to

negatively regulate bone mineral density (BMD) by increasing osteoclast formation [200].

Osteomodulin (OMD), also called osteoadherin, is a cell-binding keratan sulfate proteo-

glycan of the extracellular matrix (ECM) and was shown to be regulated by transcription

factor RUNX2, as well as by the cytokines TGF-β and BMP-2 [201,202]. It was suggested
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that OMD is an osteoblast maturation marker induced by osteoclast activity [203].

Sushi domain containing 2 (SUSD2) was only recently discovered as a specific marker

for the isolation of bone marrow-derived MSCs capable to differentiate into osteoblasts,

adipocytes, and chondrocytes [204].

The leptin receptor (LEPR) functions as a receptor for the adipose tissue-specific

hormone leptin. The addition of leptin to human marrow stromal cells was reported

to enhance their osteoblast differentiation potential and inhibit the differentiation into

adipocytes [205]. The receptor is expressed by both bone marrow-derived stromal cells as

well as osteoblasts, with leptin regulating mesenchymal progenitor cell (MPC) differenti-

ation and osteoblast function [206].

Bone morphogenetic protein 6 (BMP-6) is a member of the TGF-β superfamily of

proteins. The role of TGF-β signalling in osteoblast differentiation was already described in

the introduction, and also BMP-6 is able to induce all osteogenic markers in mesenchymal

stem cells [187].

Alkaline phosphatase was also upregulated under dexamethasone treatment and can

be seen in table 2.3.

For a functional analysis the 176 genes were associated with biological functions and/or

diseases in the Ingenuity® Knowledge Base (IPA, Ingenuity Pathway Analysis) [207]. Func-

tions related to bone biology and the genes involved are shown in table 2.3; these include

stimulation, differentiation, and mineralisation of osteoblasts, as well as morphology of

bone and bone remodelling. It has to be noted that genes included in the functional

analysis are genes with various effects on bone and can be both promoting and inhibiting

differentiation.
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Functions annotation Genes
Differentiation of osteoblasts ABL1, BMP6, IGFBP5, IL11, PRKD1, STC1, TOB1, TWIST1
Mineralisation of osteoblasts ALPL, BMP6, PTGS2
Stimulation of osteoblasts BMP6, PLAU
Differentiation of bone marrow cells BMP6, CDKN2B, IL11, LRRC17, NFKBIA, TSC22D3
Mineralisation of bone marrow cells PRKD1, PTGS2
Morphology of bone ALPL, BMP6, CLEC3B, DACT1, DARC, FBN2, GPER, MMP2, SOX9, TWIST1, ZBTB16
Mineralisation of bone ALPL, BMP6, CLEC3B, POSTN, PTGS2, SOX9, TWIST1
Remodelling of bone CST3, FBN2, IGFBP5, IL11, PTGS2, TOB1

Table 2.3: Bone functions annotations of genes regulated under dexamethasone treatment as analysed by
IPA.

IPA also suggested potential upstream transcriptional regulators that can explain the

observed gene expression changes. The analysis identified the regulators that were most

significantly associated to the data set. Fisher’s exact test was used to calculate a p-

value determining the probability that the association between the genes in the dataset

and the regulator is explained by chance alone. The most significant upstream regulators,

transforming growth factor-β1 (TGF-β1), the steroid ligand progesterone, dexamethasone,

and interleukin-1β (IL-1β), and their target molecules in the dataset are displayed in table

2.4. The role of TGF-β signalling and dexamethasone in osteoblast differentiation was

already described in the introduction of this thesis (see subsection 1.3.2 and 2.2), as

well as the function of IL-1 was presented in this chapter. Progesterone is known for

its bone-promoting effects and used in therapies promoting bone formation and bone

mineral density [208,209]. Interestingly, another feature of the IPA analysis that predicts

whether the transcriptional regulators are likely to be activated or inhibited, categorised

dexamethasone as activated regulator, supporting that the gene expression profile seen is

caused by dexamethasone.
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Upstream Regulator Molecule Type Predicted Activation State p-value of overlap Target molecules in
dataset

TGFB1 growth factor 9.77E-15 ABL1, ANPEP, ATXN1,
BMP6, CCND3, CD14,

CDH2, CDKN2B, COL8A1,
CORIN, CST3, DARC,
ESM1, FBLN1, FTH1,
GCNT1, HAS2, HSPB2,

HTRA1, IGFBP5, IGFBP6,
IL11, KRT19, MMP2,

NET1, NFKBIA, PLAU,
PLAUR, POSTN, PSPH,

PTGER2, PTGS2, S100A10,
SERPINH1, SIRPA, SOX9,

SPHK1, TGIF1, TNC,
TSC22D3, TWIST1, TYMP,

ZFP36, ZFP36L2
Progesterone chemical - endogenous mammalian 1.64E-14 AEBP1, AKR1C4, ALPL,

APOD, BCAT1, CCND3,
CDH2, CDKN2B, CFD,
CST3, FTH1, IGFBP5,
IRS2, LEPR, LEPROT,
MMP2, MUC1, NET1,

NFKBIA, PBX3, POSTN,
PPAP2B, PTGER2, PTGS2,

SPHK1, TYMP
Dexamethasone chemical drug Activated 3.11E-14 AEBP1, AKR1C4, APOD,

CCND3, CDKN2B, CFD,
CRISPLD2, CST3, DUSP5,
FBLN1, FBN2, FKBP5,
FTH1, IFITM1, IFITM3,
IGFBP5, IGFBP6, IL11,
IRS2, KCNK6, LPAR1,
MME, MMP2, MUC1,
NET1, NFKBIA, OMD,
OXTR, P4HA2, PCDH19,
PLAU, POSTN, PTGS2,

RASD1, RPS6KA2,
S100A10, SAA1, SOX9,
SPHK1, TNC, TSC22D3,
ZBTB16, ZFP36, ZFP36L2

IL1B cytokine 6.71E-11 A4GALT, ALPL, CD14,
CSRNP1, DUSP5, FKBP5,
HAS2, IGFBP5, IL11, IRS2,

KRT19, MARCKSL1,
MMP2, MUC1, NFKBIA,
OXTR, PLAU, PTGS2,

S100A10, SAA1,
SERPINH1, SOX9, TOB1,
TSC22D3, TWIST1, TYMP,

ZFP36

Table 2.4: Upstream regulators and their target molecules of osteoblast differentiation as calculated by
IPA. P-values were calculated using Fisher’s exact test.

2.6 Development of a generic assay for assessment of osteoblast

differentiation

The approach employed in this study, aiming at the identification of epigenetic modula-

tors involved in osteoblast differentiation, required the development of an assay for the

assessment of differentiation. With the aim to utilise both short hairpin RNA knockdowns

and small molecule inhibition, the assay was intended to be a short and reliable process

allowing comprehensive screenings. Alkaline phosphatase (ALP) was chosen as marker
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characterising osteoblast differentiation. Although known to be present in many cell types,

it is considered a valid osteoblast signature and also has the advantage of being an early

marker, having its peak at day seven of differentiation. The activity of alkaline phos-

phatase was measured by using the substrate 4-methylumbelliferyl phosphate (4-MUP).

Its dephosphorylation yields the fluorescent and stable product 4-methylumbelliferone (4-

MU), which can be detected using a fluorescence plate reader [210]. For the purpose of

this thesis it was essential that any kind of treatment, either with shRNA or compounds,

was not affecting cell viability. Therefore, a measurement of the cells’ metabolic activity

as surrogate for cell viability was added to the assay, which could be undertaken prior to

alkaline phosphatase activity measurements without affecting the downstream application.

This way, the same cells could be tested for both cell viability and alkaline phosphatase

activity. The active ingredient of the assay used (Presto Blue®, Life Technologies), is

resazurin, a non-toxic and non-fluorescent cell permeable compound. Upon entering cells

it is reduced to resorufin, yielding a red fluorescence signal that can be measured using

a fluorescence plate reader. The validity of both assays was tested by applying the sub-

strates to different cell densities, thereby ensuring the accuracy of the test regarding a

linear relation of signal to cell number, and by testing the fluorescence stability of the

product over time (see appendix A.4). The assay was tested as a time course on human

mesenchymal stem cells undergoing osteoblast differentiation under different inducing con-

ditions. Different concentrations and combinations of supplements were applied and the

change in alkaline phosphatase activity caused by the inducers was compared to the ba-

sic osteogenic medium (OD). In addition, the initial change in expression caused by this

basic osteogenic medium was also compared to cells remaining in mesenchymal stem cell

medium (MSC), confirming that the basic osteogenic medium is osteopromotive. A list of
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all media compositions used can be found in appendix A.1. Figure 2.3 shows the activity

of alkaline phosphatase on day 5 - 8 of differentiation. For day 5 and 8, the baseline activ-

ity for cells in MSC medium is also shown, confirming the increased induction of alkaline

phosphatase by applying osteogenic media. The single inducers applied, dexamethasone,

1,25-dihydroxyvitamin D3, and oncostatin M, led to a significant increase in alkaline phos-

phatase activity on all four days of assessment (figure 2.3). Combinations of inducers, e.g.

dexamethasone and 1,25-dihydroxyvitamin D3, led to a further increase in activity, but

with regard to dissecting the inducer-specific effects on osteoblast differentiation, these

conditions were not further considered. However, these results confirmed previously pub-

lished results, supporting the robustness of this assay. Higher concentrations of single

inducers caused reduction in cell viability and did not necessarily lead to an increase in

ALP activity as shown for dexamethasone (concentrations applied: 10nM and 100nM).

For oncostatin M, a higher concentration led to an increase in ALP activity, however

with regard to cell viability (cell death-like cell cluster formation could be observed, data

not shown) the lower concentration was chosen for further experiments. Treatment with

BMP-2 did not show a significant increase in alkaline phosphatase activity and attenuated

the effect of 1,25-dihydroxyvitamin D3. The time point chosen to be optimal for the assay

was day 7, represented by assay results for “7 days” as shown in figure 2.3, capturing

the peak in alkaline phosphatase expression for most of the conditions. Based on their

effect on alkaline phosphatase expression and cell viability, the three inducers chosen were

dexamethasone (10nM; in figures abbreviated to Dex), 1,25-dihydroxyvitamin D3 (1nM;

in figures abbreviated to vitamin D3), and oncostatin M (10ng/ml; in figures abbreviated

to OSM).
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Figure 2.3: Time course of ALP peak activities under different osteoblast differentiation inducing condi-
tions. Alkaline phosphatase activity and cell viability of differentiating human mesenchymal stem cells
were assessed from 5 to 8 days of differentiation. Different media conditions are indicated on the x-axis
and the alkaline phosphatase activity normalised to cell viability is shown on the y-axis. More information
about media compositions can be found in appendix A.1. P-values were calculated with unpaired t-tests
comparing to OD unless otherwise indicated (*** < 0.001, **<0.01, *<0.05). N = 6
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2.7 Validation of different osteoblast induction methods

2.7.1 Osteoblast gene expression analysis by quantitative polymerase chain

reaction

Different osteogenic induction methods were reported to have varied effects on differen-

tiation and produce osteoblastic cells with different phenotypic characteristics. To gain

a better understanding of this difference before applying the differentiation protocols to

further experiments, the effects of 1,25-dihydroxyvitamin D3 and cytokine oncostatin M

were assessed. For completeness, and to confirm the initial microarray analysis, dexam-

ethasone was also included in the analysis. Human MSCs were treated for 21 days with

medium containing supplements as described in subsection 2.4.1. RNA was collected and

gene expression profiles of selected marker genes were assessed by quantitative polymerase

chain reaction (qPCR). In addition, the potential of the inducers to promote matrix min-

eralisation was assessed by ARS staining, allowing the detection of calcium deposits in

the matrix. The identity of the differentiated mesenchymal stem cells was confirmed by

the detection of, among others, alkaline phosphatase and osteocalcin (BGLAP), which

are classical osteoblast-specific marker genes (figure 2.4). Treatment with dexamethasone

and 1,25-dihydroxyvitamin D3 led to an increase in alkaline phosphatase expression of

approximately 100-fold for +DEX and 30-fold for +VitD3, while oncostatin M led to an

increase of around 3.5-fold. Osteocalcin (BGLAP) expression was slightly increased under

dexamethasone and oncostatin M treatment (1.6-fold for +DEX, 1.3-fold for +OSM) and

highly increased for 1,25-dihydroxyvitamin D3 (16.4-fold).
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Figure 2.4: Gene expression analysis of osteoblast genes. The three different inducers, as indicated be-
low the graph were analysed for expression of alkaline phosphatase (ALPL), RUNX2, OSX, osteocalcin
(BGLAP), osteonectin (SPARC ), and bone sialoprotein (IBSP). Changes as measured on day 7 of differ-
entiation are shown as fold change compared to the MSC control.

Other genes assessed were transcription factors OSX (2.4 - 3.7-fold induction) and RUNX2

(1.5-fold - 2-fold induction), as well as matrix components bone sialoprotein (IBSP) and

osteonectin (SPARC ). As described earlier, 1,25-dihydroxyvitamin D3 led to the highest

increase in osteocalcin expression compared to dexamethasone and oncostatin M.

2.7.2 Matrix mineralisation assessed by Alizarin Red S

In order to complete the confirmation of an osteoblast phenotype, the mineralisation of

the cell matrix was analysed. Alizarin Red S was used to detect calcium depositions

in the matrix, followed by acetic acid extraction and quantification. All three inducers,

dexamethasone, 1,25-dihydroxyvitamin D3, and oncostatin M, led to matrix mineralisation

as measured by ARS (figure 2.5). Compared to the non-treated control, all inducers caused

a significant increase, confirming their differentiation induction potential, with oncostatin
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M showing the highest level of calcium deposition.
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Figure 2.5: Mineralisation potential of inducers. Alizarin Red S staining was used for the detection of
calcium. Calcium deposition as seen on day 21 was quantified using acid extraction and compared to
the MSC control. P-values were calculated using One-way ANOVA (Bonferroni post-test - *** < 0.001,
**<0.01, *<0.05). n=3

2.8 Conclusion and discussion

Different factors inducing osteoblast differentiation display varied effects and produce os-

teoblastic cells with different phenotypic characteristics. In this chapter, the differentiation

potential of the employed human mesenchymal stem cells was confirmed using three dif-

ferent inducers, namely dexamethasone, 1,25-dihydroxyvitamin D3, and oncostatin M.

Dexamethasone will be used as the main model for differentiation in future experiments

and its expression profile was also assessed by microarray analysis. Various concentrations

and combinations of different inducers were tested in the development of a generic assay
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to be used for knockdown and inhibition experiments and three conditions and a timeline

for the experiments were chosen. With regard to the literature, it became obvious that

there is not just one way leading to induction of osteoblast differentiation, and indeed the

three different inducers tested showed differences in gene expression. The gene expression

profiles as assessed by microarray gave a complex picture of osteoblast differentiation.

Genes that were previously unknown for being involved in the process were discovered

in our dataset, for instance Sushi domain-containing 2 (SUSD2 ), a gene that was only

recently identified as an MSC-specific marker [204]. Specific osteoblast marker genes, such

as RUNX2, OSX, ALP, and BGLAP were confirmed by microarray and qPCR, as well

as through activity measurements for alkaline phosphatase. Although all three inducers

chosen showed an osteoblast phenotype, it should be mentioned that many of the known

protocols for differentiation are based on pre-osteoblast cells, thus might potentially not

be sufficient for mesenchymal stem cells in order to differentiate to the same level. For

instance, control experiments with human osteoblast cell lines (hOb, kindly provided by

Dr. Philippa Hulley in the same department) showed higher mineralisation levels under

dexamethasone treatment as assessed by ARS (data not shown), whereas the human mes-

enchymal stem cells used here, although surely mineralising, only showed a fraction of

the calcium deposits of hOb. Mesenchymal stem cells might require more time for full

differentiation and mineralisation, which is why in this work they were differentiated for

up to four weeks.

The development of an osteoblast differentiation assay was pursued under two leading

points – it had to be time-efficient and reliable. Alkaline phosphatase was chosen as early

osteoblast differentiation marker, and with all inducers having their peak in ALP activity

around the same time, i.e. 7 days into differentiation, the time frame for the assay was set.
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The cell viability assay, measuring metabolic activity, could however only be an estimate

of the cell number. To account for the possibility that for instance a small number of cells

exhibit high levels of alkaline phosphatase activity, as it could theoretically be caused by a

knockdown, in subsequent experiments the cell viability and alkaline phosphatase activity

were first considered separately before normalisation in order to assure correct assessment.

The optimisation of this assay for the purpose of screening short hairpin RNAs and small

molecules will be presented in the next chapter. BMPs, the best known family of proteins

involved in the development of bone and cartilage, were initially assessed in this work,

but in our hands BMP-2 proved to be unable to sufficiently induce alkaline phosphatase

expression. 100ng/µl BMP-2 were shown to be inhibitory to ALP activity, with only a

slight increase when 1,25-dihydroxyvitamin D3 was added. With regard to our aim to

identify differences in epigenetics specific for each inducer, these combinations were not

further considered.
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3 Identification of epigenetic modulators in osteoblast

differentiation

3.1 Introduction

The major aim of this thesis is to identify epigenetic modifiers involved in osteoblast dif-

ferentiation. For this purpose, both knockdown experiments with short hairpin RNAs

(shRNAs) and inhibition experiments with small molecule inhibitors were carried out.

Starting with a broad approach targeting a significant subset of known epigenetic mod-

ifiers, the aim was to identify a number of hits for future follow up. The two different

approaches with shRNA and small molecule inhibitors allowed for comprehensive screen-

ing, also amenable to high-throughput, with particular assessment opportunities for some

targets where both shRNA and compound were available. In addition, these two differ-

ent mechanisms of interference made it possible to assess the difference of structural and

functional (= catalytic) roles some of these modifiers might play. As outlined in chap-

ter 1, the field of the study of epigenetic mechanisms involved in mesenchymal stem cell

differentiation has grown in recent years, but especially with regard to their therapeutic

potential there is still a lot to be investigated and understood. This thesis will provide the

first systematic approach identifying epigenetic mechanisms underlying osteoblast differ-

entiation. In this chapter, the tools used for interference, shRNAs and compounds will be

first introduced, followed by a short description of the optimisation of the generic assay

with regard to the screenings. Subsequently, detailed methods and results for shRNA and

compound screen will be discussed, concluding with a target hit list. From this hit list two

target genes are followed up in more detail, work that will be discussed in the following

chapters (for flow chart see figure 3.1).
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Figure 3.1: Workflow of this thesis. The differentiation of human mesenchymal stem cells into osteoblasts
was discussed in chapter 2, in chapter 3 both the shRNA and small molecule inhibitor screen will be
presented. Chapter 4 and 5 will present two follow-up targets, BRD4 and KDM1A.

3.1.1 Tools for interference with epigenetic modulators

3.1.1.1 Short hairpin RNAs

RNA interference (RNAi) is a cellular process providing a mechanism for mRNA degra-

dation and thereby allowing regulation and direction of gene expression [211]. An impor-

tant cellular defence mechanism against parasitic genes, such as viruses and transposons,

it is found in many eukaryotes including humans [212]. In recent years, RNAi has emerged

and been developed as a powerful tool to study gene function. Application of small in-

terfering RNAs (siRNAs) that can be either provided as siRNA or short hairpin RNA

(shRNA), allows for a specific knockdown of target mRNAs in a cell. ShRNAs are intro-

duced into cells by means of lentivirus transduction, bringing the advantage of permanent
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integration into the cell’s genome, thereby allowing for a stable knockdown [213]. In our

system, shRNA expression is driven by a U6 promoter to ensure their stable expression.

The U6 promoter is a Polymerase III promoter type, a system shown to be optimal for pro-

ducing shRNAs as the promoter contains all essential elements upstream of the expressed

RNA allowing precise initiation and termination of transcription. Once expressed, the long

RNA primary transcript derived from the integrated gene will be cleaved by DROSHA,

an RNase III endonuclease, to produce a characteristic stem-loop structure (hairpin).

The pre-shRNA is then transported out of the nucleus (figure 3.2). In the cytoplasm, both

shRNA and siRNA, as well as microRNAs (miRNAs, small non-coding RNAs), follow

the same mechanism of target mRNA destruction. The RNAi pathway is initiated by

DICER, an enzyme that cleaves the exogenous double-stranded RNA into short fragments

of approximately 20-25bp. The double-stranded siRNA, consisting of a passenger strand

and a guide strand, is then unwound into two single-stranded RNAs. Following this, the

guide strand is incorporated into the RNA-induced silencing complex (RISC), while the

passenger strand is degraded. The guide strand is used as a template for recognition of

the complementary target mRNA, with which the siRNA forms a double-stranded RNA.

Subsequently, the target mRNA will be cleaved by the active components of the RISC,

endonucleases called argonaute proteins. Through this degradation, the translation of

the mRNA and accordingly the expression of the gene are prevented [215]. Compared

to siRNA, shRNA is constantly synthesised in host cells, leading to more durable gene

silencing.

In this work, a library of short hairpins generated by the Broad Institute (Cambridge,

MA, USA), targeting a significant subset of epigenetic modulators (308 target genes; the

complete list can be found in appendix A.6.1), covering different modifications on chro-
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Figure 3.2: Lentiviral delivery of shRNA and the mechanism of RNA interference in mammalian cells.
Adapted from [214].

66



matin, was applied to hMSCs undergoing osteogenic differentiation under various induction

methods. Each epigenetic gene of interest was targeted separately by up to five hairpin

structures in order to improve gene coverage and increase knockdown efficacy.

3.1.1.2 Small molecule inhibitors

A focussed library of small molecules targeting different epigenetic classes was employed

to interfere with epigenetic modifying enzymes.
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Figure 3.3: shRNA and small molecule inhibitors
principle. Knockdown by shRNA leads to an inhibi-
tion on transcriptional level whereas small molecule
inhibition only targets the translated protein and in-
hibits its functional, but possibly not structural role.

Availability of potent and cell-permeable

compounds is of particular advantage, not

only because they facilitate long-term cell

treatment at low doses, but compared to

RNAi they also allow the elucidation of

the difference between the functional and

structural roles of a protein (figure 3.3).

Some of the inhibitors used in this work

were targeting the same genes as some of the shRNAs, with the small molecules inhibit-

ing the active sites of the proteins or protein-protein interactions (e.g. in bromodomains).

This is of interest, since it is expected that some of the target proteins function as scaffolds

or structural proteins, while others have a catalytic function, or both, as demonstrated

e.g. for certain histone demethylases such as JMJD3 [216]. The library of small molecules

was compiled by a public-private partnership between the Structural Genomics Consor-

tium (SGC), Oxford, and nine pharmaceutical companies. Hits derived from these small

molecule inhibitor screens were followed up in more detailed dose-response experiments
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and osteoblast differentiation assays.

3.2 Materials and Methods

The tools used for interference with epigenetic modulators were already presented in the

previous subsections and will be explained in more detail with regard to the employed

shRNA and compound libraries in the next sections. For a better coherence and under-

standing of the particular screening steps, more detailed materials and methods will be

presented within each section for both shRNA and small molecule inhibitor screen. The

optimisation of the alkaline phosphatase assay will be briefly explained in the next section,

and more information with regard to equipment and methods can be found in appendix

A.5.

3.2.1 Alkaline phosphatase assay optimisation for high-throughput screening

The assay employed to assess osteoblast differentiation, as described in chapter 2, was op-

timised for high-throughput screenings. In order to save time and consumables and allow

a large number of short hairpin RNAs and small molecule inhibitors to be assessed, the as-

say initially developed for a 96 well plate format was miniaturised to 384 well plates. The

cell number was adapted with regard to cell confluency, differentiation time, and alkaline

phosphatase activity measurement. It was found that approximately 1000 human mes-

enchymal stem cells could be seeded into one well (0.056cm2 growth area) which resulted

in sufficient density and stable confluency for the intended assay duration of 10 days.
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3.3 ShRNA knockdown of epigenetic modulators

The shRNA screen was undertaken at the PLACEBO (Chemical Screening and Platform

Austria for Chemical Biology) laboratory at the Research Center for Molecular Medicine

of the Austrian Academy of Sciences (Ce-M-M-) in Vienna, Austria.

3.3.1 TRC shRNA library

The public-private RNAi Consortium (TRC, The RNAi Consortium) at the Broad Insti-

tute (Cambridge, USA), a joint venture between MIT and Harvard (USA), has developed

libraries of shRNAs against human and murine targets over the past decade [217]. These

libraries are now commercially available from Sigma-Aldrich and Thermo-Fisher under the

names MISSION shRNA and TRC Lentiviral shRNA, respectively. However, for this the-

sis’ work a library obtained directly from the Broad Institute was available at PLACEBO

in Vienna. The shRNAs were delivered via a lentiviral system (see paragraph 3.1.1.1),

permitting a permanent integration into the genome and stable transcription; in addition

it offers a selection possibility to obtain a defined population showing homogenous knock-

down. The epigenetic target genes were selected based on known epigenetic modifications,

their related proteins/enzymatic modifiers and potential druggability. These covered the

range from the aforementioned writers, such as methyltransferases and acetylases, read-

ers, such as PHD domains and bromodomains, and erasers, such as demethylases and

deacetylases. The list of shRNA target genes addressed in this thesis is shown in appendix

A.6.1. The shRNA was cloned into the AgeI and EcoRI restriction sites of the pLKO

vectors, with each target sequence not more than approximately 2kb in length to keep the

total plasmid size below 9kb (for vector maps see appendix A.5.2). The puromycin selec-

tion cassette (PAC) was under the control of a human phosphoglycerate kinase (hPGK)
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promoter which provided a high level of constitutive gene expression. Relevant lentiviral

controls carrying the pLKO vector with a puromycin resistance cassette as well as inserts

for GFP, RFP, lacZ, or no insert at all were used as negative comparators. Positive con-

trols causing cell death were obtained by either no addition of virus or by a virus carrying

an insert toxic to the cells (pgw). This “positive/negative” labelling was derived from

screens against e.g. cancer cells, where cell death would be a positive result. In our case,

it was desirable for the cells to survive, which will be reflected in the hit selection criteria

discussed later on. Each epigenetic gene of interest was targeted by up to five different

short hairpin sequences in order to improve gene coverage and knockdown efficacy (for an

example see table 3.1).

Gene symbol Vector Clone name Clone ID Target sequence % Remaining Hairpin no
KDM1A pLKO.1 NM_015013.1-1812s1c1 TRCN0000046068 GCCTAGACATTAAACTGAATA 5 4
KDM1A pLKO.1 NM_015013.1-2168s1c1 TRCN0000046069 GCTCCAATACTGTTGGCACTA 30 1
KDM1A pLKO.1 NM_015013.1-775s1c1 TRCN0000046070 CCAACAATTAGAAGCACCTTA 34 3
KDM1A pLKO.1 NM_015013.1-1232s1c1 TRCN0000046071 GCTACATCTTACCTTAGTCAT 4 2
KDM1A pLKO.1 NM_015013.1-1896s1c1 TRCN0000046072 CCACGAGTCAAACCTTTATTT 5 5

Table 3.1: Example of short hairpin sequences targeting KDM1A. The % remaining indicates the level of
percent remaining gene expression as assessed by TRC in various cell lines. Each hairpin was giving a
number (1-5) in order to facilitate the denotation.

3.3.2 Lentiviral delivery optimisation – viral titration and cell selection

In order to determine the best conditions for viral transduction, a titration experiment

using different levels of multiplicity of infection (MOI) of pooled virus and different

puromycin concentrations was performed. In virology, the MOI describes the ratio of

infectious agents (virus) to infection targets (in this case MSCs), i.e. the number of virus

particles to the number of cells. The MOI had to be high enough in order to infect the

majority of the cells, producing a sufficiently large population of cells with the desired

knockdown. In addition, the required puromycin concentration had to be determined

beforehand. It had to be high enough to eliminate cells that were not transfected, but
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low enough not to put too much additional selection stress on the successfully transfected

cells. For this test, cells were seeded and allowed to attach for one night before virus at

different MOIs was added. The tests revealed that the optimal seeding density in order

to obtain around 1000 successfully transfected cells was in fact 1250 cells, as around 1/5

of cells would not survive viral transduction and selection. The derived MOI was 10 and

the concentration of puromycin 5µg/ml. Furthermore, the titration showed the need for

an additional transfection reagent. A common carrier is polybrene (hexadimethrine bro-

mide), a cationic polymer used to increase the efficiency of transfection when transducing

cells with viruses. It acts by neutralising the charge repulsion between the virions and

sialic acid moieties on the cell surface [218]. As the graphs in figure 3.4 show, polybrene

was essential to facilitate viral entry and transduction. Even with low puromycin concen-

trations virtually no cells survived without polybrene pre-treatment (on average 10-30%

survival rate at 1-2µg/ml puromycin). Conversely, with polybrene the survival rate of

cells even at medium range MOIs was highly improved. The chosen parameters of 10 for

the MOI and 5µg/ml puromycin showed a clear window between successfully transfected

cells of MOIs between 5 and 20, and lower MOIs, avoiding a higher and potentially toxic

puromycin concentration. Transduction efficiency was also tested employing a GFP con-

trol virus and the MSCs were proven to be easily transduced (figure 3.5). In addition, the

duration for the viral transduction was optimised (data not shown). It yielded an optimal

transduction time of 36 hours, allowing sufficient time for the virus to integrate into the

genome, followed by a 24 hours selection period with puromycin, providing sufficient time

for the antibiotic to eliminate non-transduced cells.
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Figure 3.4: Optimisation of MOI and puromycin concentrations and testing of transfection agent. Different
MOIs from 0-20 were tested together with puromycin concentrations of 0-20µg/ml. As a readout, the
CellTiter-Glo® luminescent cell viability assay (CTG) was used, determining the number of viable cells
based on quantitation of intracellular ATP, an indicator of metabolically active cells. Plot A shows titration
without addition of polybrene, plot B is with addition of polybrene.
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Figure 3.5: Optimisation of viral transfection - GFP control virus. A GFP control virus was applied to the
cells in order to assess the transduction efficiency of lentiviral particles in hMSCs. Phase contrast image
can be seen in figure a, figure b shows the GFP fluorescence, and figure c an overlay (10x objective).
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3.3.3 Brief overview of assay protocol

As outline in the validation experiments above, human mesenchymal stem cells were seeded

into 384 well plates at a density of 1250 cells per well. Approximately 24 hours after

seeding, cells were treated with polybrene and transduced with virus at an MOI of 10.

After 36 hours, cells were selected using puromycin at a concentration of 5µg/ml. The

selection process was ended after 24 hours and medium was changed to the respective

differentiation medium (for media list and compositions see appendix A.1). Medium was

changed again on day 3 and 5 of differentiation. On day 7 of differentiation, cell viability

and alkaline phosphatase activity were measured as described below and in more detail in

appendix A.5.3. The cell viability reagent Presto Blue® was added to each well and plates

were incubated at 37°C for 30 minutes. The cell viability was read (exc 535 - em580, gain

1, 1%) before cells were washed three times with PBS. Subsequently, the cell lysis buffer

was added and plates were incubated at room temperature for 15 minutes, followed by

a 30sec shake at 10 Hertz. Lastly, the ALP assay substrate 4-MUP was added and the

plate was immediately transferred to the fluorescence plate reader and read at Exc 340 –

Em 520 (gain 1, 0%) to obtain a T0 for the ALP activity. The plate was read again at 30

minutes (T30) and 60 minutes (T60) after substrate addition.

3.3.4 Data analysis of MSC differentiation assay

The obtained data (all reads from the Envision plate reader measuring cell viability and

alkaline phosphatase activity) was fed into a programme called Pipeline Pilot [219]. This

software allowed the consolidation of all reads and all required information about e.g. virus

distribution, plate conditions, and plate orders. Once all data was matched (e.g. which

virus was in which well under which condition) it was uploaded into a software called

74



Spotfire (TIBCO Software) that was used for visualisation when setting the selection

criteria.

3.3.5 Screen validation and selection criteria for shRNA hits

In order to analyse the results of the screen, the control samples had to be assessed for

performance. The “positive” controls were the ones having an effect, for instance vectors

carrying the toxic component pgw, or samples where no virus was added at all and therefore

all cells died. “Negative” controls were samples in which the viral particle contained e.g.

RFP, GFP, lacZ, or no gene at all in the place of the shRNA. The average of all negative

controls per plate set was set as 100% as these cells were considered as being “normal”

without a specific gene being knocked down. A clear window between positive and negative

controls could be observed. Subsequently, all other hairpin structures were compared to

their respective controls, i.e. to the controls in the same plate under same culture medium

condition. For assessing the alkaline phosphatase activity, the difference of the ALP value

at 60 minutes after substrate addition (T60) compared to T0 was calculated and used for

further calculations. Hits were selected based on fulfilling a range of stringent criteria -

at least two short hairpin sequences per gene had to be effective in down- or upregulating

alkaline phosphatase, and they had to show the same effect for both replicates. Above

all, cell viability had to be at least 50% of the cell viability of the control cells, while

alkaline phosphatase activity at 60mins had to be below 80% (for a downregulating hit)

or above 100% (for an upregulating hit) of the control values (percentage of control, POC).

In addition, to allow a simple judgement of hits falling into the “high ALP” or “low ALP”

range, the calculation of a ratio was introduced. In order to identify genes with a very

high and very low ALP activity, respectively, while ensuring good cell viability, a ratio
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of alkaline phosphatase activity (ALP) to cell viability to be met by each hairpin was

applied. For upregulating hits, it was set to 2, while for downregulating hits it was set to

0.5. Initially, the ratio for upregulating hits was set to 1.5 (see criterion 1 below) but it

turned out to potentially not be stringent enough and to result in a high number of hits

(>100). Therefore it was set more stringent (see criterion 2 on the next page), to ensure

that only very consistent and strong hits would fall under these criteria.

Explanation of parameters in criteria:

• Cell Viability = value for cell viability measurement expressed as fluorescence unit

• ALP60 = value for alkaline phosphatase activity at 60mins (T60) after substrate

addition normalised to T0 and expressed as fluorescence unit

• POC = percentage of control, i.e. values were compared and normalised to set of

controls as explained above: (Signal of gene - Mean signal of positive controls ) /

(Mean signal of negative controls - Mean signal of positive controls) ×100 = POC

• Ratio = POC ALP60/POC Cell Viability

The criteria for hit selection shown below were set as above discussed, and criterion 2 was

chosen with regard to a more stringent selection.

1 POC Cell Viability ≥ 50% AND [(POC ALP60 < 80% AND Ratio < 0.5) OR [(POC

ALP60 > 100% AND Ratio > 1.5)]

2 POC Cell Viability ≥ 50% AND [(POC ALP60 < 80 % AND Ratio < 0.5) OR [(POC

ALP60 > 100% AND Ratio > 2)]

Hit hairpins identified through these criteria were classified as up- or downregulating, ↑

(red) and ↓ (green) and the selection is illustrated in figure 3.6. Hairpins that fell under
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the 50% threshold of cell viability were not considered even if the ratio was met (asterisks).

In the graph below, the distribution of hits can be seen. This graph is only for illustration

purposes, as the actual data set is too large to display. The original data consists of >300

genes tested for up to 5 different hairpins in duplicate in 5 different medium conditions,

with 4 different readouts (cell viability; alkaline phosphatase activity at 0, 30, and 60mins),

which summed up to >70,000 data points.
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Figure 3.6: ShRNA screen on MSCs differentiating into osteoblasts - illustration of hit distribution and
selection. Red dots indicate a gene (i.e. hairpin) upregulating ALP activity, green dots are indicative for a
gene (i.e. hairpin) downregulating ALP activity (measured at 60mins). Asterisks show genes not fulfilling
the 50% cell viability threshold. Black dots are genes not matching the selection criteria.

All red dots represent hits fulfilling the criterion “POC ALP60 > 100% AND Ratio > 2”.

For example, for a hairpin with a POC ALP60 of 325 and a POC cell viability of 125, the

ratio is 2.6, thus the hairpin was considered an upregulating hit. Likewise, for a hairpin

with a POC ALP60 of 45 and a POC cell viability of 110, the ratio calculates as 0.4, thus
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the hairpin was considered a downregulating hit and displayed by a green dot (POC ALP60

< 80% AND Ratio < 0.5). Black dots represent hairpins not fulfilling the criteria and were

not further considered in this case. However, some genes were later selected manually for

further analysis, as discussed in the following sections. As seen in figure 3.6, cell viability

values higher than the values of the control samples could be obtained. This is due to the

nature of the Presto Blue® assay, measuring metabolic activity rather than cell viability.

Thus, cells potentially metabolically stimulated due to a knockdown can exhibit a higher

metabolic activity and consequently a higher cell viability measurement. However, with

the aim to avoid skewness in the data, unnaturally high levels of cell viability were carefully

considered and if doubted, the associated samples were dismissed.

3.3.6 Results – Analysis of hits derived from shRNA screen

The hit selection yielded a total number of 74 hit genes. Approximately two thirds of

these (48 genes) were downregulating alkaline phosphatase activity and 26 genes were

upregulating the activity (table 3.2). In addition, a number of genes were “manually”

added to the hit list (table 3.3). For instance, if hairpins against a gene did not fulfil all

selection criteria to be called a hit gene, but still showed interesting changes with regard to

alkaline phosphatase activity, they were considered for manual addition. These additional

hits were selected based on the extent of alkaline phosphatase activity (decreasing or in-

creasing), hairpin efficiencies (if known), similar trend in hairpins (e.g. number of hairpins

with an effect - two hairpins having a similar effect rather than one in all conditions),

consistency in duplicates, or based on comparable results from compound screens. From

this approach, another 15 hits were identified, 10 of which were downregulating and 5 up-

regulating alkaline phosphatase activity. Hits identified through the stringent criteria can
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be found in table 3.2 and the additional genes in table 3.3. A summary of all hits identified

under different differentiation conditions is shown in table 3.4. 75 of the hits were found

in the three main inducing conditions (dexamethasone, 1,25-dihydroxyvitamin D3, and

oncostatin M, as selected in chapter 2), with dexamethasone presenting the majority of

hits. Hits could theoretically also be “shared” hits between the conditions, with UBE2A

being the only one shared between all main conditions (figure 3.7). As indicated in table

3.2 and table 3.3, other genes showed a similar trend, but did not fulfil all criteria to be

“officially” counted as a hit in all conditions. These were KDM1A, JMJD8, MORF4L1,

and PHIP as seen in the first table, and HDAC2, MYST4, SUV420H2, and TDRD6 in the

second table. However, UBE2A, KDM1A, JMJD8, and MORF4L1 were considered the

strongest hits between those, as they had two hairpins causing the same effect throughout

all conditions.

Table 3.4 shows the number of hit genes per condition. For example, under dexamethasone

treatment (+DEX), 52 targets were identified as hits, with 44 of them downregulating

alkaline phosphatase activity, and 8 hits upregulating alkaline phosphatase activity. Genes

that only fulfilled the hit selection criteria in one condition were considered “unique” hits

for this condition. In the case of dexamethasone, 35 out of the 44 targets downregulating

ALP activity were unique for one of the conditions, as well as 3 of the upregulating

targets. Overall, 66 hits were unique for a condition, with dexamethasone representing

the condition with the most unique hits (=38).
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Table 3.2: shRNA hits derived by selection process. Table is showing the respective condition in which
the hits were found, with ↑ and ↓ indicating an up- or downregulation of alkaline phosphatase activity.
Coloured cells in the inducing conditions (e.g. purple for dexamethasone) are indicative for a hit that is
unique for that condition. If a target had a hairpin showing a similar effect over all conditions, the respective
row was coloured in red. Additional comments are made if a trend could be observed. Medium conditions
and abbreviations: CM, control medium; OD, basic osteogenic medium lacking the main inducer; +DEX,
complete osteogenic medium containing dexamethasone; +VitD3, complete osteogenic medium containing
1,25-dihydroxyvitamin D3; +OSM, complete osteogenic medium containing oncostatin M.
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Table 3.3: List of manually selected shRNA hits. Hits were selected based on hairpin efficiencies, similar
trend in hairpins (count of hairpins - rather two hairpins having a similar effect than one in all conditions),
consistency in duplicates, etc. The reason for choosing the gene as a hit is explained in the comment.
Table is showing the respective condition in which the hits were found, with ↑ and ↓ indicating an up- or
downregulation of alkaline phosphatase activity. Coloured cells in the inducing conditions (e.g. purple for
dexamethasone) are indicative for a hit that is unique for that condition. If a target had a hairpin showing
a similar effect over all conditions, the respective row was coloured in red. Additional comments are made if
a trend could be observed. Medium conditions: control medium, CM; basic osteogenic medium lacking the
main inducer, OD; complete osteogenic medium containing dexamethasone, +DEX; complete osteogenic
medium containing 1,25-dihydroxyvitamin D3, +VitD3; complete osteogenic medium containing OSM,
+OSM
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Table 3.4: Number of shRNA hits per condition and direction of their effect (up- or downregulating alkaline
phosphatase activity). Number of shared and unique hits is indicated. Information about conditions (=
media compositions) can be found in appendix A.1.

The control medium culture condition (CM) without any osteogenic supplement, was

employed as a background control, with the lowest alkaline phosphatase activity com-

pared to all other conditions. Considering the low baseline level of ALP activity, only a

small change in activity was required to lead to a further reduction, potentially yielding

the 11 downregulating hits. Interestingly, the condition with incomplete differentiation

medium containing ascorbic acid and beta-glycerophosphate but no main inducer (OD),

81



showed a number of targets upregulating alkaline phosphatase activity. With regard to

the already present supplements facilitating osteoblast differentiation, the targets found

in this condition were of particular interest, as they imply that one single modification,

i.e. knockdown of a target gene, could be sufficient to induce differentiation. The increase

in ALP activity following the knockdown of these targets also implies that these genes

under normal conditions might suppress alkaline phosphatase expression and potentially

osteoblast differentiation. Under inducing conditions, there was an interesting difference

to be observed between the three different inducers. Both 1,25-dihydroxyvitamin D3 and

oncostatin M, although with smaller number of hits in comparison, showed more hits up-

regulating alkaline phosphatase activity, while dexamethasone treatment showed more hits

downregulating ALP activity. As dexamethasone is the most potent inducer of alkaline

phosphatase (as seen in chapter 2), it is likely that a smaller increase in activity would

not be sufficient to lead to a significant change in comparison to the control. In slightly

less inducive conditions like +VitD3 and +OSM, the scope for reaching a significant dif-

ference compared to the control might be larger. The Venn diagram in figure 3.7 shows

the distribution of hits in the three different induction conditions. All conditions share

one hit, UBE2A, and another 12 genes are shared by at least two conditions. Overall,

the majority of hits obtained were represented by targets leading to a downregulation of

alkaline phosphatase activity. This is mainly due to the way the selection criteria were

set, with the ratio calculation excluding a number of potential hits upregulating ALP ac-

tivity. As it could be seen in figure 3.6, although in many cases upregulating ALP activity,

targets displayed in black were not considered as hits. With the aim to be stringent and

only allow “strong” hits to enter the hit list, this decision had to be made, accepting the

possible miss of potential targets. Also, as only one particular time point was chosen for
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assessment, any changes in ALP activity occurring beforehand or afterwards were to be

missed. As described in chapter 2, the time point was chosen based on the peak in ALP

observed during a time course of 8 days. If the knockdown of a particular gene led to a

delay or even an advance in ALP activity, it was only partially, if at all, detected in this

assay. However, as previously discussed, all targets were assessed manually afterwards and

in some cases added to the hit list.
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Figure 3.7: Venn diagram of 75 hits identified in three different screening conditions (dexamethasone,
1,25-dihydroxyvitamin D3 and oncostatin M).

As an example for all 308 target genes and 89 derived hits, UBE2A is shown here in

detail with its knockdown effect on cell viability and alkaline phosphatase activity for all

hairpins in all conditions (figure 3.8). Knockdown of UBE2A resulted in upregulation

of alkaline phosphatase activity in all conditions and even in the absence of external
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osteogenic induction, as observed in the control medium (CM), which lacks induction

components such as ascorbic acid, beta-glycerophosphate, and the main inducer. For two

different hairpins, hairpin 4 and 5, the effects are shown in more detail (figure 3.9). Both

hairpins had an increasing effect on alkaline phosphatase activity in all conditions, very

consistently for hairpin 4. Although originating from two different plates and processed

and measured in two different sets, duplicate samples were very consistent in both cell

viability and alkaline phosphatase activity.
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Figure 3.8: Effects of hairpins targeting UBE2A on cell viability and alkaline phosphatase activity. Hairpins
1 to 5 are shown on the x-axis in the five different conditions applied. The y-axis shows the percentage
of control, with the dotted line indicating 100%. Green dots show Presto Blue® measurements (= cell
viability) and red dots show alkaline phosphatase activity.
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Figure 3.9: Knockdown of UBE2A with hairpin 4 and hairpin 5. Different induction conditions are on the
x-axis and the y-axis shows the cell viability and alkaline phosphatase activity as percentage of control. The
dotted line indicates the 100% level of the control. Information about conditions (= media compositions)
can be found in appendix A.1.

Other hit genes derived from the shRNA screen are shown in more detail and with more

information in subsection 3.3.10, where the general hit selection will be presented. In

tables 3.5 and 3.6, each of the hit genes was categorised with regard to its epigenetic do-

main. Domains highlighted were chromodomains (methylated histone binding), tudor do-

mains (methylated arginine binding), PHD domains ((Plant Homeo Domain; methylated

lysine binding), bromodomains (acetylated lysine binding), MBD domains (Methyl-CpG-

binding), HDMs (histone demethylases), HMTases (histone methyltransferases), PRMTs

(protein arginine N- methyltransferases), HATs (histone acetyltransferases), HDACs (his-
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tone deacetylases), and DNMTs (DNA methyltransferases).

Gene symbol Chromo Tudor PHD Bromo MBD HDM HMTase PRMT HAT HDAC DNMT Other
AKAP1 Tudor
ALG13 Tudor
ARID1A DNA binding
ARID4A Chromo Tudor
ASF1A Histone chaperone
ASH1L PHD Bromo KMT
ATAD2 Bromo
AURKA Kinase
AURKB Kinase
BAZ1A PHD Bromo
BAZ1B PHD Bromo
BAZ2B PHD Bromo
BPTF PHD Bromo
BRD2 Bromo
BRD3 Bromo
BRD4 Bromo
BRD7 Bromo
BRD8 Bromo
BRDT Bromo
BRPF3 PHD Bromo
BRWD1 Bromo
C14ORF169 HDM
C2ORF60 HDM
CAPRIN2 RNA binding
CDYL2 Chromo
CECR2 Bromo
CHD2 Chromo
CHD6 Chromo
CHD8 Chromo
CHD9 Chromo
CHRAC1 Histone fold
CXXC1 PHD
DIDO1 PHD
DNMT3B DNMT
DPF1 PHD
EHMT1 KMT
ELP3 HAT
EP300 Bromo
EZH1 KMT
EZH2 KMT
FBXL19 PHD
HDAC2 HDAC
HDAC7 HDAC
HDAC8 HDAC
HIF1AN HDM
HIRA Histone chaperone
ING2 PHD
JHDM1D PHD HDM
JMJD6 HDM
JMJD8 HDM
KAT2A Bromo HAT
KAT2B Bromo HAT
KAT5 Chromo
KDM1A HDM
KDM1B HDM
KDM3B HDM
MBD5 MBD
MECOM KMT
MINA HDM
MLL4 PHD KMT
MORF4L1 Chromo

Table 3.5: List of hit genes and their epigenetic domains (if known) - part I. A total of all genes displaying
a particular domain is shown at the bottom of each column. Domains considered were: Chromo, chro-
modomains; Tudor, tudor domains; PHD, PHD domains; Bromo, bromodomains, MBD, MBD domains;
HDM , histone demethylase (including monoamine oxidases and Jumonji type-oxygenases); HMT, his-
tone methyltransferase; PRMT, protein arginine N- methyltransferases; HAT, histone acetyltransferases;
HDAC, histone deacetylase; DNMT, DNA methyltransferase. For more detail, see text.
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Gene Symbol Chromo Tudor PHD Bromo MBD HDM HMTase PRMT HAT HDAC DNMT Other
MTA1 DNA binding
MTA2 DNA binding
MYST2 HAT
MYST4 PHD
PHF11 PHD
PHF3 PHD
PHIP Bromo
PRDM1 KMT
PRDM8 KMT
PRMT2 PRMT
PRMT7 PRMT
SET Unknown
SETD1A KMT
SETDB1 Tudor
SIN3B Unknown
SIRT7 HDAC
SMARCB1 Unknown
SMC2 Unknown
SMC4 Unknown
SMYD1 KMT
SP100 Bromo
SUV420H2 KMT
TDRD6 Tudor
TRAF7 TRAF/zinc finger
TRIM24 PHD Bromo
TRIM33 PHD
UBE2A UBQ conjugating
ZMYND8 PHD
TOTAL 8 5 19 21 1 10 11 2 4 4 1

Table 3.6: List of hit genes and their epigenetic domains - part II. A total of all genes displaying a partic-
ular domain is shown at the bottom of each column. Domains considered were: Chromo, chromodomains;
Tudor, tudor domains; PHD, PHD domains; Bromo, bromodomains, MBD, MBD domains; HDM , histone
demethylase (including monoamine oxidases and Jumonji type-oxygenases); HMT, histone methyltrans-
ferase; PRMT, protein arginine N- methyltransferases; HAT, histone acetyltransferases; HDAC, histone
deacetylase; DNMT, DNA methyltransferase. For more detail, see text.

The majority of domains present in the identified hits were PHD and bromodomains,

with 19 and 21 proteins containing these domains identified, respectively. Both domain

types are so-called “reader” domains, with bromodomains recognising acetylated lysines

and PHD domains recognising methylated lysines. They often occur together, as it can

be seen for seven of the shRNA targets, displayed in tables 3.5 and 3.6.

3.3.7 Network analysis of hits identified in shRNA screen

Epigenetic modifications require interactions between different modifiers, and modulators

are often found in chromatin regulatory complexes. In order to identify networks in which

the obtained targets are involved, hits were analysed using the Ingenuity® Knowledge Base

(IPA, Ingenuity Pathway Analysis). For network generation, all 89 gene identifiers and
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their ranking values (up- or downregulation, ↑/↓) were uploaded into the IPA application.

Each gene identifier was mapped to its corresponding object in the database and overlaid

onto a global molecular network developed from information contained in the Ingenuity®

Knowledge Base. Networks of potentially interacting proteins were identified and placed

into node-edge diagrams comprised of focus molecules (shRNA identified genes) and other

interacting molecules. Networks of network eligible molecules were then algorithmically

generated based on their connectivity. With regard to the targets found in this screen

showing different effects on alkaline phosphatase activity, some of them downregulating

and others upregulating alkaline phosphatase activity, network analysis could facilitate

understanding of dependencies and interplay between these target genes. The four largest

networks are displayed in table 3.7.

Network ID Associated network functions Score No of targets
1 Gene Expression, Infectious Disease,

Embryonic Development
58 25

2 Cell Cycle, DNA Replication, Recombination,
and Repair, Cellular Assembly and
Organisation

57 25

3 Cell-To-Cell Signalling and Interaction,
Inflammatory Response, Infectious Disease

32 16

4 Cellular Compromise, Cell-To-Cell Signalling
and Interaction, Cancer

11 7

Table 3.7: Network analysis of of hits identified in shRNA screen. The four largest networks and associated
functions as calculated by IPA are shown. The score is derived from a p-value and indicates the likelihood
of the focus genes in a network being found together due to random chance. The p-value was calculated
using Fisher’s exact test and displayed as the exponent: p-score = -log10 (p-value).

To rank the networks and determine their significance, a score was computed according

to the fit of that network to the set of target genes (= focus genes) uploaded. The score is

derived from a p-value and indicates the likelihood of the focus genes in a network being

found together due to random chance. The p-value was calculated using Fisher’s exact

test and displayed as the exponent: p-score = -log10 (p-value). With 25 targets present,
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respectively, specifically network 1 and network 2 showed the tight connectivity of the

epigenetic modulators, of which many function in protein complexes and are dependent

on recruitment of complex partners, while others occupy similar binding sites on histones.

The top four networks, based on Fisher’s exact test, were associated with “Gene Expres-

sion, Infectious Disease, Embryonic Development”, “Cell Cycle, DNA Replication, Recom-

bination, and Repair, Cellular Assembly and Organisation”, “Cell-To-Cell Signalling and

Interaction, Inflammatory Response, Infectious Disease”, and “Cellular Compromise, Cell-

To-Cell Signalling and Interaction, Cancer”. The functions assigned to these networks can

be widespread, for instance functions assigned to the first network include expression and

transcription of DNA and RNA, as well as formation, modification, and remodelling of

chromatin, confirming the involvement of the target genes in epigenetic modifications. The

networks are shown in detail on the following pages (figure 3.10 to figure 3.13). Various

functional information for the target genes was taken into account by the software and is

displayed by the symbol in the legend. Several interactions between target genes could be

observed, both direct and indirect. For example, network 2 displayed a significant number

of indirect interactions; indirect interactions are defined as a change in gene expression

of one gene when another gene is targeted. One example for an interaction displayed as

indirect is the relationship between BRD4 and KAT2A (genes can be found in network

2 in figure 3.11). Based on published microarray analysis showing that the inhibition of

human BRD4 protein by the inhibitor (+)-JQ1 decreases the expression of human KAT2A

mRNA in multiple myeloma cell lines, the IPA software displays this relationship as in-

direct [220]. An example for a direct interaction is the binding of KDM1A to PRDM1

(BLIMP1), where binding to each other at the same target sites was observed in plasma

cell differentiation (genes can be found in network 1 in figure 3.10) [221]. No particular
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key nodes could be found in each network, however, in network 1 the focus appeared to be

around histone 3 and the transcriptional co-activator EP300. Network 2 showed histone 4

and histone deacetylase 2 (HDAC2) as main interactors, while network 3 centred around

ubiquitin C (UBC). Nuclear factor of kappa light polypeptide gene enhancer in b-cells

(NFκB), vascular endothelial growth factor (VEGF), as well as MAP kinase/ERK family

members (ERK) appeared to be in the centre of interactions of network 4. NFκB, VEGF,

and ERK have previously been shown to be involved in osteoblast differentiation and os-

sification [222–224]. Within the networks, more interactions between target genes having

a contrary effect on alkaline phosphatase activity could be seen than between genes hav-

ing a similar effect (i.e. same direction of change). In addition, genes which knockdown

inhibited alkaline phosphatase activity showed more interactions than genes having an

upregulating effect. For genes with an upregulating effect, it is only interactions between

homologous proteins such as MTA1 and MTA2 [225], or proteins of the same family, e.g.

KAT2A and KAT2B (see network 2 in figure 3.11).
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Figure 3.10: Network 1 “Gene Expression, Infectious Disease, Embryonic Development”, containing 25 hit
genes as calculated by IPA. Targets leading to an upregulation of alkaline phosphatase activity when being
knocked down are shown in red; targets leading to a downregulation are shown in green. Components in
grey are additional genes by which hit genes are connected. A direct relationship is indicated by a solid
line, whereas an indirect relationship is indicated by a dashed line.
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Figure 3.11: Network 2 “Cell Cycle, DNA Replication, Recombination, and Repair, Cellular Assembly and
Organisation”, containing 25 hit genes as calculated by IPA. Targets leading to an upregulation of alkaline
phosphatase activity when being knocked down are shown in red; targets leading to a downregulation are
shown in green. Components in grey are additional genes by which hit genes are connected. A direct
relationship is indicated by a solid line, whereas an indirect relationship is indicated by a dashed line.
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Figure 3.12: Network 3 “Cell-To-Cell Signalling and Interaction, Inflammatory Response, Infectious Dis-
ease”, containing 16 hit genes as calculated by IPA. Targets leading to an upregulation of alkaline phos-
phatase activity when being knocked down are shown in red; targets leading to a downregulation are shown
in green. Components in grey are additional genes by which hit genes are connected. A direct relationship
is indicated by a solid line, whereas an indirect relationship is indicated by a dashed line.
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Figure 3.13: Network 4 “Cellular Compromise, Cell-To-Cell Signalling and Interaction, Cancer”, containing
7 hit genes as calculated by IPA. Targets leading to an upregulation of alkaline phosphatase activity when
being knocked down are shown in red; targets leading to a downregulation are shown in green. Components
in grey are additional genes by which hit genes are connected. A direct relationship is indicated by a solid
line, whereas an indirect relationship is indicated by a dashed line.

3.3.8 Target gene interactions

In addition to the network analysis, all hits were analysed for potential interaction partners

using the protein-protein interaction (PPI) database at the Ce-M-M- in Vienna. Figure

3.14 gives an overview of this analysis, with the most significant interaction partners of the

identified targets displayed. Tumor protein P53 has been shown to interact with a large

number of epigenetic modifiers and recruits them to modify transcription. One of the genes

with most hit interactions is the estrogen receptor 1 (ESR1 ), a finding supporting the IPA

results (ESR1 can be found in the largest network, network 1). A confirmation, highlight-
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ing the utility of this analysis, is the fact that histones H3, H4, and H2A/B were identified

as network components, demonstrating the involvement of targets in modifying and inter-

acting with chromatin. In a second step the hits and interaction partners were mapped

to known complexes, in this manner it was possible to determine which protein complexes

were represented by the obtained targets. The five complexes with the largest number of

hits involved are shown in table 3.8. The largest complex (= 15 hits and interactors; com-

plex coverage of approximately 80%) is the LARC complex (LCR-associated remodelling

complex), associated with functions such as DNA conformation modification (and organi-

sation of chromosome structure), transcriptional control, modification by acetylation and

deacetylation, as well as DNA binding [226], which was also reported to be involved in the

prevention of transcriptional silencing [227]. The so-called locus control regions (LCRs)

are regulatory DNA sequences that are situated many kilobases away from their cognate

promoters and were suggested to perform specific chromatin remodelling activities [228].

The complete list of complexes can be found in appendix A.7.
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Figure 3.14: Protein-protein interactions of hit genes. On the x-axis the name of the protein/gene the hits
are interacting with are shown, while the y-axis shows the number of interactions. The dot size represents
the significance of the interactions (larger dot - higher significance). The graph is depicted in landscape
format.
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Cplx name Cplx members Cplx size Total Hits Num Hits Cplx cov p-value Hits Interactors corr_p
LARC complex

(LCR-associated remodelling
complex)

P60709, O96019, O14497,
Q14839, Q92785, Q8WXI9,
Q13547, Q92769, P07910,
Q9UBB5, O95983, O94776,
Q09028, P51532, Q12824,
Q92922, Q8TAQ2, Q92925,
Q969G3

19 [’O94776’, ’Q92769’,
’Q12824’, ’O14497’,
’Q8WXI9’, ’Q9UBB5’,
’O95983’, ’O96019’, ’P51532’,
’Q09028’, ’Q13547’, ’Q14839’,
’Q8TAQ2’, ’Q92922’,
’Q969G3’]

15 0.79 7.22E-24 4 11 3.45E-21

SIN3-ING1b complex II O96019, O14497, Q4LE39,
Q13547, Q92769, Q9UK53,
Q09028, Q16576, O00422,
O75446, Q96ST3, P51532,
Q12824, Q92922, Q8TAQ2,
Q96GM5

16 [’Q92769’, ’Q12824’,
’O14497’, ’Q96GM5’,
’O96019’, ’P51532’, ’Q09028’,
’Q13547’, ’Q16576’,
’Q8TAQ2’, ’Q92922’,
’Q96ST3’, ’Q9UK53’]

13 0.81 4.09E-21 3 10 9.75E-19

BRM-SIN3A complex O96019, O14497, Q13547,
Q92769, O14744, Q09028,
Q96ST3, P51531, Q12824,
Q92922, Q8TAQ2, Q96GM5,
Q92925, Q6STE5, Q969G3

15 [’Q92769’, ’Q12824’,
’O14497’, ’Q96GM5’,
’O96019’, ’P51531’, ’Q09028’,
’Q13547’, ’Q8TAQ2’,
’Q92922’, ’Q969G3’,
’Q96ST3’]

12 0.80 2.05E-19 3 9 1.63E-17

NuA4/Tip60 HAT complex O96019, Q9H0E9, Q9HAF1,
Q9NPF5, Q96L91, Q9H2F5,
Q92993, Q9NXR8, Q9UBU8,
Q15014, Q9NV56, Q9Y265,
Q9Y230, Q9Y4A5, O95619

15 [’Q92993’, ’Q9UBU8’,
’Q9H0E9’, ’O95619’,
’O96019’, ’Q15014’,
’Q9H2F5’, ’Q9HAF1’,
’Q9NPF5’, ’Q9NV56’,
’Q9NXR8’, ’Q9Y4A5’]

12 0.80 2.05E-19 3 9 1.95E-17

WINAC complex O96019, O14497, Q9UIG0,
Q13111, P51531, P51532,
Q12824, Q92922, Q8TAQ2,
Q96GM5, Q969G3, Q9Y5B9,
Q02880, P11473

14 [’Q12824’, ’Q9UIG0’,
’O14497’, ’Q96GM5’,
’O96019’, ’P51531’, ’P51532’,
’Q02880’, ’Q8TAQ2’,
’Q92922’, ’Q969G3’]

11 0.79 1.01E-17 3 8 5.33E-16

Table 3.8: ShRNA hit genes in protein complexes. List of complexes to which the shRNA targets could
be assigned. Explanation of titles: cplx name, complex name; cplx members, complex members (Uniprot
ID); cplx size, number of complex members; total hits, hits that are part of this complex (target genes and
interaction partners); num hits, number of hits (= total hits); cplx cov, complex coverage - percentage of
how much of the complex is covered by the total hits; p-value, how significant is this complex hit; hits,
how many “real hits” (from the target gene list); interactors, how many interactors (genes of this complex
that are interacting with target genes); corr_p, corrected p-value (multivariate testing).

3.3.9 Target gene selection for shRNA screen and selection of follow up

targets

All hits from the shRNA screen were selected on the basis of the criteria explained in

subsection 3.3.5. However, to further validate and to obtain a more focussed target list,

some parameters were considered in addition:

• the greatest impact on alkaline phosphatase activity (decreasing or increasing)

• the effect on cell viability

• the number of hairpin structures generating a hit

• in which conditions the hit was obtained

• by comparing the known knockdown efficiencies of the hairpins generating the hit
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• by comparing shRNA screen results to small molecule inhibitor screen results (see

subsection 3.4).

By doing this, the following shortlist of candidate genes for further investigation evolved

from the shRNA screen (table 3.9; for all knockdown data see appendix A.6.2).

3.3.10 Selected hits from shRNA screen

Gene symbol Gene name Gene ID Information Effect
KDM1A Lysine-specific histone demethylase 1A 23028 Can act on mono- and

dimethylated H3K4 and
H3K9

↑

BRD4 Bromodomain containing 4 23476 Chromatin reader protein
that recognises and binds
acetylated histones

↓

JMJD8 Jumonji domain-containing protein 8 339123 Protein coding ↑
MORF4L1 Mortality factor 4 like 1 10933 Component of the NuA4

histone acetyltransferase
(HAT) complex that is
involved in transcriptional
activation (acetylation of
nucleosomal histones H4 and
H2A)

↑

UBE2A Ubiquitin-conjugating enzyme E2A 7319 Accepts ubiquitin from the
E1 complex and catalyses its
covalent attachment to other
proteins

↑

PHIP Pleckstrin homology domain interacting protein 55023 Probable regulator of the
insulin and insulin-like
growth factor signalling
pathways

↑

Table 3.9: Selected hits from the shRNA screen. The effect on osteoblast differentiation for each gene is in-
dicated by an arrow (↑, upregulating alkaline phosphatase activity; ↓, downregulating alkaline phosphatase
activity).

BRD4

Bromodomain-containing protein 4 is a member of the bromodomain and extra-terminal

(BET) family of chromatin modifying enzymes and in humans is encoded by the BRD4

gene. BRD4 is a so called reader domain that recognises post-translational modifica-

tion states of chromatin proteins, particularly ε-N-acetylation of lysine residues (Kac) on

histone tails, a modification that is associated with open chromatin architecture and tran-
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scriptional activation. Bromodomain-containing proteins function as components of larger

complexes, and up to date there are over 40 diverse human proteins identified contain-

ing a total of 61 bromodomains (see subsection 1.4.3) [150]. Proteins of the BET family

(BRD2, BRD3, BRD4, and BRDT) in addition share a similar architecture with two

amino-terminal bromodomains and a carboxy-terminal recruitment domain. The knock-

down of BRD4 by hairpins 1 and 5 as shown in figure 3.15 led to a maximum decrease

in alkaline phosphatase activity of about 50%. In all conditions and for both hairpins the

cell viability did not appear to be impaired, supporting the hypothesis that the decrease

in alkaline phosphatase activity presents a “real” decrease and is not due to a decrease in

cell number.
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Figure 3.15: BRD4 knockdown by hairpin 1 and hairpin 5. The x-axis shows the different conditions and
the y-axis the percentage of control with 100% indicated by the dotted line. Information about conditions
(= media compositions) can be found in appendix A.1. Cell viability as measured by Presto Blue® is
displayed as dark grey columns and alkaline phosphatase activity as chequered columns.
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KDM1A

KDM1A is a histone demethylase that demethylates both lysine 4 (H3K4me) and lysine

9 (H3K9me) of histone H3. By demethylating H3K4me, a specific histone mark for epige-

netic transcriptional activation, KDM1A acts as a co-repressor, while for demethylation

of H3K9me, a specific mark for epigenetic transcriptional repression, KDM1A acts as a

co-activator. KDM1A and its paralog KDM1B are both FAD-dependent amine oxidases,

which can act only on mono- and dimethylated lysines [130,131]. Highlighting the impor-

tance of KDM1A for normal development, targeted deletion of murine Kdm1a results in

early embryonic lethality [132], a fact that will be discussed further in chapter 5. KDM1A

(also referred to as LSD1) can act on mono- and dimethylated H3K4 and H3K9, and

KDM1B (also referred to as LSD2) acts only on mono- and dimethylated H3K4. The

knockdown of KDM1A led to an increase in alkaline phosphatase activity of 200 to 1500%

of the control throughout the conditions with no impairment of cell viability (figure 3.16).
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KDM1A (hp 4)
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Figure 3.16: KDM1A knockdown by hairpins 2, 3 and 4. The x-axis shows the different conditions and the
y-axis the percentage of control with 100% indicated by the dotted line. Information about conditions (=
media compositions) can be found in appendix A.1. Cell viability as measured by Presto Blue® is displayed
as dark grey columns and alkaline phosphatase activity as chequered columns.

JMJD8

Jumonji domain containing protein 8 is a member of the Jumonji gene family of histone

demethylases involved in transcriptional repression and chromatin regulation. Many mem-
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bers of the Jumonji C (JmjC) family utilise Iron(II) and 2-oxoglutarate as cofactors and

catalyse lysine demethylation of histones through an oxidative reaction [135,229]. Unlike

KDM1A, which can only remove mono- and dimethyl lysine modifications, the JmjC-

domain-containing histone demethylases (JHDMs) can remove all three histone lysine-

methylation states [230]. Although the function of JMJD8 remains unknown, its knock-

down in a cellular model for squamous cell carcinoma showed an inhibitory effect on cell

proliferation [231]. JMJD8 was one of the four target genes with two hairpins showing the

same effect throughout all conditions. An increase in alkaline phosphatase activity of up

to around 500% compared to the control could be seen for hairpin 3 and 4 (figure 3.17).
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JMJD8 (hp 4)
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Figure 3.17: JMJD8 knockdown by hairpin 3 and hairpin 4. The x-axis shows the different conditions and
the y-axis the percentage of control with 100% indicated by the dotted line. Information about conditions
(= media compositions) can be found in appendix A.1. Cell viability as measured by Presto Blue® is
displayed as dark grey columns and alkaline phosphatase activity as chequered columns.

MORF4L1

Mortality factor 4 like protein 1 (MORF4L1) is a component of the NuA4 histone acetyl-

transferase (HAT) complex and involved in transcriptional activation by acetylation of

H2A and H4 [232]. The same complex contains catalytic subunit KAT5/TIP60, which

also evolved as a hit in the shRNA screen, although with an opposite effect compared

to MORF4L1 (table 3.2). Known for playing a role in DNA repair of double strand

breaks, a Morf4l1 mouse knockout model shows abnormalities in organogenesis and de-
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fects in DNA damage repair [233]. MORF4L1, or MRG15, has been reported to interact

with MYST1 [234], retinoblastoma protein and MORF4 family-associated protein 1 (MR-

FAP1) [234,235], suggesting evidence for its activity as a transcriptional regulator in other

complexes as well. MORF4L1 is another gene whose knockdown leads to an increase in

alkaline phosphatase activity with no decrease in cell viability (figure 3.18).
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Figure 3.18: MORF4L1 knockdown by hairpin 3 and hairpin 4. The x-axis shows the different conditions
and the y-axis the percentage of control with 100% indicated by the dotted line. Information about
conditions (= media compositions) can be found in appendix A.1. Cell viability as measured by Presto
Blue® is displayed as dark grey columns and alkaline phosphatase activity as chequered columns.
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PHIP

The Pleckstrin Homology Domain Interacting Protein (PHIP) comprises two bromod-

omains and modulates insulin signalling by binding the Pleckstrin Homology (PH) do-

main of insulin receptor substrate-1 [236, 237]. PHIP plays a role in pancreatic beta cell

growth and survival [238], stimulates cell proliferation through regulation of cyclin tran-

scription [238], and can exercise anti-apoptotic activity through AKT1 phosphorylation

and activation [239]. Hairpin 3 knocking down PHIP showed an increase in alkaline phos-

phatase activity of up to 1200% compared to the control, with +DEX being the condition

with the most prominent effect. Cell viability was not affected by the knockdown (figure

3.19).
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Figure 3.19: PHIP knockdown by hairpin 3. The x-axis shows the different conditions and the y-axis the
percentage of control with 100% indicated by the dotted line. Information about conditions (= media
compositions) can be found in appendix A.1. Cell viability as measured by Presto Blue® is displayed as
dark grey columns and alkaline phosphatase activity as chequered columns.

UBE2A

Ubiquitin-conjugating enzyme E2A (UBE2A) was the one target fulfilling the hit selection

criteria in all conditions, as discussed in subsection 3.3.5. UBE2A is a member of the

E2 ubiquitin-conjugating enzyme family. It accepts ubiquitin from the E1 complex and

catalyses its covalent attachment to other proteins. UBE2A has been shown to be required
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for post-replicative DNA damage repair [240]. In association with the E3 enzyme, ubiquitin

ligase BRE1, it was reported to play a role in transcriptional regulation. It catalyses

monoubiquitination of histone H2B at lysine 120 (H2BK120ub1) which characterises a

specific tag for epigenetic transcriptional activation, elongation by RNA polymerase II,

telomeric silencing, and it is also a prerequisite for H3K4me and H3K79me formation [241].

UBE2A knockdown led to a consistent increase of alkaline phosphatase activity throughout

the conditions with no impairment of cell viability. For detailed knockdown data see figure

3.8 and figure 3.9.

3.3.11 Validation of shRNA targets by locked nucleic acids knockdown

Locked nucleic acids (LNAs) were utilised as an orthogonal method to validate the shRNA

findings, and in addition tested as another possibility to achieve long-term knockdown of

gene targets. LNAs function in a similar manner to siRNA, but are believed to be more

potent. The locked ribose conformation of an LNA nucleotide, modified with an methylene

bridge connecting the 2’ oxygen and the 4’ carbon of the pentose, leads to an enhanced

hybridisation affinity of the LNAs [242]. The locked oligonucleotides are used as antisense

RNA to complement a specific mRNA sequence. Binding of the oligonucleotide to the

target sequence creates a stretch of double stranded RNA, which cannot be translated

and will be degraded. The applied oligonucleotides with a length of 8-15 base pairs are

shorter than siRNAs and resistant to endonuclease activity and therefore more stable [243].

LNAs were designed specifically against the chosen targets by collaborators at Santaris

(Copenhagen, Denmark) and were tested with regard to knockdown efficiency, effect on

cell viability, and alkaline phosphatase activity. For knockdown efficiency and cell viability

measurements, human mesenchymal stem cells were treated with LNAs at a concentration
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of 5µM both on day 1 and day 5 before being assessed for cell viability and harvested for

RNA extraction on day 7. With regard to alkaline phosphatase activity measurements cells

were treated the same way (i.e. LNAs for seven days) before differentiation was induced.

Medium was changed every other day and alkaline phosphatase activity was measured at

day 7 of differentiation. RNA extraction and cDNA synthesis were performed as previously

described (subsection 2.4.4). Expression of genes was tested using cDNA specific primers,

targeting housekeeping genes Actin B,GAPDH, and target genesKDM1A, UBE2A, BRD4,

PHIP, JMJD8, and MORF4L1. PCR was performed for 40 cycles of denaturation (95°C

for 20s), annealing (95°C for 1s), and extension (60°C for 1min). The primer sequences

can be found in appendix A.2.
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Figure 3.20: Locked nucleic acid knockdown of epigenetic target genes. Upper graph shows knockdown
efficiency of various LNAs designed against the target genes as measured by qPCR and lower graph shows
related cell viability values on day 7. For each gene, up to five LNAs were designed, and each knockdown
was compared to the scrambled LNA control. Target genes are shown on the x-axis.
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Figure 3.21: Locked nucleic acid knockdown of epigenetic target genes and its effect on alkaline phosphatase
activity in human mesenchymal stem cells undergoing osteogenic differentiation. For each gene, up to five
LNAs were tested, ALP activity was measured at day 7 of differentiation and compared to the scrambled
LNA control (1=100%). Target genes including a no LNA control are shown on the x-axis. P-values were
calculated using One-way ANOVA (Bonferroni post test - *** < 0.001, **<0.01, *<0.05). n=3
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As it can be seen in figure 3.20, the produced LNAs showed a knockdown for almost all

targets after 7 days of LNA treatment. Apart from three LNAs (LNA 238, 239, and 226)

the cell viability was not impaired by the knockdown. When differentiation was induced

for another 7 days, the cell viability was reduced for some of the LNAs as shown in 3.21 B.

However, apart from JMJD8, there were at least two LNAs per target gene that did not

reduced cell viability. With regard to the targets’ effects on alkaline phosphatase activity,

most of the LNAs reproduced a pattern similar to the one obtained in the shRNA screen,

although to a lower extent. For MORF4L1 and BRD4 the effect observed with shRNA

could not be reproduced and these targets require further optimisation of LNAs (figure

3.21).
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3.4 Small molecule inhibitor screen

The second approach for interference with epigenetic modulators, besides the shRNA

knockdown experiments, utilised small molecule inhibitors targeting epigenetic “writers”,

“erasers”, and “readers” as well as other histone and chromatin modifying enzymes such

as kinases and PARPs (Poly (ADP-ribose) polymerases). Various commercially available

compounds, as well as compounds generated and/or provided by the Structural Genomics

Consortium (SGC) were compiled into a epigenetic compound list which can be found in

table 3.11. In total, 30 different compounds and control molecules were applied to human

MSCs under different growth medium conditions as seen in table 3.10, with +DEX being

the osteoblast differentiation- inducing factor.

Name Composition
MSC MesenPro-RS™ + 1% P/S
CM DMEM F/12 + 15% FBS + 1% P/S + 1% NEAA + 2mM glutamine
OD DMEM F/12 + 15% FBS + 1% P/S + 1% NEAA + 2mM glutamine

+ 50µg/ml ascorbic acid + 10mM beta-glycerophosphate
+DEX DMEM F/12 + 15% FBS + 1% P/S + 1% NEAA + 2mM glutamine

+ 50µg/ml ascorbic acid + 10mM beta-glycerophosphate + 10nM
dexamethasone

Table 3.10: Medium conditions for compound screen

Most of the compounds were used at a single concentration in 0.1% DMSO (table 3.11),

and added to the medium every other day. If the initial screen showed a potential effect,

dose-responses ranging from 0.04µM to 30µM were performed. Several compounds were

targeting the same genes as some of the shRNAs. These were especially useful to conduct

an orthogonal validation of shRNA targets and also to potentially distinguish between

a catalytic and a structural role of the target gene in the phenotypic effect observed.

The alkaline phosphatase assay was carried out as previously described (subsection 3.2.1)

and minor adjustments made with regard to the facility can be found in appendix A.8. In
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accordance with the selection criteria for the shRNA screen, the threshold for cell viability

was set to ≥50% of the non-treated control. In the following sections, hits derived will be

presented and further analysis will be shown for follow-up hits.
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Table 3.11: List of small molecule inhibitors, their corresponding classes and if available, specific targets.
The concentration applied is shown in the right column.
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3.4.1 Results – Hits derived from small molecule inhibitor screen

The effect of compounds was assessed by both cell viability and alkaline phosphatase

activity at 60mins after substrate addition. Criteria for hit selection were similar to the

ones applied in the shRNA screen with cell viability to be ≥50% of the control. ALP

activity had to be either below 80% or above 120% of the control. Hits derived in this

way can be seen in the plot in figure 3.22 and in table 3.12.
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Figure 3.22: Compounds screened for effect on cell viability and alkaline phosphatase activity during
dexamethasone-induced differentiation. Results are shown as percentage change compared to the DMSO
control. The x-axis shows all compounds sorted according to their corresponding classes with cell viability
depicted as black and ALP activity as dotted white columns. N = 4

Table 3.12 shows all compounds with their means and SD for cell viability and ALP

activity. Compounds considered a hit by upregulating ALP activity to more than 120%

are labelled in red and in bold, whereas compounds downregulating ALP activity to below

80% of the control are labelled in green and in bold. Only one compound, the HDAC

inhibitor Belinostat, did not fulfil the cell viability threshold of 50% (grey).
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�������������

Mean SD Mean SD

DMSO 100.0 0.00 100.0 0.00

DOT1L 98.0 3.08 162.8 17.02 �

SET7/9-1 98.5 6.94 110.0 21.75

SET7/9-2 99.6 9.26 125.0 15.76

SET7/9-3 95.7 3.57 101.0 10.37

Chaetocin 100.5 3.02 149.4 65.79

UNC0638 93.6 5.23 99.8 11.22

CXD101 90.0 3.47 73.5 4.81 �

Valproic acid 86.9 3.85 118.7 16.27 �

Entinostat 88.6 9.47 72.7 2.43

Trichostatin A 59.6 5.53 65.6 1.87

SAHA 74.4 2.42 18.6 2.26 �

Belinostat 31.6 1.58 20.8 2.60

SRT1720 103.5 11.61 79.9 44.93

5-Aza-deoxy-cytidine 106.1 9.07 82.0 7.75

IOX1 (5COOH-8HQ) 79.9 8.65 35.9 7.51

Methylstat 82.1 3.46 65.9 2.61

GSK J4 90.8 7.23 87.9 23.83

GSK J5 103.8 8.72 110.8 25.22

	�
���
�������� 102.5 3.03 124.6 23.42

Rucaparib 82.4 2.79 74.3 13.75

Olaparib 93.2 3.42 74.2 8.21

5-Iodotubercidin 89.4 4.19 231.2 59.30 �

K00135 99.7 7.93 154.8 23.17 �

(+)-JQ1 61.9 2.17 42.3 7.83 �

(-)-JQ1 89.7 5.14 114.7 27.45 �

PFI 78.2 3.28 60.6 4.49

I-BET 76.9 5.89 67.9 11.02

RVX-208 87.3 9.06 104.4 27.19 �

IOX2 93.0 2.45 87.6 17.07

UNC1215 110.2 4.37 202.4 25.64

Cell viability ALP activity

Table 3.12: List of small molecule inhibitor hits. Mean and SD for cell viability and alkaline phosphatase
activity are given. Compounds considered a hit by upregulating ALP activity for more than 120% are
labelled in red and in bold, and compounds downregulating ALP activity to below 80% of the control
are labelled in green and in bold. Compounds selected for a dose-response experiment are indicated by a
ticked box. N = 4

The inhibition of several methyltransferases led to an increase of alkaline phosphatase

activity (as it can be seen for DOT1L, SET7/9-2, and chaetocin), whereas inhibition of

bromodomains showed a decrease in alkaline phosphatase activity. Interestingly, the same

epigenetic classes had already emerged as the classes comprising most hits in the shRNA

screen, where 21 target genes could be assigned to bromodomains (largest hit group) and
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11 target genes could be assigned to methyltransferases (third largest hit group).

3.4.2 Dose-response assays for selected small molecule inhibitor hits

Nine compounds (including the BET inihibitor control compound (-)-JQ1) were selected

for a dose-response experiment as indicated in table 3.12. In this chapter the focus

will be on four of the compounds that confirmed the initial trend: (+)-JQ1, K00135,

5-Iodotubercidin, and CXD101 (other dose-response results can be found in appendix

A.9) In addition to these four, two other small molecule inhibitors that have already been

published regards having an effect on osteoblast differentiation (valproic acid and SAHA)

were used as “positive control” compounds to validate the utilised assay (see appendix

A.9).

3.4.2.1 Bromodomain inhibitor (+)-JQ1

(+)-JQ1, a bromodomain inhibitor specific for BET protein family members [145], led

to a reduction of alkaline phosphatase activity. Its inactive stereoisomer (-)-JQ1 did

not show any response, providing evidence for specific bromodomain inhibition in os-

teoblast differentiation. Interestingly, two other compounds, PFI-1 (Pfizer, [244]) and

I-BET (GSK, [245]), also targeting the BET family of proteins, showed a similar reduc-

ing effect on alkaline phosphatase activity (figure 3.22). For (+)-JQ1, the dose response

showed a decreasing effect on cell viability even at low concentrations, however at all con-

centrations tested it never dropped far below the viability threshold of 50% (figure 3.23).

Nevertheless, it became obvious that the initial concentration of 1µM could be decreased

by a considerable amount without losing the effect of alkaline phosphatase reduction. In

addition, the IC50 under dexamethasone treatment was calculated as 218nM, therefore for

further long-term experiments an even lower concentration of 100nM was utilised. The
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alkaline phosphatase activity at that concentration was still about 50% of the control (fig-

ure 3.23). With regard to cell viability, it also appeared that cells kept in a mesenchymal

stem cell-like state (MSC medium) were more sensitive to compound treatment than cells

undergoing directed differentiation into osteoblasts (+DEX) or cells given the opportunity

to leave the stem cell state and differentiate (CM and OD medium).
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Figure 3.23: Dose response curves under (+)-JQ1 treatment. The x-axis shows applied concentrations in
log [M], left y-axis shows level of alkaline phosphatase activity compared to the control (=1), right y-axis
shows level of cell viability compared to the control (=1). 1 indicates 100% (of the control). Doses ranged
from 0.04µM to 30µM in 0.1% DMSO. Medium was changed on day 5 of culture and compounds were
replenished. After 7 days of culture, both cell viability and alkaline phosphatase activity were assessed.

In addition to (+)-JQ1, PFI-I, and I-BET, two other small molecules developed as BET

bromodomain inhibitors, RVX-208 and bromosporine, which were not included in the ini-

tial compound screen, became available during the course of this project. Bromosporine

showed a decreasing effect on alkaline phosphatase (figure 3.25), whereas RVX-208, a com-

pound already in Phase II clinical trial, did not show a decrease (figure 3.24). With regard
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to both the alkaline phosphatase and cell viability curves being almost identical, the ef-

fect seen under bromosporine treatment might however also be a toxic dose-dependent

reduction. RVX-208 was previously reported to increase the production of APOA-I pro-

tein which is used to produce high-density lipoprotein (HDL) particles. HDL particles are

transport forms for cholesterol from peripheral tissue to the liver, an effect of importance in

atherosclerosis and cardiovascular disease (CVD) [246]. Interestingly, another publication

reported that RVX-208 is specific for second bromodomains (BD2) (for more information,

see chapter 4) and that BD2 inhibition only modestly affects BET-dependent gene tran-

scription [247]. As (+)-JQ1 was shown to be more specific for BD1 and bromosporine to

be similarly effective on BD1 and BD2, this could potentially suggest that bromodomain 1

(BD1) is playing a more important role in the regulation of alkaline phosphatase activity

in differentiating osteoblasts.

RVX-208

-8 -7 -6 -5 -4
0.0

0.5

1.0

0.0

0.5

1.0

ALP60

Viability

log concentration [M]

A
L

P
60

C
ell viab

ility

Figure 3.24: Dose response curve under RVX-208 treatment. The x-axis shows applied concentrations in
log [M], left y-axis shows level of alkaline phosphatase activity compared to the control (=1), right y-axis
shows level of cell viability compared to the control (=1). 1 indicates 100% (of the control). Doses ranged
from 0.04µM to 30µM in 0.1% DMSO. Medium was changed on day 5 of culture and compounds were
replenished. After 7 days of culture, both cell viability and alkaline phosphatase activity were run.
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Bromosporine
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Figure 3.25: Dose response curve under bromosporine treatment. The x-axis shows applied concentrations
in log [M], left y-axis shows level of alkaline phosphatase activity compared to the control (=1), right y-axis
shows level of cell viability compared to the control (=1). 1 indicates 100% (of the control). Doses ranged
from 0.04µM to 30µM in 0.1% DMSO. Medium was changed on day 5 of culture and compounds were
replenished. After 7 days of culture, both cell viability and alkaline phosphatase activity were assessed.

3.4.2.2 Kinase inhibitors – K00135 and 5-Iodotubercidin

Two compounds inhibiting kinases displayed an increasing effect on alkaline phosphatase

activity (table 3.12). PIM1 inhibitor K00135, a member of the imidazo[1,2-b]pyridazines

class and previously identified as inhibitor for PIM kinases [248], showed a promoting

effect on ALP activity and no effect on cell viability up to 1µM concentration in all four

conditions tested (LogIC50 under dexamethasone treatment = -4.459; figure 3.26). PIM-1

encodes a serine/threonine kinase, which belongs to the group of calcium/calmodulin-

regulated kinases (CAMK), is widely expressed in tissues and cell types, ranging from

bone marrow, prostate, to epithelial cells, and was reported to be overexpressed in cell

cultures isolated from human tumours [249]. Its main function is in cell cycle progression,

apoptosis, and transcriptional activation, and it was shown to regulate RANKL-induced

osteoclastogenesis via NF-kB activation and NFATc1 induction [250]. Transcription of

PIM-1 is mediated by binding of STAT3, a transcription factor whose signalling has been

shown to play a vital role in MSC osteogenic differentiation [192]. Two other Pim kinases,

PIM-2 and PIM-3 have been shown to be structurally and functionally similar [249,251].
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Figure 3.26: Dose response curves under K00135 treatment. The x-axis shows applied concentrations in
log [M], left y-axis shows level of alkaline phosphatase activity compared to the control (=1), right y-axis
shows level of cell viability compared to the control (=1). 1 indicates 100% (of the control). Doses ranged
from 0.04µM to 30µM in 0.1% DMSO. Medium was changed on day 5 of culture and compounds were
replenished. After 7 days of culture, both cell viability and alkaline phosphatase activity were assessed.

5-Iodotubercidin has previously been shown to be a Haspin inhibitor, targeting the ATP-

binding site [252]. Haspin is a serine/threonine protein kinase (also known as germ

cell–specific gene 2 protein/GSG2 or haploid germ cell–specific nuclear protein kinase)

that phosphorylates Thr3 on histone 3 at centromeres during mitosis [253, 254]. Thereby

it positions the kinase Aurora B that is part of the chromosomal passenger complex (CPC),

at the centromeres [252], a process that is required for correct spindle-kinetochore attach-

ment, proper chromatid cohesion, metaphase alignment and normal progression through

the cell cycle [255, 256]. Treatment with 5-Iodotubercidin led to an increase in alkaline

phosphatase activity to about 200% in three out of four conditions (MSC, OD, +DEX)

and even in CM to an increase of about 50% (figure 3.27). Cell viability remained stable
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(70-100% of the DMSO control) up to a concentration of 1µM, and again, similar to their

reaction to BET inhibitors, hMSCs kept in stem cell medium also seemed to be more

sensitive to compound treatment with kinase inhibitors (LogIC50 under dexamethasone

treatment = -5.435). The pressure to remain in a stem cell state could potentially leave

cells more prone to undergo apoptosis under compound treatment.
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Figure 3.27: Dose response curves under 5-Iodotubercidin treatment. The x-axis shows applied concentra-
tions in log [M], left y-axis shows level of alkaline phosphatase activity compared to the control (=1) , right
y-axis shows level of cell viability compared to the control (=1). 1 indicates 100% (of the control). Doses
ranged from 0.04µM to 30µM in 0.1% DMSO. Medium was changed on day 5 of culture and compounds
were replenished. After 7 days of culture, both cell viability and alkaline phosphatase assay were run.

3.4.2.3 HDAC-inhibitor CXD-101

CXD-101 is a histone deacetylase inhibitor developed by AstraZeneca. HDACs and

development of inhibitors are interesting targets for cancer therapy, as they control a wide

variety of mechanisms involved in tumour cell growth and division, but because they are
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ubiquitously expressed, their clinical utility has been difficult to determine. Nevertheless,

CXD-101 is planned to soon enter phase I clinical trials in advanced cancer patients with

solid tumours, lymphoma, and myeloma.
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Figure 3.28: Dose response curves under CXD-101 treatment. The x-axis shows applied concentrations in
log [M], left y-axis shows level of alkaline phosphatase activity compared to the control (=1), right y-axis
shows level of cell viability compared to the control (=1). 1 indicates 100% (of the control). Doses ranged
from 0.04µM to 30µM in 0.1% DMSO. Medium was changed on day 5 of culture and compounds were
replenished. After 7 days of culture, both cell viability and alkaline phosphatase assay were performed.

For doses up to 1µM, cells showed a slight reduction in cell viability down to 70% of

the control, but almost no response with regard to ALP activity, thus not confirming

the initial finding. Concentrations over 1µM led to a toxic effect and related decrease in

both cell viability and alkaline phosphatase activity, with the IC50 at approximately 10µM

(figure 3.28). With no effect on alkaline phosphatase activity in the non-toxic range, this

compound was not further considered.

3.4.3 Selected hits from small molecule inhibitor screen

Compounds provide an easy-to use tool for long-term experiments. Therefore, having a

potent compound for the most interesting targets is very desirable. With different BET

inhibitors showing a similar effect, BRD4 (and the most potent compound (+)-JQ1) was

chosen as a follow-up target from the compound screen. In addition, the promising results

achieved by kinase inhibition led to the decision to select the two compounds K00135
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(Pim1 inhibitor) and 5-Iodotubercidin (Haspin inhibitor) for further investigation in the

future.

3.5 Final selection of two follow-up targets – BRD4 and KDM1A

With the aim to further assess the initial findings, two targets were selected for more in-

depth analysis of their effect on osteoblast differentiation. These were BRD4 and KDM1A,

which will be discussed in detail in the following chapters. They were chosen based on all

aforementioned criteria, and also with the thought in mind that further analysis of one gene

each for the up- and downregulating modifiers would be of particular interest. In addition,

having access to a specific compound targeting BRD4 opened many more possibilities for

analyses (chapter 4). For KDM1A, the compound tranylcypromine showed a similar result

as observed in the shRNA knockdown experiments, supporting the selection of KDM1A as

a follow-up target. In addition, a transgenic mouse model was available (kindly provided by

Professor Roland Schuele, University of Freiburg), offering unique opportunities to study

the in vivo effect of KDM1A on bone development. During the course of this project,

a new small molecule inhibitor targeting KDM1A became available as well, and data on

this subproject can be found in chapter 5. For other targets an initial follow-up analysis

was carried out as shown in the data on locked nucleic acids and dose-response assays,

with the intent to confirm our previous findings from the shRNA knockdown and small

molecule inhibition experiments and to assess new ways of manipulation. The other listed

targets will be followed up in the future, for these see the future directions in chapter 6.
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3.6 Conclusion and discussion

With the aim to identify epigenetic modulators involved in osteoblast differentiation of

human mesenchymal stem cells, two different approaches - short hairpin knockdown and

small molecule inhibition - were utilised. The shRNA screen led to 89 hit genes identi-

fied having an effect on alkaline phosphatase activity, while the small molecule inhibition

experiments identified 19 potential targets. Knockdown or inhibition of approximately

70% of the targets led to a downregulation of alkaline phosphatase activity. Six target

genes from the shRNA screen and eight target genes from the small molecule screen, re-

spectively, were selected for further investigation. Orthogonal knockdown validation by

locked nucleic acids and small-molecule dose-response experiments were carried out be-

fore two target genes, namely BRD4 and KDM1A, were selected for further analysis. As

illustrated in the overview graphic at the beginning of this chapter, the initially long list

of genes assessed was consecutively narrowed down to produce a target hit list, eventu-

ally leading to a focussed number of hits that will be further analysed in the following

chapters. Approaches as carried out in this thesis, addressing a large number of genes,

offer great opportunities in identifying a number of target genes involved in a process but

also comprise the risk of missing out on potential other targets due to stringent selection

criteria. The number of hits obtained in this work provides a good basis for assessing

relationships between different modifiers as well as direct effects on osteoblast differenti-

ation. The networks and pathways identified using IPA already gave an insight into the

possible complexes playing a role in osteoblast development. However, the calculations

and connections made by IPA are all based on knowledge currently available from publi-

cations, therefore it is more likely to identify pathways involved for which a lot of work

has already been published and much is known about interactions and connections, rather
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than identifying new interactions that might potentially be discovered within the data set

that was uploaded. Therefore, all hits require confirmation and thorough assessment, as

discussed in future directions (chapter 6), and as already done for two genes with regard

to their direct effect on osteoblast differentiation (chapter 4 and 5). With regard to the

tools applied, particularly the short hairpins, some of the hits might indeed prove not to

be verifiable. For instance, the knockdown efficiencies of most of the applied hairpins were

previously assessed in other cell lines such as HEK (human embryonic kidney) and HeLA

(cervix cancer cells), but not in mesenchymal stem cells. Hairpin efficiencies reported by

TRC ranged from 0% remaining target RNA to RNA levels higher than the “original”

level, and both, but particularly the latter should be regarded with caution. Higher values

could first of all only be caused by experimental errors, but could also be due to inadequate

or no knockdown at all, and might cause a cell response leading to increased transcription

of a target gene. The knockdown efficiency required for an effect is unknown and for some

targets it might be sufficient to reduce the number of transcripts available, whereas for

others a full knockdown might be required; however, this could also be cell type-specific.

Furthermore, depending on the half-life of a protein, the knockdown of a target mRNA

might not even lead to an effect as it does not affect already present proteins.

Although specifically designed against particular targets, shRNAs could also have off-

target effects, both specific and non-specific. Specific off-target effects can be caused

by partial sequence complementarity to non-target RNAs, leading to off-target suppres-

sion. Non-specific responses could be due to cellular toxicities caused by the integrated

nucleotide construct or due to an immune response caused by the viral entry. However,

shRNAs are thought to not have as many off-target effects as e.g. siRNAs or small molecule

inhibitors. Compared to siRNA, this could be due to the fact that shRNAs are integrated
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into the genome and transcribed in the nucleus, allowing further cell-specific processing.

Compounds instead are usually not protein-specific but rather targeted against a class of

proteins. As seen in the list of small molecules in table 3.11, many compounds are known

to inhibit the entire protein class of e.g. HDACs or bromodomains. If a compound is

targeted against a particular domain, the presence of this domain in a number of proteins

increases the likelihood for non-specific effects (for a detailed view on the presence of e.g.

bromodomains in proteins, see figure 4.2 in chapter 4). Other compounds might not have

been sufficiently active or concentrated to cause an effect. In general, the application of

compounds has to be carefully assessed, as toxicity effects could mask a specific effect. As

seen for example for bromosporine, it is likely that the reduction in alkaline phosphatase

was rather caused by compound toxicity and not related to a direct effect on bromod-

omains. It is difficult to tell whether also an increase in alkaline phosphatase could be due

to a decrease in cell viability and a possible increase in apoptosis. It has been suggested

that alkaline phosphatase could be released in consequence of cell death [257], however, for

the applied compounds leading to an increase of ALP in this work, an increase could only

be observed for low compound concentrations with almost no effect on cell viability. At

very high concentrations of approximately 10µM, when cell viability was reduced to below

50% of the control, a decrease could also be seen for the alkaline phosphatase activity.

However, for compound K00135 a reduction in cell viability to 50% showed an increase in

alkaline phosphatase activity of 20%. The application of locked nucleic acids (LNAs) on

the other hand did not seem to affect the cell viability to the same extentl, however, in this

case the targets were already chosen based on sufficient cell viability values as assessed in

the previous shRNA screen. LNAs will therefore be a valuable tool for further analysis of

the selected target genes.
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The main target classes emerging from this chapter were bromodomains (BRDs) and

PHDs, both so-called “reader” domains, with bromodomains recognising acetylated lysines

and PH domains recognising methylated lysines. Lysine acetylation is a reversible post-

translational modification of proteins and plays a key role in regulation of gene expression

and chromatin remodelling [258]. Reader domains are important not only for recognition

of these chromatin marks, but also for the assembly of transcription regulatory complexes.

Performing an effector role, they often act with other protein-interaction modules to guar-

antee a high level of targeting specificity. Readers typically provide an accessible surface,

in the case of BRDs a largely hydrophobic acetyl lysine binding site, that can accommodate

a modified histone residue; they determine the modification (acetylation vs methylation),

or state specificity (e.g. level of methylation of lysines); and they interact with the flanking

sequence of the modified amino acid in order to distinguish sequence context [259]. For

lineage determination and stem cell differentiation, the recognition of epigenetic marks on

relevant genes such as key osteogenic transcription factors is essential, and one of the here

identified reader domains will be presented in the next chapter.
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4 The role of bromodomain containing protein 4 (BRD4)

in osteoblast differentiation

Bromodomain-containing protein 4 was already briefly introduced in the previous chapter

and partly in the introduction (subsections 1.4.3 and 3.3.10) but will be presented in more

detail here.

4.1 Background

Bromodomain-containing protein 4 (BRD4) is a member of the bromodomain and extra-

terminal (BET) subfamily of human bromodomains. These proteins are so-called “reader”

domains that selectively recognise acetylated lysine (KAc) residues on histones. By as-

sociating with these chromatin marks, bromodomains can recruit other factors in order

to facilitate transcriptional activation [154]. In co-crystal structures with acetyl-lysine

residue containing peptides it was shown that the acetylated lysine residue is recognised

by a central hydrophobic cavity within the bromodomain module and is anchored by a

hydrogen bond to an asparagine residue (figure 4.1) [153].
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Figure 4.1: Structural analysis of BRD4 and (+)-JQ1 complexes. a, Superimposition of the mouse
BRD4(1)–H3K14ac peptide complex with the human BRD4(1)–(+)-JQ1 complex structure. Yellow dots
are indicating the hydrogen bond formed to the conserved asparagine residue (N140). b, Ribbon diagram
of the human BRD4(1) with (+)-JQ1. The main structural elements and motives are labelled. Adapted
from [152]

To date, there are 61 known unique human bromodomains that cluster into eight distinct

families based on structural similarity (figure 4.2). All members of the BET subfamily

have two bromodomains, bromodomain 1 (BD1) and 2 (BD2).

Figure 4.2: Structure based phylogenetic tree of the human bromodomain family. The different families
are named by Roman numbers (I–VIII). The two bromodomains of BRD4 are circled in red. Adapted
from [260].
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Recently it has been reported that bromodomains not only recognise acetylated sequences

but also combinations of marks within the flanking regions [151]. Filippakopoulos et al.

observed a strong influence of neighbouring PTMs, such as phosphorylation, on recognition

of BRD target sites. Their work suggests that combinatorial motifs rather than single

PTMs determine the cellular outcome of processes regulated by epigenetic reader domains.

This hypothesis is supported by the network analysis of epigenetic target hits (subsection

3.3.7), showing tight interlinkage between different modifiers and the complexes they work

within (subsection 3.3.8).

BRD4 has been shown to ensure immediate gene expression in daughter cells following mi-

tosis by marking cell cycle genes that regulate M/G1 transition [261]. By interacting with

the positive transcription elongation factor P-TEFb it allows for immediate de novo gene

transcription through activation of RNA Polymerase II [154,262], and thereby functions as

a global transcriptional co-activator [153]. BRD4 has also been reported to be involved in

the development of a rare and aggressive malignant epithelial tumour called NUT (nuclear

protein in testis) midline carcinoma (NMC) that is characterised by a translocation of the

NUT gene [263]. The most common translocation involving the NUT gene is the t(15;19)

(q14;p13.1) translocation which fuses the NUT gene on chromosome 15 to the BRD4 gene,

leading to expression of the two amino-terminal bromodomains as an in-frame chimaera

with the NUT protein [264, 265]. In about one third of cases, NUT is fused to BRD3 on

chromosome 9 instead. Recent data suggests that the BRD-NUT fusion oncogene asso-

ciates with chromatin and interferes with epithelial and squamous differentiation thereby

contributing to carcinogenesis [266]. Consequently, the BET proteins were of great inter-

est as potential drug targets, initially for NMC, but later extended also to other cancer

types. In 2010, a cell-permeable small molecule that binds competitively to acetyl-lysine
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recognition motifs, or bromodomains, was developed [152]. The compound (+)-JQ1 was

shown to bind BRD4, displacing it from chromatin and inhibiting its role in complex

assembly (figure 4.1). In this initial publication, treatment with (+)-JQ1 prompted squa-

mous differentiation and growth arrest in NMC [151]. Following this, other publications

reported that inhibiting bromodomains could be a way of targeting MYC dependence in

cancer [267]. Inhibition of the interaction between BET bromodomains and the MYC

gene promoter was shown to reduce MYC transcription and protein levels, resulting in

G1 arrest and extensive apoptosis in a variety of leukaemia, myeloma and lymphoma cell

lines [220, 244, 267, 268]. In the last four years, other BET targeting compounds were

developed (PFI-1, I-BET, RVX-208, Bromosporine) and have been described in chapter

3.

4.2 Recapitulation of earlier results and aim of this study

In this study, I set out to investigate the mechanism by which BRD4 influences osteoblast

differentiation. BRD4 was chosen as a follow-up target based on its consistency in reducing

alkaline phosphatase activity (chapter 3). ALP activity was decreased in both shRNA

and small molecule inhibitor screens using three different compounds that target the BET

family and specifically BRD4.
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Figure 4.3: Effect of BET compounds on cell viability and alkaline phosphatase activity. Cell viability as
measured by Presto Blue® is displayed as chequered columns and alkaline phosphatase activity as dark grey
columns. P-values were calculated using One-way ANOVA (Dunnett’s post test - *** < 0.001, **<0.01,
*<0.05).

All BET inhibitors led to a significant decrease in ALP activity, with (+)-JQ1 showing the

largest decrease. Its inactive stereoisomer (-)-JQ1 did not show an effect on ALP activity

with only a negligible reduction in cell viability (figures 4.3 and 4.4).
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Figure 4.4: Chemical structure of the active enantiomer (+)-JQ1 and the inactive stereoisomer (-)-JQ1.
Adapted from JQ1/SGCBD01 Data Sheet.

Generally speaking, the cell viability appeared to be more negatively affected under com-

pound treatment than under shRNA treatment as seen in figure 3.15. Knockdown of

BRD4 led to a decrease in ALP activity with virtually no impairment of cell viability

but rather showing a slight increase (figure 3.15). The knockdown effect seemed to be
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more prominent under dexamethasone treatment than under 1,25-dihydroxyvitamin D3

or oncostatin M treatment. A stable cell viability result was essential in order to consider

the decrease in ALP activity as a valid result, and not just a reflection of a reduction in

cell viability.

4.3 Materials and Methods

4.3.1 Cell culture

Human mesenchymal stem cells from two different donors (female donor, 21 years old; male

donor, 19 years old) were obtained at passage 2 and were cultured in MesenPRO-RS™

(Life Technologies), a reduced serum (2%) medium formulated to support the growth of

MSCs in culture. The cells were utilised for experiments up to a maximum of 8 passages.

To induce osteogenesis, cells were treated as previously described (chapter 2).

4.3.2 Long-term differentiation under (+)-JQ1 treatment

Both hMSC lines were utilised to assess the effect of (+)-JQ1 over long term differentiation

of four weeks. From earlier dose-response experiments, a long-term dose of 100nM (+)-

JQ1 was derived, lower than the IC50 (IC50 = 218nM) with the aim to have minimal effects

on cell viability. Cells were treated for four weeks and compound was added together with

fresh medium every other day.

4.3.3 RNA extraction and cDNA synthesis

As previously described (subsection 2.4.4). Expression of genes was tested using cDNA

specific primers, targeting housekeeping genes Actin B, GAPDH, osteoblast genes RUNX2,
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Osterix (OSX), bone sialoprotein (IBSP), collagen 1A1 (COL1A1 ), osteocalcin (BGLAP),

osteonectin (SPARC ), and alkaline phosphatase (ALPL). PCR was performed for 40 cycles

of denaturation (95°C for 20s), annealing (95°C for 1s), and extension (60°C for 1min).

The primer sequences can be found in appendix A.2.

4.3.4 Alizarin Red S staining

As previously described (subsection 2.4.7).

4.3.5 Oil Red O staining

Oil Red O is a lysochrome, a fat-soluble dye, used for visualisation of lipids and neutral

triglycerides in cell layers. Cells were washed twice in PBS and fixed in 4% PFA for

20-30mins. Fixative was removed and cells were washed with 60% isopropanol for 5mins

at room temperature. Isopropanol was removed and cells were allowed to dry completely

before Oil Red O solution (8.5mM) was added for 10mins at room temperature. Solution

was removed and cells were immediately washed four times in ddH2O. Lipid deposits were

observed under microscope and plates were scanned.

4.4 Results

4.4.1 The effect of (+)-JQ1 on cell proliferation

Treatment with 100nM (+)-JQ1 for four weeks showed an effect on proliferation of cells in

both mesenchymal stem cell medium (MSC) and complete differentiation medium (+DEX)

(figure 4.5). Cells appeared less dense under (+)-JQ1 treatment, whereas for the cells

without (+)-JQ1 treatment, cell alignment and interlinkage of cells could be observed.
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Up to seven days into treatment, both treated and non-treated cells appeared similar,

however, after 14 days of differentiation or cultivation in MSC medium, a reduction in cell

density in (+)-JQ1 treated cells became apparent. MSC medium was used as a control

to give an indication of the general effect on cell growth and proliferation under (+)-JQ1

treatment. In the controls, a parallel alignment of cells could be observed in MSC medium,

while cells in differentiation medium grew in random orientation.
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Figure 4.5: Bright-field microscopy images showing the effect of 100nM (+)-JQ1 treatment for 4 weeks in
either stem cell medium or osteogenic differentiation medium. Numbers in the middle indicate the day
of the experiment, + and - signs with or without (+)-JQ1 treatment. N ≥ 16 for two different cell lines,
representative images chosen (10x objective).
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4.4.2 The effect of (+)-JQ1 on osteoblastic gene expression

In the process of osteogenic differentiation MSCs lose their stem cell markers and upreg-

ulate expression of osteoblastic genes. Changes in gene expression under treatment with

(+)-JQ1 were assessed by both qPCR and microarray and a set of osteoblastic genes was

analysed. Eleven RNA samples were selected for microarray analysis using the HumanHT-

12v4 Expression BeadChip targeting >47,000 probes. General gene expression profiles and

hierarchical clustering can be found in subsection 4.4.3 and in appendix A.10. With regard

to the osteoblast expression profiles of the utilised MSCs (chapter 2), the usually highly

expressed genes APOD, DARC, OMD, and BMP6 were downregulated under (+)-JQ1

treatment as assessed on day 21 of differentiation. For APOD and DARC, a 40-fold differ-

ence in gene expression was observed. Likewise, osteoblast transcription factor RUNX2,

as well as the main component of mineralised bone matrix, collagen 1, were downregu-

lated. In addition, expression of later osteoblastic markers and matrix proteins such as

periostin and osteocalcin was reduced in (+)-JQ1 treated cells (figure 4.6 and table 4.3).

CADM3 (cell adhesion molecule 3), a gene involved in cell-cell adhesion showed a decrease

by almost 5-fold, suggesting that the difference in cell density might be due to missing

adhesion molecules and lack of matrix formation.
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Figure 4.6: Changes in osteoblast gene expression under (+)-JQ1 treatment. Gene expression was mea-
sured by qPCR on day 7 of differentiation and treatment is shown as comparison to the non-treated
control and normalised to day 1 (stem cell state). Expression of alkaline phosphatase (ALPL), bone sialo-
protein (IBSP), collagen 1A1 (COL1A1 ), osteocalcin (BGLAP), osteonectin (SPARC ), Osterix (OSX),
and RUNX2 are shown. P-values were calculated using One-way ANOVA (Bonferroni post test - *** <
0.001, **<0.01, *<0.05).
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4.4.3 Hierarchical clustering of genes expressed under (+)-JQ1 treatment

Figure 4.7: Hierarchical clustering of all genes reg-
ulated for at least two time points in Dex and Dex
+ (+)-JQ1. By joining or "clustering" similarly ex-
pressed genes into groups of genes that respond sim-
ilarly to treatment can be identified. Here, gene and
sample clustering was carried out. Above each col-
umn, the condition and treatment are indicated. Ex-
pression ranges from green (low) to red (high).

Microarrays are a useful tool to study gene

expression on a genomic scale, generat-

ing a large amount of expression data.

To facilitate dealing with experiments of

this complexity and scope, various analy-

sis tools are available, enabling techniques

such as clustering. Here, a microarray

data analysis tool, MeV: MultiExperiment

Viewer (TM4) and the software R were

used [269, 270]. Hierarchical clustering

identifies genes that are expressed similarly

in response to treatment. Pairs of genes

that are most similar are joined together

one after another until all genes are joined

into one cluster. Known osteoblast marker

signature genes were presented in the pre-

vious section, here a more comprehensive

gene expression analysis is shown. With

the aim to only include stably regulated

genes, only genes regulated more than two-

fold compared to the control at two differ-

ent time points during treatment were con-
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sidered. Time points assessed were day 3, day 7, and day 21 for DEX and DEX (+)-JQ1.

In doing this, 672 genes were included in the cluster analysis. The most obvious differ-

ence in gene expression was observed between cells under MSC treatment compared to

those under dexamethasone treatment, which can be expected with regard to significant

changes in gene expression under differentiation conditions (figure 4.7). Similarly, genes

upregulated at a later stage of differentiation (day 21) showed a distinct expression pattern

compared to earlier time points. Some of these genes might be related to prolonged time

in culture, for instance EFEMP1 (EGF Containing Fibulin-Like Extracellular Matrix Pro-

tein 1) was found, a gene involved in cell adhesion providing and stabilising extracellular

matrix [271]. Cells in MSC medium under (+)-JQ1 treatment showed lower expression of

the genes that were expressed in the control cells, indicating that (+)-JQ1 may also affect

stem cell maintenance. For Dex-induced differentiation, the expression of genes related

to osteogenic differentiation also showed a reduction under (+)-JQ1 treatment. However,

the majority of the genes upregulated by Dex treatment were also regulated in the same

direction under (+)-JQ1 treatment, but to a lower degree (figure 4.7 and table 4.1). It

could also be the case that regulation of genes only occurred at a later time point or at a

slower rate under (+)-JQ1 treatment, leading to a delay in gene expression compared to

the non-treated control. (+)-JQ1 treatment itself led to an upregulation of a number of

genes, which can be seen in more detail in table 4.2.

In order to identify genes that might be specifically upregulated or downregulated due to

(+)-JQ1 treatment, the fifty highest upregulated genes for both Dex treatment and Dex

+ (+)-JQ1 treatment were listed separately. Seventeen genes were shared between the 50

highest upregulated genes in Dex and Dex + (+)-JQ1. The complete microarray dataset

can be found in appendix A.10.
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Table 4.1: 50 highest upregulated genes in DEX compared to gene expression in MSC, MSC + (+)-JQ1, and
DEX + (+)-JQ1 for day 3, 7, and 21. Expression ranges from green (low) to red (high). MSC, mesenchymal
stem cell medium; DEX, complete osteogenic differentiation medium containing dexamethasone; +JQ1,
addition of (+)-JQ1.

As discussed above, it appeared that many of the normally upregulated genes under Dex

treatment were also upregulated under Dex + (+)-JQ1 treatment, however, there seemed

to be a slight delay in gene expression as well as a lower general expression level (table

4.1). Generally speaking, (+)-JQ1 treatment, led to an increase in expression of a number

of genes that were not expressed to the same level in the control cells. As it can be seen in

table 4.2, the gene with the highest expression under (+)-JQ1 treatment, SAA1 (serum

amyloid A1, a member of the serum amyloid A family of apolipoproteins) was upregulated

by almost three-fold under (+)-JQ1 treatment compared to Dex alone. The SAA family

of proteins represents major acute phase reactants in response to inflammation and tissue
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injury. Prolonged expression or overexpression of SAA1 has been reported to potentially

play a role in degenerative diseases such as rheumatoid arthritis (RA) [272]. IFITM1

(interferon-induced transmembrane protein 1) was another highly upregulated gene un-

der dexamethasone (51.57-fold) and dexamethasone + (+)-JQ1 treatment (36.52-fold).

In human alveolar-derived bone marrow stromal cells (AD-BMSCs), IFITM1 increases

osteoblast differentiation through RUNX2 and its knockdown was reported to lead to a

decrease in bone specific markers such as ALP, collagen type 1A1, bone sialoprotein, os-

teocalcin, Osterix, and to a reduction in calcium accumulation [273]. This decrease in

IFITM1 induction under (+)-JQ1 treatment might involve a similar mechanisms in bone

marrow-derived stem cells as utilised here. The third highest expressed gene under (+)-

JQ1 treatment, IGFBP2 (insulin-like growth factor binding protein 2), was also the tenth

highest under Dex treatment. IGFBP2 is a member of the highly conserved family of

IGFBPs regulating the effects of IGFs. IGFBPs circulate or reside locally in the extracel-

lular space including the bone marrow micro-environment. IGFBP2 was shown to increase

during rapid neonatal growth and at the time of peak bone acquisition, and Kawai et al.

postulated that IGFBP2 increases bone mass through the activity of its heparin-binding

domain (HBD) [274, 275]. Interestingly, IGFBP2, as well as a number of other genes in

this table (TPD52L1, EPDR1 ; table 4.2), are known to be involved in calcium-dependent

processes and signalling, and were higher expressed under Dex + (+)-JQ1 treatment. (+)-

JQ1 could potentially interfere with the mineral deposition capacity of osteoblastic cells,

leading to excess calcium in the matrix. On this basis, the mineralisation potential of

(+)-JQ1 treated cells will be assessed in the next section.
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Table 4.2: 50 highest upregulated genes in Dex + (+)-JQ1 compared to gene expression in MSC,
MSC+JQ1, and DEX for day 3, 7, and 21. Expression ranges from green (low) to red (high). MSC,
mesenchymal stem cell medium; DEX, complete osteogenic differentiation medium containing dexametha-
sone; +JQ1, addition of (+)-JQ1.

As discussed in subsection 4.4.2, osteoblast-related genes normally expressed during Dex-

induced differentiation were downregulated under (+)-JQ1 treatment, as shown in the

previous graphs and summarised here in table 4.3. The microarray analysis was in ac-

cordance with results obtained by qPCR analysis. Interestingly, genes involved in the

interplay of osteoblast and adipose tissue showed an increase in expression with (+)-JQ1

treatment. Transcript variants of the leptin receptor (LEP-R) were highly upregulated

by Dex + (+)-JQ1 compared to Dex alone (table 4.3), whereas leptin levels were only

slightly higher. Leptin induced signalling requires the transcription factor signal trans-

ducer and activator of transcription 3 (STAT3), and STAT3 itself was also upregulated
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during (+)-JQ1 treatment.

������� �	
��
 ���������� ��������� ���

���

���

���

����

���

���

����

����

���

����

����

����

����

����

������� �
�
 ���	
��
��	��	��
��
���
�	�	������������
�����
�������������	
� ��
���	��	
�����!"#�� #$%���&'(�� ���) ��)& �'�(* ��'� *�*) ���'

���)* ���� ���	
��
��+,--��������.��,
�� ��!���
���� �
�����+�"/�����	
� ��
���	��	
��*��!"#�� #$%��*����* ���* ��(� &��)� ���� ���� (���

'�����& ���� ���	
��
��	
���
�
�����
�+����0+���!"#�� #$%����&'�* ��*( *�*) &���) ���* ���* ��)�

�&��&&� ���
� ���	
��
�� ����	������
�!��� ,������/�+$����!"#�� #$%�*��()�* ���� '�*& ����� ���� ��*) �����

&���*&� �
� ���	
��
�������!��,��
��0$+���!"#�� #$%�����&�� *��& *��( ���) ���� ��)� ���*

���*&� ����� ���	
��
��
�������
���������	����
� �-� �-	 ������012#���!"#�� #$%���&'��� ���& ���' ��&� ��(� ���� ����

�)(���& �
�� ���	
��
����
��!��
��.�
��� �
�����
����3$�����!"#�� #$%���'�(�& ���* '��� *��� *�() &��' &�*�

�)���&* ��
��� ����	
��
�� ���	.�
����
��4��	�
�	����/0�������!"#�� #$%����((�� ��)� ���( ��)& ��)� ���� ���*

*�(��(* 
��� ���	
��
����
��
��� �
������5�"�����	
� ��
���	��	
��*��!"#�� #$%�������')�� ��*& *��� '�&& ��&' ��)' *��&*

�)&��)� 
��� ���	
��
����
��
��� �
������5�"�����	
� ��
���	��	
��*��!"#�� #$%�������')�� ���& ��*� *��� ���( ���& ���*

�&��'&' 
��� ���	
��
����
��
��� �
������5�"�����	
� ��
���	��	
�����!"#�� #$%��*����� ���� ���( ��'� ���� ���* *�'*

�&(��&( 
��� ���	
��
����
��
��� �
������5�"�����	
� ��
���	��	
��*��!"#�� #$%�������')�� ���' ��*' *��� ���( ��'� &��'

�)&���� 
��� ���	
��
����
��
��� �
������5�"�����	
� ��
���	��	
�����!"#�� #$%�������(��� ���( ���* *�(& ���� *�*� '���

Table 4.3: Fold changes in gene expression of bone-related genes under (+)-JQ1 treatment. Gene expression
on day 3, 7, and 21 normalised to day 1 is shown. +JQ1 indicates (+)-JQ1 treatment. Gene expression
range is indicated by colour change green (low) to red (high).

When the microarray data was subjected to the previously mentioned IPA analysis, an

interesting finding was made: under (+)-JQ1 treatment, the second largest network calcu-

lated was “Lipid Metabolism, Small Molecule Biochemistry, Developmental Disorder” (ta-

ble 4.4). 22 genes upregulated under Dex + (+)-JQ1 treatment were part of this network as

shown in figure 4.8. Furthermore, looking at canonical pathways involved, “PPARa/RXRa

Activation” turned out to be the third most likely one, a pathway that did not come up

under Dex treatment alone (table 4.9). The left part of the network (figure 4.8), including

peroxisome proliferator-activated receptor alpha (PPARα), acetyl-coenzyme A acyltrans-

ferase 1 (ACAA1), acyl-CoA dehydrogenase family member 11 (ACAD11), solute carrier

family 27 (fatty acid transporter) member 1 (SLC27A1), as well as cytochrome B5 re-

ductase 3 (CYB5R3), represents the lipid metabolism part of the network, whereas the

right part involves genes that are known to be upregulated in response to oxidative stress.

Treatment with (+)-JQ1 and the observed change in proliferation could indeed be related

to a stress-response, and the upregulation of genes such as glutathione S-transferase kappa
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1 (GSTK1), aldo-keto reductase family 1 member C3 (AKR1C3), NAD(P)H dehydroge-

nase quinone 1 (NQO1), amongst others, indicate the involvement of a cellular defence

mechanism (table 4.9). Genes upregulated in this pathway can be seen in table 4.5.

ID Molecules in Network Score Focus Molecules Top Diseases and Functions
1 ALDH, ALDH3A2, ALDH3B1,

ALDH4A1, ALDH6A1, ALPL,
AMPK, ARL6IP5, BNIP3L,
DHRS3, DUSP1, EIF4A2, FKBP5,
FSH, GDE1, ITPK1, LEPR,
LEPROT, Lh, LRRC32, Mapk,
MT1X, PC, Pde, PDE5A,
phosphatase, PLCE1, PPAP2A,
PRUNE2, RNASET2, STOM,
STRADB, TNS3, TPD52L1,
TPRA1

46 28 Hereditary Disorder, Neurological Disease, Carbohydrate Metabolism

2 ACAA1, ACAD11, ADM,
AKR1C3, AKR1C4, Aldose
Reductase, BBS1, BBS2, BCAT2,
BRE, CYB5R3, DCXR, GFPT2,
glutathione peroxidase, GPX4,
GST, GSTA4, GSTK1, MUC1,
NADH or NADPH:quinone
oxidoreductase, NFkB (complex),
NGFRAP1, NQO1, OSBPL10,
peptidase, PI3K (family),
PPARα-RXRα, PXR
ligand-PXR-Retinoic acid-RXRα,
RNF141, SLC27A1, SLC2A5,
SLC2A6, T3-TR-RXR, UBA7,
VGLL3

39 25 Lipid Metabolism, Small Molecule Biochemistry, Developmental Disorder

3 20s proteasome, BCR (complex),
C1q, CFH, CYBRD1, Cyclin A,
DCN, DDIT4, DECR2, E2f,
EPAS1, FHL1, FOS, GAMT,
GBA, GOT, HIST1H2AC,
LAMP2, LPCAT3, NCK, NFIL3,
NIPSNAP1, OMA1, OPTN, p70
S6k, Pias, PTX3, Rab11,
SELENBP1, Sos, STAT1/3/5
dimer, TUBB2B, TXNIP, ZBTB16,
ZMYM6

34 23 Renal and Urological Disease, Cardiovascular Disease, Pulmonary Hypertension

Table 4.4: The three top gene networks under Dex + (+)-JQ1 treatment as calculated by IPA. To rank
the networks, a score is computed according to the fit of that network to the genes that were uploaded.
The score is derived from a p-value and indicates the likelihood of the focus genes in a network being found
together by random chance. The p-value is calculated using Fisher’s exact test.
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Figure 4.8: Network “Lipid Metabolism, Small Molecule Biochemistry, Developmental Disorder”, compris-
ing 22 genes upregulated during Dex + (+)JQ1 treatment as shown in red. Network of potentially interact-
ing proteins was identified and placed into node-edge diagrams comprised of focus molecules (microarray-
identified genes) and other interacting molecules. A direct relationship between two genes is indicated by
a solid line, whereas an indirect relationship is indicated by a dashed line.

Gene symbol Entrez Gene Name Fold Change Location Type(s)
ABCA1 ATP-binding cassette, sub-family A (ABC1), member 1 4.69 Plasma Membrane transporter
ACAA1 acetyl-CoA acyltransferase 1 2.07 Cytoplasm enzyme
ADCY4 adenylate cyclase 4 4.3 Plasma Membrane enzyme
ADCY9 adenylate cyclase 9 2.1 Other other
MAPK3 mitogen-activated protein kinase 3 2.28 Other other
NFKBIA nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha 2.26 Cytoplasm transcription regulator
PLCD1 phospholipase C, delta 1 2.21 Cytoplasm enzyme
PLCE1 phospholipase C, epsilon 1 2.48 Cytoplasm enzyme
RRAS related RAS viral (r-ras) oncogene homolog 2.3 Cytoplasm enzyme

SLC27A1 solute carrier family 27 (fatty acid transporter), member 1 2.58 Plasma Membrane transporter
SMAD3 SMAD family member 3 3.25 Nucleus transcription regulator
TGFBR3 transforming growth factor, beta receptor III 3.47 Plasma Membrane kinase

Table 4.5: Genes included in the canonical pathway “PPARa/RXRa Activation” as derived from microarray
data and calculated by IPA. Gene expression values are shown as fold change, and type of gene and cellular
location are indicated.

4.4.4 (+)-JQ1 inhibits bone matrix mineralisation

One of the key factors that determines why bone can form its rigid structure is the hard-

ening of the matrix, accomplished primarily by deposition of inorganic hydroxyapatite

(Ca5(PO4)3(OH) and organic collagen. The matrix also contains various growth factors
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Ingenuity Canonical Pathways -log(p-value) Ratio Molecules
Aryl Hydrocarbon Receptor Signalling 4.77E00 8.07E-02 FOS, CTSD, ALDH4A1, ALDH3A2, GSTA4, MAPK3, HSPB2,

NQO1, NFIB, ALDH3B1, ALDH6A1, CYP1B1, GSTK1
NRF2-mediated Oxidative Stress Response 3.49E00 6.77E-02 RRAS, MAPK3, GSTA4, ACTA2, NQO1, FOS, CAT, AOX1,

FKBP5, PRKD1, FTH1, GSTK1, EPHX1
PPARα/RXRα Activation 3.25E00 6.28E-02 PLCD1, ADCY9, PLCE1, NFKBIA, ACAA1, RRAS, MAPK3,

ADCY4, SMAD3, TGFBR3, SLC27A1, ABCA1
Sphingosine-1-phosphate Signalling 2.99E00 7.5E-02 PLCD1, ADCY9, NAAA, PLCE1, MAPK3, ADCY4, SMPD1,

FNBP1, PDGFRB
UVA-Induced MAPK Signalling 2.96E00 8.7E-02 PLCD1, BCL2L1, FOS, PLCE1, RRAS, MAPK3, SMPD1, STAT1
Molecular Mechanisms of Cancer 2.96E00 4.76E-02 ADCY9, FYN, LRP5, BMP4, APH1B, RRAS, MAPK3, ADCY4,

SMAD3, SMAD6, HIF1A, BCL2L1, FOS, NFKBIA, BMP6, FNBP1,
PRKD1, BMP1

Oncostatin M Signalling 2.93E00 1.43E-01 EPAS1, RRAS, MAPK3, PLAU, STAT1
BMP signalling pathway 2.8E00 8.75E-02 ZNF423, BMP4, RRAS, MAPK3, SMAD6, BMP6, BMP1

UVC-Induced MAPK Signalling 2.51E00 1.19E-01 FOS, RRAS, MAPK3, SMPD1, PRKD1
TGF-β Signalling 2.44E00 7.87E-02 ZNF423, FOS, BMP4, RRAS, MAPK3, SMAD3, SMAD6

Figure 4.9: Overview of canonical pathways affected by BET protein inhibition: The most statistically
significant canonical pathways identified in the microarray data of Dex + (+)-JQ1 treatment. Upper
figure, Pathways are ranked according to their p-value (-log) (blue bars) and the ratio of list genes found
in each pathway over the total number of genes in that pathway (ratio, orange squares). The threshold
line corresponds to a p-value of 0.05. The ratio is calculated as the number of genes in a given pathway
that meet the cut-off criteria, divided by total number of genes that make up that pathway. Lower table,
List of canonical pathways and corresponding molecules.
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such as osteocalcin, osteonectin, osteopontin, bone sialoprotein and glycosaminoglycans

(GAGs). The matrix is first laid down as unmineralised osteoid secreted by osteoblasts,

which mineralises once osteoblasts start secreting vesicles containing alkaline phosphatase.

The vesicles serve as calcification sites for the bone matrix, while the enzyme activity pro-

vides phosphate groups and thereby allows their deposition. Accumulation of inorganic

phosphate and Ca2+ lead to the formation of hydroxyapatite. The differentiation medium

used in this work is supplemented with two components that support mineralisation -

ascorbic acid and beta-glycerophosphate. The latter serves as a source of phosphate,

while ascorbic acid is a known co-factor for assisting in collagen synthesis [276].
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Figure 4.10: Alizarin Red S staining for calcium detection on human bone marrow-derived MSCs undergo-
ing osteoblast differentiation with or without (+)-JQ1 treatment (100nM). Representative images chosen
for day 14 to day 28. N = 4

Mineralisation can be assessed by a number of methods including Alizarin Red S and

Von Kossa staining. Alizarin Red S (ARS) staining determines the presence of calcium

deposition, while Von Kossa staining detects phosphate using a precipitation reaction in

which silver ions react with phosphate in the matrix [277–279]. Alizarin Red S staining
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was chosen for this work as it can not only be visualised under the microscope but is

also versatile since the dye can be extracted from the stained monolayer and assayed by

colorimetric detection at 405nm. Under treatment with (+)-JQ1 for four weeks, an inhi-

bition of matrix mineralisation at all stages of osteogenesis was observed. Human MSCs

treated with Dex showed first indications of mineralisation at 14 days after induction,

with maximal mineralisation observed at day 28. Under (+)-JQ1 application almost no

calcium deposition was observed in both mesenchymal stem cell lines used (figure 4.10 A).

Quantification of ARS staining by acetic acid extraction of calcium yielded a significant

decrease (p < 0.01) for day 28 of differentiation (figure 4.11 B).

� �

Figure 4.11: Alizarin Red S quantification by acetic acid extraction from human bone marrow-derived
MSCs undergoing osteoblast differentiation with or without (+)-JQ1 treatment on day 14, 21, and 28 (A).
The dye was extracted and determined by measuring absorbance at 405nm (B). P-value calculated by
unpaired t-tests; **<0.01. Representative duplicate images chosen for day 14 to 28. N= 4
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Figure 4.12: Oil Red O staining of human bone marrow-derived MSCs undergoing dexamethasone-induced
osteoblast differentiation with or without (+)-JQ1 treatment for four weeks. Representative images chosen
for day 14 to day 28.

4.4.5 Oil Red O staining to determine adipogenic differentiation potential

Human MSCs have the potential to differentiate into three main lineages - osteoblasts,

adipocytes, and chondrocytes. As outlined in the introduction, the lineage determination

is tightly regulated.

In the previous sections findings that could potentially point towards an imbalance of or

even shift from osteogenesis were discussed. To test whether the restricted mineralisation

potential of cells treated with (+)-JQ1 might be due to a treatment-caused shift in lineage

determination towards adipogenesis, Oil Red O staining was carried out. No obvious lipid

staining could be observed, however, under the microscope a small number of lipid deposits

could be seen in the (+)-JQ1 treated cells, particularly on day 14 (figure 4.12).
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4.4.6 (+)-JQ1 treatment of primary bone marrow-derived patient cells

All the above findings were made in homogeneous, commercially available primary mes-

enchymal stem cell lines undergoing differentiation. In order to validate these in primary

patient cells, a bone marrow sample from a male patient (age 55) with osteoarthritis un-

dergoing a total hip replacement was kindly provided by Dr. Philippa Hulley (NDORMS).

The cells were obtained from the Oxford Musculoskeletal BioBank (OMB) and collected

with informed donor consent in full compliance with National and Institutional ethical

requirements, the United Kingdom Human Tissue Act, and the Declaration of Helsinki.

The cells were previously shown to express alkaline phosphatase and form bone nodules

(personal communication with Allahdad Zarei, unpublished data). Cells were seeded at

30,000 cells per well in a 48 well plate and cultured for four weeks until confluency was

reached. DEX differentiation medium was applied and (+)-JQ1 was added for seven days

at six different doses ranging from 0 to 3.3µM. After seven days of differentiation cell

viability was measured using Presto Blue® and protein lysates were collected. Protein

concentration was determined using the Pierce BCA Protein Assay (Thermo Scientific)

and 10µl of lysate was used for the alkaline phosphatase assay (figure 4.13).
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Figure 4.13: (+)-JQ1 treatment of primary cells. (+)-JQ1 doses applied are shown on the x-axis. a, Cell
viability as measured by Presto Blue® after seven days of differentiation, fluorescence measurement values
are shown on the y-axis. N = 4. b, Protein levels as measured by protein assay. Protein concentration
in µg/ml is plotted on the y-axis. N = 3 (technical replicates shown). c, Alkaline phosphatase activity
was measured at 120mins after substrate addition, and alkaline phosphatase product 4-MU in µg/ml
normalised to total protein content is plotted on the y-axis. N = 3 (technical replicates shown); p-values
were calculated using One-way ANOVA (Bonferroni post test - *** < 0.001, **<0.01, *<0.05).
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Cell viability was observed to drop in a dose-dependent relation, whereas total protein

levels remained constant over a range of concentrations until decreasing to almost half of

the control levels at concentrations over 1µM (figure 4.13). With regard to cell viabil-

ity concentrations over 1µM were not further considered. Alkaline phosphatase activity

showed a significant decline at 40nM and a reduction by almost half at 370nM (figure 4.13).

Again, to ensure that the reduction in ALP activity was not simply due to a decrease in

cell number, the activity was normalised to the total protein concentration measured for

the sample. These findings were in accordance with the results obtained in commercially

available MSC lines, showing that the effect of (+)-JQ1 on ALP can also be reproduced

in patient primary cells.

4.5 Conclusion and discussion

Follow-up studies on BRD4, identified in the initial screen as inhibitor of osteoblast for-

mation, were performed using a chemical biology approach. Various compounds were

available for use in experiments, with (+)-JQ1 being the most potent one; in addition, an

inactive stereoisomer of the compound allowed rigorous assessment of on-target effects. In

the shRNA screen BRD4 did not meet all selection criteria to be automatically selected

as a hit, however, it was manually identified after taking additional selection criteria into

account such as extent of change in alkaline phosphatase activity, consistence in hairpins

and duplicates, etc. (for all criteria see subsections 3.3.5 and 3.3.9). Two hairpins (hair-

pin 1 and 5) showed a decreasing effect on alkaline phosphatase activity with almost no

effect on cell viability. The selection of available compounds (including (+)-JQ1, I-BET,

PFI-1, and bromosporine) used to inhibit the BET protein family member also showed a

reduction in alkaline phosphatase activity, however with a dose-dependent effect on cell
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viability. In addition, the fact that the (-)-JQ1 stereoisomer did not decrease ALP activ-

ity supported the specific effect of the (+)-JQ1 compound (for (-)-JQ1 dose-response see

appendix A.9). The cell viability issue was overcome by obtaining a dose-response for (+)-

JQ1, leading to the concentration of choice (100nM) for long-term treatment. A reduction

in gene expression for a set of osteoblast genes was observed in qPCR and microarray

experiments. RUNX2, BMP6, ALPL, BGLAP, SPARC, APOD, DARC, OMD, COL1A1,

periostin (POSTN ), and IBSP showed a reduced expression under (+)-JQ1 treatment,

with up to 40-fold changes. In contrast, expression of genes involved in adipogenesis

showed an increase in expression levels, indicating that BRD4 might constitute an im-

portant switch between osteoblast and adipocyte cell fate. In addition, matrix formation

and mineralisation were impaired under BET protein inhibition, with (+)-JQ1 treatment

leading to a significant decrease in calcium deposition as assessed by ARS staining and

quantification. The effect of (+)-JQ1 was also tested on primary cells obtained from a

bone marrow sample and confirmed the decreasing effect on alkaline phosphatase activity.

Overall, BRD4 proved to be a reliable hit with different knockdown and inhibition tech-

niques leading to consistent results in reduction of ALP activity. However, an important

point to consider was the associated reduction in cell viability. We had to ensure that the

decrease in alkaline phosphatase activity under compound treatment was not simply due

to a decrease in cell viability and proliferation. To try to avoid this we determined a dose

that did not impair cell viability, here a dose of half the IC50 value was applied. Also,

by allowing cells to grow to confluency before inducing differentiation, cell proliferation is

expected to remain minimal throughout the treatment time. After differentiation induc-

tion, cells transition into the differentiation phase very quickly and stop proliferating. In

addition, for all experiments the cell viability was assessed before ALP activity was mea-
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Bromodomain KD/nM (ITC) Tm shift °C
BRD2 (1) 128±6.5 6.5 ± 0.1
BRD2 (2) nt 8.0 ± 0.01
BRD3 (1) 59.5 ± 3.1 8.3 ±0.1
BRD3 (2) 82.0 ±5.3 8.4 ± 0.01
BRD4 (1) 49.0 ± 2.4 9.4 ± 0.07
BRD4 (2) 90.1 ± 4.6 7.4 ± 0.1
BRDT (1) 190.1 ± 7.6 3.9 ± 0.1
BRDT (2) nt nt
CREBBP nd 1.0 ± 0.1

Table 4.6: (+)-JQ1 selectivity within BET protein target family. Both bromodomains for each family
member are shown (BD(1) and BD(2)). Dissociation constants (KD) as measured by isothermal titration
calorimetry (ITC) and thermal shift assay results are presented. nt=not tested, nd=not detected. Adapted
from http://www.thesgc.org/chemical-probes/JQ1

sured, allowing normalisation of enzyme activity to cell viability. In some cases when also

the protein concentration was determined, ALP activity was normalised to total protein

content. Generally speaking, the cell viability seemed to be more negatively affected when

treating with compounds than with shRNA. This could be due to downstream effects of

the BRD4 inhibition, but could also be caused by the fact that the compounds are target-

ing all BET proteins (although with different efficiencies) whereas the knockdown was only

targeting BRD4 or other single members of the BET protein family. This was another

factor we had to consider – is the effect we were seeing with (+)-JQ1 treatment due to

specific BRD4 inhibition or could it also be caused by another member of the BET protein

family such as BRDT? BRDT is the testis-specific bromodomain protein and is located

on chromosome 1, thus also expressed in females. In the shRNA screen, two hairpins for

BRDT also showed a decreasing effect on alkaline phosphatase activity in dexamethasone-

induced differentiation. However, the selectivity for (+)-JQ1 was previously published and

the compound was shown to have a higher affinity for BRD4, especially towards its first

bromodomain BD1 (table 4.6) [151].

Nevertheless, this does not exclude BRDT as a potential target or “participant” in the
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observed effect. Interestingly, the International Mouse Phenotyping Consortium (IMPC)

recently published data on a Brdt homozygous knockout mouse, showing a “skeleton phe-

notype” for both sexes. The knockout showed a decreased number of lumbar vertebrae as

well as an increased number of sacral vertebrae. Moreover, vertebral transformation was

observed for these mice, a process that can occur between spinal morphological segments

(for Brdt knockouts transformation of L6 to S1, C7 to T1, T7 to T8, and TX to L1). It

is also called transitional vertebrae as one vertebra has indeterminate characteristics and

features of vertebrae from adjacent vertebral segments. In humans, this type of abnormal-

ity is quite common, with a reported prevalence of 4%–30%, and the majority of patients

are asymptomatic. Lumbosacral transitional vertebrae in the lower back are sometimes

associated with back pain and sciatica, however [280]. These findings in mice would sug-

gest that Brdt is involved in generating a “normal” skeleton phenotype, however, the

abnormalities are very specific for certain bone types and do not point towards a general

role of BRDT in mesenchymal stem cell differentiation, osteoblast maturation, and bone

formation. The stage of differentiation at which an epigenetic modulator might play a

role is another interesting aspect and could make an important difference to experimental

findings. If a modulator is directly targeting for instance the main osteoblast transcription

factor RUNX2, does this imply that it only needs to be affected once in order to start or

inhibit the differentiation process? If it is on the other hand regulating the transcription of

a “secondary” gene, for example a matrix protein, does the modulator need to be inhibited

throughout the differentiation time? For BRD4, this was an important assumption to be

made - as bromodomains are “reader” domains and selectively recognise acetylated lysine

(Kac) residues on histones without changing them. Does BRD4 change one initial pro-

cess or reaction, or do bromodomains play a permanent role in osteoblast differentiation?

155



Could the lack of matrix mineralisation as shown here be due to a constant inhibition of

certain matrix protein gene transcription and expression? For this chapter, we decided to

apply (+)-JQ1 throughout the differentiation time to constantly inhibit BRD4. The com-

pound was refreshed every other day to avoid loss of effect due to compound instability.

Not knowing how exactly BRD4 is regulating osteoblast transcription or even where it is

binding at chromatin sites, it is difficult to assess whether the effect on osteoblast differ-

entiation and matrix formation is direct or indirect. Available genome analysis tools were

used to identify potential binding sites for BRD4 on genes in mesenchymal stem cells or

cells undergoing differentiation. For RUNX2, a potential binding site could be identified,

however only for transcript variant 3. Eventually only chromatin immunoprecipitation

(ChIP) analysis will allow assignment of exact binding sites for BRD4, an analysis that is

still ongoing for this work. A recent publication showed that BRD4 does bind to H3K27

acetylated rich sites on RUNX2, but not in the promoter region [281].

The changes in gene expression that were observed under (+)-JQ1 treatment showed a

reduction in expression for a number of osteoblast-related genes. Although the reduction

in the key osteoblast transcription factor RUNX2 itself could theoretically be sufficient

to inhibit differentiation, other key genes such as BMP6 showed a decrease in expression

levels. Both these proteins can induce the transcriptional program required for osteogenic

differentiation, thus BRD4 inhibition could potentially occur via multiple different path-

ways. Another interesting gene is the extracellular matrix component periostin (POSTN),

which was shown to modulate cell adhesion, proliferation, and differentiation, as well as

cell–matrix interaction by binding to cell surface receptors [282]. Its involvement in colla-

gen folding and cross-linking is crucial for matrix assembly and therefore bone strength.

Under (+)-JQ1 treatment, periostin expression was virtually abolished, which is another
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factor that may explain the lack of matrix formation and mineralisation. Marker genes

for all stages of osteoblast differentiation, early alkaline phosphatase (4-fold downregu-

lation), mid-stage marker bone sialoprotein (16-fold) as well as late marker osteocalcin

(13-fold) showed a reduction in expression under (+)-JQ1 treatment. This suggests a con-

sistent downregulation of osteoblast differentiation. As seen in the hierarchical clustering,

many other genes not directly related to osteoblast differentiation were also shown to be

downregulated under (+)-JQ1 treatment. This could however also be due in part to a

change in proliferation and cell cycle, especially in the case of MSCs where treatment with

(+)-JQ1 delayed expression of some osteogenic genes. On the other hand, a number of

genes that were upregulated under (+)-JQ1 treatment pointed to a role of calcium ion

processes including cell signalling, adhesion and binding. IGFBP2, TPD52L1, EPDR, as

well as SVEP1 seemed to more highly expressed under (+)-JQ1 treatment and one could

speculate if the lack of mineralisation and calcium depositions as shown by ARS staining

is leading to a compensation mechanism for the usage of calcium. A reduction of alka-

line phosphatase and the subsequent lack of phosphate ions could potentially lead to an

abundance of free calcium without calcification sites to attach to.

Another interesting finding was the upregulation of a range of genes characterising lipid

metabolism and adipose signalling pathways (canonical pathway “PPARa/RXRa Activa-

tion”). The 3-fold upregulation for each of the transcript variants of the leptin receptor

(LEPR) appears significant, whereas leptin itself, a 16kDa adipokine secreted by adi-

pose tissue, was only slightly elevated during (+)-JQ1 treatment. STAT3, a downstream

target of leptin receptor signalling, also showed an increase in expression, however, this

could also be happening through other cellular signals, such as other cytokine-induced sig-

nalling. Leptin receptor signalling has been shown to play a role in osteoblast regulation,
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as osteoblasts express the long and short forms of the leptin receptor whose activation gen-

erates the aforementioned signal transduction via STAT3 phosphorylation. The addition

of leptin to human marrow stromal cells was reported to enhance their osteoblast differ-

entiation potential and inhibit differentiation into adipocytes [205]. However, in knockout

animal models for leptin or leptin receptor deficiencies, reports are contradictory. Step-

pan et al. reported a decrease in bone mineral density (BMD) for mice lacking leptin,

suggesting a supporting effect of leptin on bone [283]. Ducy et al. analysed two knockout

models for both leptin and the leptin receptor, and both mutant mice had an increased

bone formation, suggesting leptin as an inhibitor of bone formation [284]. Therefore, the

role of leptin and its receptor still remains to be elucidated, as well as their involvement

in response to (+)-JQ1 treatment. It could be speculated that (+)-JQ1 treatment is

not simply inhibiting osteogenesis but actually promoting adipogenesis. That said, Oil

Red O staining data (for day 14-28) did not directly support a switch to adipogenesis

as only small lipid deposits could be observed. However, with medium supporting os-

teoblast development a clear change to adipogenesis cannot be expected. It is conceivable

that under latent differentiation choices, as observed between osteoblasts and adipocytes,

MSCs that are prevented from one lineage might choose another, closely related lineage

if forced by compound treatment. (+)-JQ1 treatment might close the door to one lineage

but open another one. This is a possibility that needs to be thoroughly assessed, as with

regard to potential tissue engineering applications trans-lineage-differentiation of cells is

not necessarily desired. An elegant way to address this question would be the use of mass

cytometry, a single-cell multiparametric protein detection technology. Generally similar to

flow cytometry and fluorescence-activated cell sorting (FACS), the antibodies used in this

process are labelled with isotopic probes, allowing simultaneous measurement of a wide
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range of parameters without causing any spectral overlap. Applying this method to test

different epigenetic modulator targeting compounds on mesenchymal stem cells and assess

their effect on lineage determination by investigating a set of antibodies for each lineage

(adipogenic, chondrogenic, and osteogenic markers) could be an elegant way of answering

this question.

Some of the tools used in this study in order to assess lineage determination have their

limitations. As discussed in chapter 3, the alkaline phosphatase assay is an easy-to-use

assay giving an indication of early osteoblastogenesis. However, ALP is also expressed in

other cell types, although to a lower level, and therefore not unique to osteoblasts. In our

case this did not pose a problem as most of the work was carried out on commercially

available and validated cell lines of human mesenchymal origin, thus limiting the risk of

mixed populations of cells. For candidate genes, the initial alkaline phosphatase assay was

also followed by a thorough assessment of other bone markers. Nonetheless, when primary

cells are used, mixed populations of cells can involve the risk of contamination by other

cell types also expressing ALP, for instance fibroblasts [285].
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5 The effect of lysine-specific demethylase 1A (KDM1A) on

human mesenchymal stem cell differentiation and murine

bone development

Lysine (K)-specific demethylase 1A was discovered by Shi et al. in 2004 [131], followed

shortly by others [132], demonstrating the ability of the amine oxidase KDM1A/LSD1

to demethylate lysine 4 on histone H3 in a flavin adenine dinucleotide (FAD)-dependent

reaction. In the beginning of this chapter, a brief summary of the data on KDM1A

obtained in the shRNA screen followed by a literature review will be given. As main

results, the work on human mesenchymal stem cells treated with a KDM1A inhibitor, as

well as on a mouse model carrying a transgenic mutation of Kdm1a will be presented.

5.1 Background

KDM1A and its paralog KDM1B are both FAD-dependent amine oxidases, which act only

on mono- and dimethylated lysine residues. KDM1A (also referred to as LSD1) can act

on mono- and dimethylated H3K4 and H3K9, and KDM1B (also referred to as LSD2)

acts only on mono- and dimethylated H3K4 [131,132]. KDM1A is known to work within

several chromatin modifying deacetylases complexes, though its intrinsic function is a

demethylase activity [286]. It has been shown to interact directly with several proteins

such as CoREST, which enables KDM1A to demethylate nucleosomes and protects it from

proteasomal degradation [287, 288], the androgen receptor (AR), which changes KDM1A

specificity from demethylating H3K4 towards H3K9 [132], and BHC80, which inhibits

(CoREST-)KDM1A mediated demethylation activity [289]. KDM1A co-localises and in-

teracts with Jumonji C (JMJC) domain-containing protein JMJD2C (KDM4C), a his-
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tone tri-demethylase, and both demethylases cooperatively stimulate androgen receptor-

dependent gene transcription [290]. In addition, all three proteins, KDM1A, JMJD2C, and

AR, assemble on chromatin to remove methyl groups from mono-, di- and tri-methylated

H3K9, and thereby taking advantage of their distinct substrate specificities. KDM1A has

also been reported to promote oestrogen receptor activation by demethylating both pro-

moter and enhancer sites [291]. Generally, the ability of KDM1A to demethylate H3K4

as well as H3K9 allows it to function both as a transcriptional co-repressor or co-activator

(figure 5.1).
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Figure 5.1: KDM1A functions in regulation of gene expression. KDM1A acts as a co-repressor by demethy-
lating H3K4me, a specific tag for epigenetic transcriptional activation. Demethylation of H3K9me, a spe-
cific tag for epigenetic transcriptional repression, requires KDM1A as a co-activator. Adapted from [286].

In demethylating H3K4me, a specific tag for epigenetic transcriptional activation, KDM1A

acts as a co-repressor, while for demethylation of H3K9me, a specific tag for epigenetic

transcriptional repression, KDM1A acts as a co-activator. KDM1A has several func-

161



tional regions: a Swi3p, Rsc8p and Moira (SWIRM) domain, an FAD-binding motif,

and an amine oxidase domain (figure 5.2). The combination of these three domains was

predicted to mediate specific protein-protein interactions in the assembly of chromatin-

protein complexes by altering charge distribution between histones and other chromosomal

proteins [292,293].
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Figure 5.2: Domain organisation and crystal structure of KDM1A in ribbon representation with indicated
dimensions (90°-rotated structure is shown on the right). Colours indicate: yellow, SWIRM domain; red,
SWIRM-oxidase connector; blue, oxidase domain; green, helical insertion. Adapted from [292].

Being part of essential chromatin targeting complexes, KDM1A is involved in many pro-

cesses, influencing transcription of target genes as well as regulating DNA methylation and

p53 function [294,295]. It is no surprise that with these multiple mechanisms, overexpres-

sion of KDM1A is implicated in many cancer types promoting carcinogenesis, including

prostate [132,296] and breast cancer [297], non-small cell lung cancer (NSCLC) [298], blad-
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der cancer [299], and neuroblastoma [300]. Although a desired target in cancer therapy,

there is a lack of potent inhibitors of KDM1A. The monoamine oxidase inhibitor tranyl-

cypromine was the first to be reported, however it was shown to lack specificity [301].

In recent years, three companies developed small molecule inhibitors, which are currently

in clinical trials. Oryzon Genomics S.A. has the KDM1A inhibitor ORY-1001 already in

Phase I/IIa trials for acute myelogenous leukemia (AML) [302], while GlaxoSmithKline

has various KDM1A inhibitors in preclinical development to treat AML [303]. Salarius

Pharmaceuticals LLC has a presumably selective KDM1A inhibitor SP-2528 in preclinical

development for cancer [304]. However, considering the functioning of KDM1A in protein

complexes, pan-histone demethylase inhibitors simultaneously targeting Jumonji C and

lysine-specific demethylases, as in the case for JMJD2C and KDM1A, might be more

promising and have already been shown to display higher anticancer activities by leading

to growth arrest and apoptosis [305]. In mice, the targeted whole body deletion of Kdm1a

was reported to result in early embryonic lethality [133]. Foster et al. showed that the gene

is essential for embryonic development in the mouse beyond embryonic day 6.5, possibly

being involved in regulation of expression and appropriate timing of key developmental

regulators. Nevertheless, transcriptional regulation by demethylation does not seem to be

the only role of KDM1A. Only recently it was suggested that KDM1Amight also play a role

in DNA damage response (DDR), by being recruited directly to the site of DNA damage

and resulting in a reduction of H3K4 dimethylation in a KDM1A-dependent manner [306].

5.2 Aim of this study

The work described in this chapter aims at elucidating the mechanisms of the second

selected follow-up gene identified in the shRNA screen in osteoblast differentiation. In
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the screen detailed in chapter 3, knockdown of KDM1A by shRNA led to an increase in

alkaline phosphatase activity of up to 20-fold (figure 3.16). Here, a new small molecule

inhibitor of KDM1A was tested in osteoblast differentiation assays and the expression of

osteoblast-related genes was assessed. Furthermore, a transgenic mouse model of Kdm1a

that became available during this thesis work (kindly provided by Professor Roland Schuele

at the University of Freiburg Medical Center, Germany) was studied to investigate the

effect of Kdm1a on murine bone development, using both phenotypic analysis of bone and

cell-based assays. Interestingly, a study on murine pre-adipocytes had previously shown

that the knockdown of Kdm1a resulted in markedly decreased adipogenic differentiation,

suggesting that Kdm1a is playing a role in the maintenance of methylation status of

adipogenic genes [307]. Based on this information and our own preliminary data from the

shRNA screen, we hypothesise that mice deficient in Kdm1a would have more or denser

bone. Moreover, would transgenic mice with an overexpression of Kdm1a have less bone

or exhibit lower bone mineral density (BMD)?

5.3 Materials and Methods

5.3.1 Mouse tissue preparation

Mice were sacrificed in Freiburg, Germany, where fur was removed and the lower body

parts (not including soft tissue organs) beginning from below the rib cage (from L1 lum-

bar vertebrae) were transferred into Dulbecco’s modified Eagle’s medium (DMEM) and

shipped at 4°C (delivery within 24 hours). The right leg was removed and bones were

isolated and cleaned from soft tissue. The left leg and spine were fixed in formalin for

48 hours and transferred into 70% EtOH for long-term storage and microCT (computed

tomography) scanning (figure 5.3).
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Figure 5.3: Mouse tissue preparation. Images of preparation, from top left to right bottom: Mouse parts
were received and prepared approximately 24 hours after sacrifice. Right leg was removed by rotating out
the femoral head. Bones were isolated and cleaned from tissue. Left leg and spine were fixed in formalin
for 48 hours and then transferred into 70% EtOH for long-term storage and for microCT scanning. Bones
(femur and tibia) from right leg were each cut open at both ends with a sterile scalpel. Using a syringe
bone marrow was gently flushed out applying medium pressure. Bones were then used for cell isolation
from compact bone (bone chips).

5.3.2 Bone marrow flush

Bones (femur and tibia) from right leg were cut open at both ends with a sterile scalpel.

A syringe containing 3ml of basic (mouse) medium (α-MEM containing 10% FBS, 1%

P/S, and 2mM glutamine; see appendix A.1) was attached to one end of the bone and the

bone marrow was gently flushed out by applying medium pressure. Each bone was flushed

approximately three times from each side and all flush contents were gently dispersed into

the medium. Cells were counted using Trypan blue (Life Technologies).
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5.3.3 MicroCT analysis of mouse long bones

Fixed long bones were prepared as described and stored in 70% EtOH. Each mouse leg

was scanned using Skyscan 1174 (Bruker, Belgium) compact microCT scanner, at 50kV,

800µA, 8.3µm isometric voxel resolution, 0.7 degree rotation step, and with a 0.5mm

Aluminium filter. The scans were reconstructed using NRecon software from Skyscan.

Various measurements and selections were made: a trabecular region of interest (ROI) of

160 slices was identified, by drawing to exclude the bone cortex and include trabecular bone

between the growth plate and the diaphysis of the tibia. This represented approximately

1.32mm in length, starting from just below the growth plate. Images were obtained

and 3D parameter analysis was performed using Skyscan CT Analyzer software version

1.9.3.0. Trabecular bone volume was measured by setting a threshold for trabecular bone

of 80 units corresponding to a BMD of 0.32 g/cm3. An assessment of total bone content

was performed by including both cortical and trabecular bone for a region of 3mm in

length, starting from just below the growth plate. Bone volume was measured by setting

a threshold for bone of 80 units corresponding to a bone mineral density of 0.32 g/cm3.

For BMD measurements, a cortical selection of 100 slices was performed, by drawing to

exclude the trabeculae in a region of the diaphysis of the tibia. This represented approx.

0.8mm in length, at a distance of approximately 3.8mm from the growth plate. Images

were obtained and 3D parameter analysis was performed using Skyscan CT Analyzer

software version 1.9.3.0. Cortical bone volume was measured by setting a threshold for

trabecular bone of 100 units corresponding to a BMD of 0.44 g/cm3. Bone volume (BV),

tissue volume (TV), and bone mineral density (BMD) were determined. For an illustration

of different measurement regions see figure 5.4.
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Figure 5.4: MicroCT scan of mouse bones - different measurement areas. Bone volume (BV), tissue
volume (TV), bone mineral density (BMD) and connectivity density were determined in different parts of
the mouse bone. The grey area indicates the selected area.

5.3.4 Isolation and culture of cells from mouse cortical bone

Using a scalpel, bones were broken into small pieces of approximately 2-3mm in size. Bone

fragments were rinsed vigorously in PBS before being incubated in collagenase II solution

(2mg/ml) in serum free DMEM for 1 hour at 37°C in a shaking incubator. Collagenase

solution was decanted and bone fragments were washed twice in DMEM containing 10%

FBS. Bone chips (both femur and tibia from one leg) were plated into one well of a 12

well plate containing medium composed of DMEM, 10% FBS, and 50µg/ml ascorbic acid.

Medium was replaced every other day and at each medium change the bone chips were

moved around the plate. Cells became visible before 5 days of culture. When confluent,

cells were passaged and used for experiments, e.g. alkaline phosphatase assay.
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5.3.5 RNA extraction and cDNA synthesis

As previously described (subsection 2.4.4). Expression of genes was tested using cDNA

specific primers, targeting housekeeping genes Actin B, GAPDH, osteoblast genes RUNX2,

Osterix (OSX), bone sialoprotein (IBSP), osteocalcin (BGLAP), osteonectin (SPARC ),

and alkaline phosphatase (ALPL), and KDM1A. PCR was performed for 40 cycles of

denaturation (95°C for 20s), annealing (95°C for 1s), and extension (60°C for 1min). The

primer sequences can be found in appendix A.2.

5.4 Results

5.4.1 Treatment of human mesenchymal stem cells with a small molecule

inhibitor targeting KDM1A leads to an increase in osteoblast gene ex-

pression

During the course of this work, a small molecule inhibitor from GSK became available

(GSK690, see figure 5.6). The potency of this compound was assessed by a dose-response

experiment on human mesenchymal stem cells. Inhibition of KDM1A for one week with

addition of the GSK690 compound every other day led to an increase in alkaline phos-

phatase activity with no impairment of cell viability up to compound concentrations of

10µM. Indeed, the cell viability increased under inhibitor treatment up to 130% of the

non-treated control (figure 5.5).
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Figure 5.5: Dose response curve using the GSK690 inhibitor. Doses ranged from 0 to 30µM and compound
was applied for one week (added with three media changes). P-values for alkaline phosphatase activity
were calculated using One-way ANOVA (Dunnett’s test - * < 0.05).

Figure 5.6: Structure of the GSK690 inhibitor

When applied to human mesenchymal stem

cells (male and female cell lines) undergo-

ing differentiation for two weeks, treatment

with the inhibitor led to a significant in-

crease of bone sialoprotein (IBSP) and a

2-fold increase in alkaline phosphatase ex-

pression on day 7 of differentiation (figure 5.7). IBSP is a major structural protein of the

bone matrix and constitutes approximately 12% of the non-collagenous proteins in human

bone. With regard to alkaline phosphatase expression and activity (as shown above),

pharmacological inhibition using GSK690 was not as potent as molecular knockdown us-

ing shRNA. The female cell line, as displayed in the lower graph of figure 5.7, also showed

a slight increase of RUNX2 and osteocalcin (BGLAP) expression compared to the non-

treated control as seen on day 7. The target gene KDM1A itself was not affected or only
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showed a slightly higher expression level on day 7.
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Figure 5.7: Osteoblast gene expression under KDM1A inhibitor (GSK690) treatment. Levels of alkaline
phosphatase (ALPL), bone sialoprotein (IBSP), KDM1A, osteocalcin (BGLAP), osteonectin (SPARC ),
Osterix (OSX), and RUNX2 were assessed as indicated on the x-axis and shown as fold changes on the
y-axis. The upper graph shows gene expression on day 7 for two different cell lines (male and female
origin). The lower graph shows gene expression for the female cell line on day 7 and day 14 of treatment.
All changes are shown compared to the non-treated DMSO control. Level of DMSO control is indicated
by dotted line (=1). P-values were calculated using One-way ANOVA (Bonferroni post test - *** < 0.001,
**<0.01, *<0.05).
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5.4.2 The transgenic mouse model of Kdm1a

Transgenic mice overexpressing Kdm1a approximately 2-fold were bred on an FVB back-

ground (personal communication with Roland Schuele). The transgenic mice were gener-

ated using pronucleus microinjection and the transgene is driven by the Rosa26 promoter.

All mice were assigned to different age cohorts in order to allow a matched comparison.

The age difference in the youngest cohort constituted up to four weeks of age, and was

slightly expanded in the older cohorts (table 5.1). In this study, mostly females were used

and it was ensured that all female mice were not previously used for breeding, as this

would affect calcium levels and therefore bone homoeostasis. Two transgenic male mice

were analysed (table 5.1 and figure 5.8), but were not included in other data tables or

figures. Comparing male mice, with naturally more bone than female mice, to female

mice with a transgenic mutation or potential knockout would skew the data; nevertheless

it was useful to get baseline values for male mice bone content.
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Table 5.1: List of transgenic mice and related wild types. Mouse numbers as obtained by collaborator; age
cohorts are indicated by colour – green, younger cohort; yellow, middle cohort; red, older cohort; genotype,
and gender.

5.4.3 Transgenic mice overexpressing Kdm1a show a significant decrease in

trabecular bone volume and bone mineral density

The transgenic mice and their matched controls were grouped into three different cohorts

as it can be seen in table 5.1 and figure 5.8. With an ascending age order from left to right

a decrease in the ratio of BV to TV in the trabecular region could be observed (figure 5.9).

BV/TV represents the ratio (%) of bone volume in comparison to the total tissue volume,

i.e. it indicates the fraction of a given volume of interest that is occupied by mineralised

bone. Conversely, the BV itself, as measured in 3mm bone starting from below the tibial

growth plate, did not show an age-dependent change to such extent (figure 5.8). However,
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Figure 5.8: BV and BV/TV in different mouse age cohorts. Black symbols represent wild type mice,
red symbols represent transgenic mice. In addition, grey symbols are male wild types. Squares represent
BV/TV and triangles represent BV.

when comparing BVs of transgenic mice and wild type mice in the middle-aged cohort,

the transgenic mice showed on average approximately 15% less total bone volume (in

3mm bone) and only a third of the trabecular bone volume (BV/TV) of wild type mice.

Although significance levels (p<0.05) were not reached in other age cohorts, it appeared as

if a similar general trend could be observed (figure 5.9). Only the young cohort showed a

contrasting result with transgenic mice having slightly more trabecular bone volume than

the wild type.
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Figure 5.9: BV and BV/TV values as measured for transgenic and wild type mice. The bone value (BV) is
specified as mm3 and the trabecular bone volume as percentage (BV/TV). P-values were calculated with
unpaired t-tests. * < 0.05

For illustration (figure 5.10), the trabecular region of transgenic mouse 118 and wild type

mouse 119 was rendered using the volume rendering program ImageVis3D (developed by

the NIH/NIGMS Center for Integrative Biomedical Computing (CIBC) at the University

of Utah). The difference in trabecular volume can be seen in figure 5.8.
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Figure 5.10: Three-dimensional rendered images from MicroCT scanned regions of tibial metaphysis
(1.3mm) showed decreased bone volume in the trabecular region of transgenic mice compared to wild
type mice.

5.4.3.1 Assessment of bone mineral density

Bone mineral density is defined as the amount and density of minerals, such as calcium

and hydroxyapatite, in the bone, and correlates with bone strength and its ability to

bear weight. The BMD was measured using a CT scan and expressed as g/cm3. Using

microCT analysis, the BMD can be determined for two different areas: the trabecular

region, containing bone and soft tissue (medullary BMD), or only the calcified bone tissue,

the cortical region (volumetric BMD). Here, only the cortical region was assessed for BMD.

Two reference phantoms with a known mass concentration were used for calibration (0.25

and 0.75 g/cm3). By linking these mass concentrations with measured x-ray attenuation,

a calibration can be made that allows inferring the density from measured attenuation

coefficients. Transgenic mice of the youngest cohort showed a significantly lower BMD

than the wild type controls with means of 0.84 g/cm3 for the wild type and 0.8 g/cm3 for

the transgenic mice. Mice in the middle cohort did not show a similar difference in BMD,

but here only a smaller set of mice could be assessed (figure 5.11).
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Figure 5.11: Bone mineral density measurement of young (left) and middle (right) cohort transgenic mice.
P-values were calculated with unpaired t-tests. * < 0.05

5.4.3.2 Alkaline phosphatase activity measurement in bone chip derived cells

Cells derived from bone chips were cultured in differentiation medium containing dex-

amethasone for one week before being analysed for alkaline phosphatase activity. When

plotted against the bone mineral density of the same mouse, an interesting cross-like pat-

tern was observed: mice of the young transgenic cohort had a higher activity of alkaline

phosphatase compared to the wild type control, but conversely, their BMD was signifi-

cantly lower (figure 5.12). In the middle-aged cohort, this effect was not observed (data

not shown).
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5.5 Conclusion and discussion

Lysine (K)-specific demethylase 1A was a particularly interesting target to work on, as

the results from the shRNA screen and small molecule inhibitor screen could not only be

validated using a new small molecule inhibitor (GSK690), but also in a transgenic mouse

model. In parallel with the KDM1A-targeting short hairpin RNAs, the compound tranyl-

cypromine was initially tested in the small molecule inhibitor screen (at a concentration

of 10µM) and in both approaches KDM1A was identified as a hit. The non-selective

monoamine oxidase inhibitor tranylcypromine was previously shown to also serve as an

H3K4 demethylase inhibitor [308], which also increased ALP activity by 25% with no

effect on cell viability (chapter 3). However, the compound lacks specificity and is likely

inhibiting other monoamine oxidases [301]. A presumably more specific compound target-

ing KDM1A, GSK690, became available during the course of this work, and was tested

on mesenchymal stem cells undergoing osteoblast differentiation as well as on osteoclast

differentiation. The effect on MSCs showed a result similar to tranylcypromine, with an

increase in ALP activity of around 25% and no detrimental effect on cell viability up to

10µM. In osteoclast differentiation experiments, the compound GSK690 led to a slight de-

crease in osteoclast number when applied at concentrations of 2 and 5µM, but not at 0.5

µM. Furthermore, although osteoclasts were present in small numbers at higher concen-

trations, no bone resorption was observed (personal communication with Na Wu, DPhil

student). Treatment with GSK690, compared to short hairpin-induced knockout, did not

show an increase in ALP activity to the same extent (+25% with the compound compared

to up to +1400% with short hairpins). This could however be due to the different biol-

ogy of compound treatment. KDM1A with its structural features comprising active site,

SWIRM domain, and Tower domain, has a range of structural components to be targeted.
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It was previously speculated that the Tower domain functions as a connector for other

proteins whose binding modulates the size of the active site and allosterically regulates

the catalytic activity [292].

Compared to complete knockdown with shRNAs such mechanistic features may remain

available under GSK690 treatment, and allow for additional forms of regulation to occur,

leading to a less prominent change in alkaline phosphatase activity. Recent suggestions

indicate that the repertoire of KMD1A interference may be expanded, predicting that

the interface between the SWIRM domain and the amine oxidase domain, as well as the

Tower domain, could represent new targets for molecular probes to block association of

KDM1A/CoREST with chromatin or other protein partners [309]. Although different in

extent, the increase seen in alkaline phosphatase was consistent for both shRNA knock-

down and small molecule inhibition. It can be speculated whether the inhibition of a

demethylase per se can lead directly to such an increase in ALP activity, or if it is rather

a secondary effect based on changes in osteogenic transcription factor levels and related

changes in osteoblast gene expression. In a study analysing the relationship between al-

kaline phosphatase gene expression and the methylation of a CpG island located in its

proximal region, the degree of methylation in the CpG island was inversely associated

with the transcriptional levels of ALPL in the studied cells (primary human osteoblasts

(hOBs), the osteoblastic cell line MG-63, and the mammary cell line MCF-7) [310]. The

authors also analysed osteocytes, which do not express alkaline phosphatase, and in which

the CpG island was highly methylated, whereas lining osteoblasts showed an intermediate

degree of methylation. These results suggest a role of DNA methylation in the regula-

tion of ALPL expression at an early stage of osteoblast development, which could also

play a role in the differentiation of MSCs into osteoblasts. Although KDM1A has pri-
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marily been shown to demethylate histones H3K4 and H3K9, it was suggested that it

is also required for maintenance of global DNA methylation. Wang et al. showed that

in mouse ES cells, loss of KDM1A correlates with a decrease in DNA methyltransferase

1 (DNMT1), as a result of reduced DNMT1 stability due to lack of demethylation by

KDM1A [311]. Likewise, the knockdown of KDM1A in MSCs could potentially lead to in-

stability of DNMT1 and corresponding decrease of methylation at promoters of osteoblast

related genes such as alkaline phosphatase. In yet another study analysing the expression

of several histone demethylases and methyltransferases during adipogenesis, Musri et al.

suggested that KDM1A acts to maintain a permissive state of chromatin in the promoter

of CCAAT/enhancer-binding protein alpha (CEBPA) by opposing the action of a H3K9

methyltransferase [307]. Knockdown of KDM1A resulted in decreased differentiation of

pre-adipocytes, whereas knockdown of H3K9 methyltransferase SETDB1 produced the

opposite results, favouring differentiation. Interestingly, a similar finding was made in

this study, with the knockdown of SETDB1 leading to a decrease in alkaline phosphatase

activity (table 3.2), while knockdown of KDM1A increased alkaline phosphatase activity,

thus promoting osteogenesis. These findings indicate that the histone methylation status

of osteogenic as well as adipogenic genes and the expression and function of the proteins

involved in its maintenance play a crucial role in differentiation, particularly with regard

to lineage determination in MSCs.

The opportunity to translate findings from in vitro models to an in vivo environment

offered a great addition to the previously performed work. A mouse model to study the

overexpression of Kdm1a allowed a first insight into the gene’s role in skeletal develop-

ment. The differences observed in trabecular bone volume, total bone volume, and BMD

in the transgenic mice showed a general trend towards a reduction in transgenic mice.
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In the young cohort, the consistent reduction in these three parameters was opposed by

an increase in alkaline phosphatase as compared to the control. This is an interesting

finding and it can be speculated that a lack of mineralisation as seen by BMD reduction

is causing a “feedback signalling” leading to an increased activity of alkaline phosphatase.

In addition, younger mice with a higher rate of bone remodelling might be more capable

of dealing with the effects of a genetic mutation on the skeletal system than older mice.

However, this could only be tested in a small number of mice and will have to be repeated

in order to prove this hypothesis. Results on osteoclast formation from bone marrow-

derived cells from transgenic mice showed no difference in osteoclast number, suggesting

that the differences observed were not caused by increased osteoclast formation (data not

shown). Further analysis is planned for this transgenic model (chapter 6). In addition,

a KDM1A overexpression model for a mesenchymal stem cell line is currently being de-

veloped, allowing verification of the observed effect in a cell line. With regard to the

differences in bone mineral density, biomechanical analysis such as bend testing could give

further information about bone strength and mechanical properties, and the previously

scanned bones could be used for this analysis. In addition, histological analyses of bone

tissue could give an insight into extracellular matrix formation and cellular distribution in

these mice. To confirm changes in alkaline phosphatase expression and activity, alkaline

phosphatase could not only be measured in the cells obtained from the mice, but also in

the mouse serum; here calcium levels could also be assessed, potentially indicating the rate

of bone turnover. With regard to the mouse line used, future experiments will likely be on

another genetic background for which both transgenic mice and heterozygous knockout

mice are available and for which an intensified collaboration is planned (chapter 6).
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6 Discussion and future perspectives

Mesenchymal stem cells are the focus of intensive efforts directed at the development of

cell-based therapies; however the lack of knowledge regarding their identity and function

limits their envisioned therapeutic potential. In order to overcome this issue, a much bet-

ter understanding of their nature and mechanisms underlying their lineage determination

properties is required. The aim of this thesis was to identify and characterise the epi-

genetic mechanisms underlying the differentiation of human mesenchymal stem cells into

osteoblasts. Here, I provide the first systematic attempt to study epigenetic mechanisms

affecting osteoblast differentiation of MSCs. A short list of targets that potentially in-

fluence and direct differentiation was generated, of which two target genes were assessed

in more detail. In addition, we also provide a list of epigenetic tool compounds tested

on mesenchymal stem cells undergoing osteoblast differentiation. These molecules can be

utilised further to explore epigenetic mechanisms underlying bone biology and potentially

bone diseases. The first objective of this thesis (chapter 2) was to validate published

osteoblast differentiation protocols on human MSCs. Available protocols generate a var-

ied response and osteoblasts with different phenotypic characteristics; therefore we aimed

to assess the effect of different induction methods with regard to epigenetic factors. An

assay determining osteoblast differentiation by measuring alkaline phosphatase activity

was employed to screen short hairpin RNAs and small molecule inhibitors (chapter 3).

Over 100 stringently selected hits were derived from both shRNA and compound screens,

generating a first insight into the role of different epigenetic factors and a solid foundation

for further target analysis. Two identified targets, BRD4 and KDM1A, were investigated

in further detail to understand phenotypic effects and for both initial results could be

confirmed using orthogonal approaches. The opportunity to observe the effect of KDM1A
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on bone formation not only independently in vitro, but also in vivo offers even further

possibilities for analysis, and in the future, we will also assess a heterozygous knockout

model of Kdm1a. Furthermore, we are currently establishing conditional knockout cell

lines both for bone marrow derived cells and in addition for osteoblast-like cells derived

from bone chips. These cell types will offer the unique possibility to assess whether the

effect of Kdm1a is developmental, taking effect in the early stages of differentiation from

mesenchymal stem cells to osteoblasts, or if it is a continuous effect also influencing mature

osteoblasts.

The application of stem cells in (bone) tissue engineering is still in its infancy as many

factors remain unknown, and for the generation of healthy and viable tissue, a number

of prerequisites have to be fulfilled. Successful tissue engineering requires not only active

and responsive stem cells, but also inducive soluble signals and an extracellular matrix or

scaffold, and the combination of the three is not easily achieved [6]. The lack of knowledge

regarding the biology of bone marrow-derived mesenchymal stem cells as a source for tissue

is a major limitation, as well as the intrinsic restrictions such as tissue origin, availability of

cells, as well as cell ageing. In recent years there has been a growing interest in investigating

the role of epigenetic modifications in these factors and I presented a literature review on

epigenetics involved in osteoblast differentiation in the introduction to this thesis.

Here, I would now like to contrast findings made in this thesis with already published data.

In my work, the “reader” domains BRDs and PHDs emerged as major target classes of

modulators potentially involved in osteoblast differentiation, however, not much is known

about them with regard to published data. The gap in research and publications on

“reader” domains might mainly be due to a lack of knowledge regarding these domains,

for which only recently potent compounds have been developed (see chapters 3 and 4). Fur-
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thermore, for modifications performed by “writers” and “erasers”, more opportunities for

investigation are present, such as antibodies against certain histone marks, whereas “read-

ers” require more downstream-focussed analysis. The pan-HDAC inhibitor trichostatin

A, as presented in subsection 1.4.4, was reported to promote osteoblast differentiation in

both adipose-derived MSCs and in BMP-9-mediated osteogenic differentiation of mouse

MSCs by increasing RUNX2, ALP, and BGLAP [156]. In our bone marrow-derived and

dexamethasone-induced differentiation model, these findings could not be confirmed, and

TSA led to a decrease in ALP activity. This first example already shows the difference

the tissue origin and the method of differentiation induction can have on the outcome of

epigenetic manipulation. Another pan-HDAC inhibitor, SAHA, was reported to decrease

gene expression of immature osteoblasts when applied to murine bone marrow-derived

adherent cells in vitro, while mature osteoblasts appeared to be resistant to HDAC in-

hibition [161]. The undifferentiated MSCs utilised in this thesis showed the same results

as murine MSCs, supporting the hypothesis that the response of osteoblasts to SAHA

is dependent on their differentiation state. The depletion of demethylases KDM4B and

KDM6B by knockdown, as reported by Ye at al., is supposed to reduce osteogenic differ-

entiation, and indeed also in this work, the knockdown of KDM6B led to a decrease in

ALP activity [162]. However, the shRNA-caused decrease was at the border of significance

to categorise KDM6B as a target gene. To review our finding, we re-assessed the effect

of KDM6B knockdown on ALP activity by using locked nucleic acids (LNAs). Here, in

addition to our three differentiation induction methods, we also employed BMP-2 and the

dimer BMP-4/-7 as inducers, as used in the original publication [162]. And indeed, a higher

degree of ALP activity suppression could be observed under BMP-induced differentiation,

suggesting that KDM6B-regulated induction of ALP might initially be regulated by BMPs
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(data not shown) [162, 312]. The significance of the choice of differentiation induction is

also illustrated by the effect of the demethylase NO66 on osteogenic differentiation, as

demonstrated by Sinha et al. [163]. In the original publication employing BMP-2-induced

differentiation of pre-osteoblasts, the knockdown of NO66 led to accelerated osteoblast

differentiation and mineralisation, whereas in our dexamethasone-induced model, it led to

a decrease in ALP activity. These examples illustrate the difference the choice of differ-

entiation inducers can have on phenotypic outcomes. Indeed, when a similar induction

method is applied, better consistency can be observed. In dexamethasone-induced differ-

entiation of murine mesenchymal stem cells, the knockdown of Setdb1 severely impaired

osteoblast differentiation [166], and also in this work, the knockdown of SETDB1 led to

a decrease in ALP activity under dexamethasone treatment. On the other hand, DNA

methyltransferase inhibitor 5-aza-deoxy-cytidine was shown to significantly facilitate os-

teogenic differentiation when MSCs were pre-treated with the compound for 24 hours prior

to osteogenic induction with dexamethasone. Although the same inducer was applied in

our work, here at least three other parameters could potentially lead to a difference: the

timing of compound treatment (prior to induction vs. together with induction medium),

compound concentration (in Zhou et al. [167], 5-azacytidine was applied at a concentra-

tion of 10µM, in our study only 5µM were used), and age of cell donor (cells employed

in the study from El-Serafi et al. were obtained from donors aged 60-92 [168] , compared

to 21 years old in hour study). Furthermore, another factor playing a role is the donor

gender - in this work two commercially available cell lines of female and male origin and

of approximately the same age (19 and 21 years old, respectively) were employed, and al-

ready between the two genders a different response to compound treatment was observed

(GSK690, see chapter 5). As this was obviously only a small sample number it does not
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allow definite conclusions, however, it also supports the hypothesis that differences in re-

sponse to treatments or differences in differentiation potential can be caused by a variety

of factors.

In summary, these examples demonstrate how different parameters can change the out-

come of an experiment and furthermore illustrate how the aforementioned limitations and

challenges of MSC differentiation and epigenetic modification analysis are affected by the

complexity of parameters involved in differentiation. With our work, we aimed at elucidat-

ing the unique effects of various inducers, applying glucocorticoid-induced differentiation,

1,25-dihydroxyvitamin D3-induced differentiation, as well as differentiation induced by cy-

tokines, analysing pro-inflammatory conditions. We therefore kept all other parameters,

such as cell origin, donor age, and other supplements, constant, and the only wilfully ap-

plied difference was the change in the main inducer. As presented in chapter 3, many of

the derived target genes were unique for one inducing condition, however, no particular

pattern with regard to epigenetic domain distribution was observed. In addition, a num-

ber of target genes were identified in all of the inducing conditions, suggesting that these

genes might play a generic role in osteoblast differentiation independent of the induction

method. Within the scope of this thesis, more variable conditions and cells from different

tissue origins could not be assessed, but as discussed above, these parameters can have

a huge impact on the differentiation outcome. This thesis’ work described parts of the

parameters that have to be thoroughly assessed before mesenchymal stem cells can be

safely applied in tissue engineered-therapies, however I would like take the opportunity

and describe ideas for further investigation.

With limited availability of MSCs from bone marrow, the far more abundant adipose

tissue-derived cells are likely to gain importance in cell-based tissue engineering. But in

186



order to ensure the applicability of MSCs from other tissue origins, a better understand-

ing of how differentiation of cells from different sources is achieved is crucial. Screening

of epigenetic modulators as performed in this thesis presents an opportunity to generate

epigenetic profiles of cells from different origins. Mesenchymal stem cells from differ-

ent sources, such as bone marrow, adipose tissue, umbilical cord, or dental tissue, could

be assessed for the effect of epigenetic modulators involved in osteoblast differentiation.

Different responses to e.g. small molecule inhibitors of epigenetic modulators might po-

tentially point towards a tissue-specific difference in osteoblast differentiation and would

allow better choice of tissue origin with regard to certain applications. These epigenetic

analyses should not only include knockdown and inhibition screenings of epigenetic modu-

lators, but also genome wide analysis of e.g. methylation status [313], or small non-coding

RNA expression [314]. Although this is a huge task, obtaining something like an “epige-

netic map” for MSCs from different sources, applying various differentiation methods, for

e.g. osteogenesis, chondrogenesis, or adipogenesis, could revolutionise the application of

MSCs in regenerative medicine. In addition, investigation of the discrete epigenetic pro-

files of MSCs from different origins as well as of differentiated cells such as osteoblasts and

adipocytes could help understanding the disruption of the balance between osteogenic and

adipogenic differentiation of MSCs as seen in osteoporosis [315]. A better understanding of

how this balance is regulated under normal conditions is highly desirable and might offer

new opportunities for therapeutic interventions. Especially for age-related musculoskeletal

diseases, a clear understanding of the potential of MSCs can be helpful. With regard to

MSCs and ageing, generating a comprehensive epigenetic profile of MSCs from different

age groups can provide an important insight into age-related changes in cell potency [316].

Would some of the epigenetic modulators potentially not show an effect anymore, or are
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cells derived from certain age groups more sensitive to treatment than others? Being

aware of the potential and limitations of cells from each origin and furthermore, know-

ing about the underlying epigenetic differences and potentially being able to manipulate

them, could open new doors for MSC-based tissue engineering. Identifying characteristics

for each tissue-derived cell type would facilitate the classification of cells into different

potency categories for generating e.g. osteoblasts, or chondrocytes.

The key components for studies like this are potent and selective tool compounds that

can be utilised for manipulation and potential treatment. However, the potential of epi-

genetic modulators as drug targets is often limited because of their wide-spread function.

Off-target effects of epigenetics modulating compounds are likely to happen as these mod-

ulators have a broad spectrum of effects with specific roles in almost every tissue type.

In addition, many epigenetic modulators contain similar domains which make it even

more difficult to obtain specific targeting. This was already discussed for the example

of (+)-JQ1 and bromodomains in the BET family of proteins (chapter 4), as well as for

the monoamine oxidase inhibitor tranylcypromine that in addition to its intended targets

monoamine oxidase A (MaoA) and MaoB also targets KDM1 enzymes belonging to the

same subfamily of monoamine oxidases (chapter 5). In addition, it was recently discovered

that also kinase inhibitors can bind to the active site of BET bromodomain BD1, sug-

gesting that bromodomains are also potential off-targets of diverse kinase inhibitors [317].

Selective and potent compounds are not only important as tools to study the mechanics

of epigenetic modifications, but also with regard to potential therapeutic applications and

as drug targets. With regard to already tested compounds in cancer therapies (chapter 1),

the scientific community is striving to develop more potent and more specific compounds

against epigenetic targets not only, but primarily, in cancer biology. The key question is
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how specific a compound can be after all, and it is also debatable how specific a compound

must be. If a disease requires the inhibition of a certain set of targets of the same protein

class, a less specific compound might be desirable, given that other off-target class effects

can be prevented. For instance, for cancer cells the main goal is the elimination of pro-

liferating and metastasising cells, which might be more easily achieved using a compound

with a broad spectrum of effects. This could of course also be the aim for bone cells, for in-

stance in skeletal pathologies with extensive bone growth such as Fibrodysplasia ossificans

progressiva (FOP), or in bone cancer such as the Ewing sarcoma family of tumours, where

bone formation and cell proliferation inhibitors would be of great interest. Nevertheless, a

selective compound allows better defined assessment of cellular processes and is therefore

the main goal of drug development. In addition, the development and improvement of

protein- and cell-based assays to determine the selectivity and activity of a compound are

equally important.

Once a selective and potent drug is developed, one other important factor is the targeting

of the drug. As discussed for off-target effects, also off-tissue effects are unwanted. For our

target BRD4, functions in many tissue types are established, thus its application to target

e.g. excessive bone formation would be hindered by the risk of off-tissue effects. One

way of targeting drugs specifically to bone and avoid widespread off-tissue effects is the

coupling of drugs to bone-targeting devices such as bisphosphonates, which are synthetic

compounds that are used to inhibit bone resorption in osteoporosis [318]. The effects of

nitrogen-containing bisphosphonates consist of an inhibition of bone resorption and an

inhibition of calcification. While the latter effect is the consequence of a physical-chemical

inhibition of calcium phosphate crystal formation, the former is caused by a decrease in os-

teoclast activity due to apoptosis and the destruction of the osteoclastic cytoskeleton [318].
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Bisphosphonates mimic the structure of pyrophosphate, thereby inhibiting activation of

enzymes that utilise pyrophosphate. Farnesyl pyrophosphate synthase (FPPS) is a key en-

zyme in the mevalonate pathway and its inhibition leads to the loss of prenylated proteins

that are essential for osteoclast function [319,320]. Bisphosphonates adsorb very effectively

to hydroxyapatite, the crystalline form of calcium and phosphate in bone, and therefore

accumulate to a high concentration in bone. A proportion of bisphosphonates that are

absorbed is incorporated into bone, while the remaining fraction is excreted unchanged

by the kidney. Using bisphosphonates as a carrier for drugs targeted to bone, the risk

of off-tissue effects for epigenetic inhibitors could eventually be minimised by increasing

the local drug concentration at its intended target site. A similar approach (i.e. tagging

of bisphosphonates to a target-ligand scaffold) was already published for prostaglandins

and estradiol [321, 322]. Prostaglandins are investigated for application as bone growth

stimulator in treatment of osteoporosis and were coupled to bisphosphonates [321]. The

conjugates were shown to be well tolerated and offer potential for sustained release and

dual synergistic activity through their selective bone targeting, bone resorption inhibition

and local release of the active component. Other potential coupling mechanisms are the

linkage to tetracycline, which is known to avidly bind to hydroxyapatite [323], or link-

age to oligopeptides, such as repeating sequences of aspartate and serine ((AspSerSer)6)

which were shown to selectively target bone-formation surfaces [324]. All of these methods

are however at the beginning of development and have so far only been tested in animal

models.

Consequently, the main focus is yet on developing selective drugs that allow systemic

control without adverse effects, an essential factor for the therapeutic use of compounds.

Although adverse effects might be more tolerable in diseases such as final stage cancer,
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in chronic diseases like rheumatoid arthritis they are undesired. The control of the tissue

environment under inflammatory diseases is crucial, and in the bone and joint environ-

ment this includes not only osteoblasts, but also osteoclasts, and other cell types such as

T cells, B cells, macrophages, and synovial fibroblasts. Before administering a drug that

could potentially influence any of the involved cell components, it should be thoroughly

assessed for its effect on these different cell types. In the future, we aim to systemati-

cally identify epigenetic mechanisms that underlie and control the complex stem cell and

inflammatory environment that leads to destruction of bone tissue in arthritis and other

musculoskeletal conditions. The work started in this thesis lays the foundation to answer

the question if there are epigenetic factors that can be used to understand the spectrum

of musculoskeletal pathologies, e.g. bone loss in rheumatoid arthritis (RA) or bone for-

mation and ossification in ankylosing spondylitis (AS). These diseases are characterised

by an inflammatory environment and are only an example for the multitude of effects of

inflammation on the bone environment, and show that different inflammatory environ-

ments against a specific genetic make-up can lead to different outcomes (i.e. excessive

bone resorption as seen in RA, and excessive bone formation and fusion of bone in AS)

in different autoimmune diseases. Although anti-TNFα therapy is highly effective in these

conditions, it is a chronic and costly treatment that does not cure the disease. Validation

of potential drug targets to reverse bone loss or prevent bone formation is therefore highly

desirable. The two identified targets presented in this thesis (BRD4 and KDM1A), as

well as a rich shortlist of further targets support the hypothesis that in principle epige-

netic modulators can be possible candidates for novel therapeutic intervention strategies.

Intended future work will analyse the complex relationships between different cell types

involved in inflammation and the function of chromatin and DNA modifications among
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the bone environment elements. We will continue to systematically investigate the poten-

tial of epigenetic mechanisms that control mesenchymal stem cell behaviour in relation

to inflammation, ageing, and tissue regeneration, building on the technical platforms and

identified targets in the work that led to this thesis.
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A Appendix

A.1 Reagents and media compositions

All reagents unless otherwise stated were from Sigma-Aldrich (Poole, UK). Different for-

mulations of standard medium were purchased from Life Technologies. Human mesenchy-

mal stem cells were purchased from Lonza (Basel, Switzerland) and expanded previ-

ously to obtain a high enough cell stock to be used for all related experiments. The

standard medium for hMSC growth and expansion was MesenPRO-RS™. When cells

reached approximately 70% confluency in either culture vessel, the medium was replaced

with either of the following media: control medium (CM: DMEM/F12 supplemented

with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin (P/S), 1% non-essential

amino acids (NEAA), 2mM glutamine); incomplete osteogenic differentiation medium

(OD: DMEM/F12 supplemented with 10% FBS, 1% P/S, 1% NEAA, 2mM glutamine,

50µg/ml ascorbic acid, 10mM beta-glycerophosphate); or complete osteogenic differentia-

tion medium containing either of the inducers dexamethasone (+DEX), 1α,25-Dihydroxyvitamin

D3 (+VitD3), oncostatin M (+OSM), or BMP-2 (+BMP) (DMEM/F12 supplemented

with 10% FBS, 1% P/S, 1% NEAA, 2mM glutamine, 50µg/ml ascorbic acid, 10mM

beta-glycerophosphate, with either 10nM dexamethasone, 1nM 1α,25-Dihydroxyvitamin

D3, 10ng/ml oncostatin M). The different concentrations of inducers used for the ini-

tial validation of the alkaline phosphatase assay can be found in chapter 2. 1% peni-

cillin/streptomycin equals 100 units of penicillin and 0.1mg/ml streptomycin. The MEM

Non-essential Amino Acid Solution (NEAA) is a 100x solution and was used as a 1x

solution.
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Name Composition
MSC MesenPro-RS™ + 1% P/S
CM DMEM F/12 + 15% FBS + 1% P/S + 1% NEAA + 2mM glutamine
OD DMEM F/12 + 15% FBS + 1% P/S + 1% NEAA + 2mM glutamine + 50µg/ml

ascorbic acid + 10mM beta-glycerophosphate
+DEX DMEM F/12 + 15% FBS + 1% P/S + 1% NEAA + 2mM glutamine + 50µg/ml

ascorbic acid + 10mM beta-glycerophosphate + 10nM dexamethasone
+VitD3 DMEM F/12 + 15% FBS + 1% P/S + 1% NEAA + 2mM glutamine + 50µg/ml

ascorbic acid + 10mM beta-glycerophosphate + 1nM 1,25-dihydroxyvitamin D3
+OSM DMEM F/12 + 15% FBS + 1% P/S + 1% NEAA + 2mM glutamine + 50µg/ml

ascorbic acid + 10mM beta-glycerophosphate + 10ng/ml OSM
+BMP DMEM F/12 + 15% FBS + 1% P/S + 1% NEAA + 2mM glutamine + 50µg/ml

ascorbic acid + 10mM beta-glycerophosphate + 100ng/ml BMP2
Basic mouse medium α-MEM + 10% FBS + 1% P/S + 2mM glutamine
Bone chip medium DMEM + 10% FBS + 50µg/ml ascorbic acid

Table A.1: Media compositions used in this thesis

A.2 Primer sequences for qPCR

Gene Forward primer sequence Reverse primer sequence
ALP ACTGGTACTCAGACAACGAGAT ACGTCAATGTCCCTGATGTTATG
IBSP GAACCTCGTGGGGACAATTAC CATCATAGCCATCGTAGCCTTG

COL1A1 GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC
BGLAP GGCGCTACCTGTATCAATGG GTGGTCAGCCAACTCGTCA
RUNX2 TCAACGATCTGAGATTTGTGGG GGGGAGGATTTGTGAAGACGG
BRD4 GAGCTACCCACAGAAGAAACC GAGTCGATGCTTGAGTTGTGTT
JMJD8 CAGGTTGCTGGCTTCGTTTG CCCACTCGGTGAAGTTGTTGT
KDM1A GTGGACGAGTTGCCACATTTC TGACCACAGCCATAGGATTCC

MORF4L1 AGCAATGTTGGCTTATACACCTC AGCTTTCCGATGGTACTCAGG
PHIP GGGGCAGATGGCACTATTTGT CTTCCCGTCGCCAGAAACATT
UBE2A GGAGTCCAACCTATGATGTGTCT CATATTCCCGTTTGTTCTCCTGG

Table A.2: Primer sequences

The following primers were purchased from Qiagen: Osterix, Hs_SP7_1_SG Quanti-

Tect Primer Assay; Osteonectin, Hs_SPARC_1_SG QuantiTect Primer Assay; Gapdh,

Hs_GAPDH_2_SG QuantiTect Primer Assay (200) and Actin B, Hs_ACTB_2_SG

QuantiTect Primer Assay.
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A.3 Dexamethasone-induced gene expression - microarray data

Gene symbol Entrez Gene Name Fold Change Location Type(s)
APOD apolipoprotein D 16.27 Extracellular Space transporter
CADM3 cell adhesion molecule 3 15.30 Plasma Membrane other
SUSD2 sushi domain containing 2 12.09 Extracellular Space other
DARC Duffy blood group, chemokine receptor 11.29 Plasma Membrane G-protein coupled receptor

OLFML2A olfactomedin-like 2A 10.12 Extracellular Space other
OMD osteomodulin 9.20 Extracellular Space other

FAM167A family with sequence similarity 167, member A 8.57 unknown other
LEPR leptin receptor 8.38 Plasma Membrane transmembrane receptor

FAM167A family with sequence similarity 167, member A 8.20 unknown other
BMP6 bone morphogenetic protein 6 7.93 Extracellular Space growth factor

CRISPLD2 cysteine-rich secretory protein LCCL domain containing 2 7.70 Cytoplasm other
WFDC1 WAP four-disulfide core domain 1 7.58 Extracellular Space other
FBLN1 fibulin 1 7.37 Extracellular Space other
DUSP23 dual specificity phosphatase 23 6.70 Cytoplasm phosphatase
FKBP5 FK506 binding protein 5 6.42 Nucleus enzyme
TMTC1 transmembrane and tetratricopeptide repeat containing 1 5.51 Cytoplasm other
EPSTI1 epithelial stromal interaction 1 (breast) 5.45 unknown other
IMPA2 inositol(myo)-1(or 4)-monophosphatase 2 5.34 Cytoplasm phosphatase
IFITM1 interferon induced transmembrane protein 1 5.21 Plasma Membrane other
TRNP1 TMF1-regulated nuclear protein 1 4.88 unknown other
MME membrane metallo-endopeptidase 4.86 Plasma Membrane peptidase

KIAA1644 KIAA1644 4.77 unknown other
PTGS2 prostaglandin-endoperoxide synthase 2 4.73 Cytoplasm enzyme
CD14 CD14 molecule 4.44 Plasma Membrane transmembrane receptor

ZBTB16 zinc finger and BTB domain containing 16 4.21 Nucleus transcription regulator
DBC1 deleted in bladder cancer 1 4.19 Nucleus peptidase
FBLN1 fibulin 1 4.15 Extracellular Space other
ZFP36 zinc finger protein 36, C3H type, homolog (mouse) 4.11 Nucleus transcription regulator
RASD1 RAS, dexamethasone-induced 1 3.96 Cytoplasm enzyme
LEPR leptin receptor 3.76 Plasma Membrane transmembrane receptor

RPS6KA2 ribosomal protein S6 kinase, 90kDa, polypeptide 2 3.71 Nucleus kinase
ZFP36L2 zinc finger protein 36, C3H type-like 2 3.69 Nucleus transcription regulator
KCNT2 potassium channel, subfamily T, member 2 3.68 Plasma Membrane ion channel
A4GALT alpha 1,4-galactosyltransferase 3.39 Cytoplasm enzyme
FBN2 fibrillin 2 3.29 Extracellular Space other

ZBTB16 zinc finger and BTB domain containing 16 3.27 Nucleus transcription regulator
TYMP thymidine phosphorylase 3.22 Extracellular Space growth factor

ALDH3B1 aldehyde dehydrogenase 3 family, member B1 3.16 Cytoplasm enzyme
PTGER2 prostaglandin E receptor 2 (subtype EP2), 53kDa 3.16 Plasma Membrane G-protein coupled receptor
SORT1 sortilin 1 3.07 Plasma Membrane transmembrane receptor
PRKD1 protein kinase D1 3.01 Cytoplasm kinase
NPTX1 neuronal pentraxin I 3.01 Extracellular Space other
C1RL complement component 1, r subcomponent-like 3.00 Extracellular Space peptidase
FTH1 ferritin, heavy polypeptide 1 2.97 Cytoplasm enzyme

SLC44A1 solute carrier family 44, member 1 2.93 Plasma Membrane transporter
FZD4 frizzled family receptor 4 2.91 Plasma Membrane G-protein coupled receptor

ANKRD35 ankyrin repeat domain 35 2.88 unknown other
IFITM3 interferon induced transmembrane protein 3 2.84 Plasma Membrane other
CLEC3B C-type lectin domain family 3, member B 2.83 Extracellular Space other
CORIN corin, serine peptidase 2.83 Plasma Membrane peptidase

PHACTR2 phosphatase and actin regulator 2 2.83 unknown other
GCNT1 glucosaminyl (N-acetyl) transferase 1, core 2 2.81 Cytoplasm enzyme
C10orf54 chromosome 10 open reading frame 54 2.78 unknown other
LEPROT leptin receptor overlapping transcript 2.70 Plasma Membrane other
IRS2 insulin receptor substrate 2 2.68 Cytoplasm enzyme
LHFP lipoma HMGIC fusion partner 2.65 unknown other

GALNT1 UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 1 2.62 Cytoplasm enzyme
RNASET2 ribonuclease T2 2.61 Cytoplasm enzyme
OSBPL10 oxysterol binding protein-like 10 2.59 unknown other
KLHL5 kelch-like 5 (Drosophila) 2.58 Extracellular Space other
TGIF1 TGFB-induced factor homeobox 1 2.57 Nucleus transcription regulator
AKR1C4 aldo-keto reductase family 1, member C4 2.56 Cytoplasm enzyme
ALPL alkaline phosphatase, liver/bone/kidney 2.52 Plasma Membrane phosphatase

IGFBP6 insulin-like growth factor binding protein 6 2.50 Extracellular Space other
ARL6IP5 ADP-ribosylation-like factor 6 interacting protein 5 2.47 Cytoplasm other
KCNK6 potassium channel, subfamily K, member 6 2.47 Plasma Membrane ion channel
ITPK1 inositol-tetrakisphosphate 1-kinase 2.46 Cytoplasm kinase
LPAR1 lysophosphatidic acid receptor 1 2.44 Plasma Membrane G-protein coupled receptor
KANK1 KN motif and ankyrin repeat domains 1 2.41 Nucleus transcription regulator
NELF nasal embryonic LHRH factor 2.41 Extracellular Space other

PPAP2B phosphatidic acid phosphatase type 2B 2.41 Plasma Membrane phosphatase
TCEA3 transcription elongation factor A (SII), 3 2.41 Nucleus transcription regulator
VGLL3 vestigial like 3 (Drosophila) 2.38 unknown other
HSPB2 heat shock 27kDa protein 2 2.37 Cytoplasm other
OSBPL5 oxysterol binding protein-like 5 2.35 Cytoplasm other
SIRPA signal-regulatory protein alpha 2.34 Plasma Membrane phosphatase
NFKBIA nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha 2.32 Cytoplasm transcription regulator
MGLL monoglyceride lipase 2.30 Plasma Membrane enzyme
ANPEP alanyl (membrane) aminopeptidase 2.30 Plasma Membrane peptidase
CKB creatine kinase, brain 2.29 Cytoplasm kinase
MUC1 mucin 1, cell surface associated 2.29 Plasma Membrane transcription regulator
S100A10 S100 calcium binding protein A10 2.29 Cytoplasm other
DBNDD2 dysbindin (dystrobrevin binding protein 1) domain containing 2 2.28 Cytoplasm other
TCEAL4 transcription elongation factor A (SII)-like 4 2.27 unknown other

Table A.3: Dexamethasone-induced gene expression - microarray data I
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Gene symbol Entrez Gene Name Fold Change Location Type(s)
CST3 cystatin C 2.25 Extracellular Space other

IFITM2 interferon induced transmembrane protein 2 2.25 Plasma Membrane other
SSB Sjogren syndrome antigen B (autoantigen La) 2.25 Nucleus enzyme
SAA1 serum amyloid A1 2.25 Extracellular Space other

TWIST1 twist homolog 1 (Drosophila) 2.23 Nucleus transcription regulator
STAT2 signal transducer and activator of transcription 2, 113kDa 2.20 Nucleus transcription regulator

TSC22D3 TSC22 domain family, member 3 2.19 Nucleus other
CFD complement factor D (adipsin) 2.18 Extracellular Space peptidase

PCDH18 protocadherin 18 2.18 Extracellular Space other
HTRA1 HtrA serine peptidase 1 2.16 Extracellular Space peptidase
ADARB1 adenosine deaminase, RNA-specific, B1 2.13 Nucleus enzyme
TGIF1 TGFB-induced factor homeobox 1 2.13 Nucleus transcription regulator
MGST1 microsomal glutathione S-transferase 1 2.10 Cytoplasm enzyme

RAB11FIP1 RAB11 family interacting protein 1 (class I) 2.10 Cytoplasm other
PLXNA2 plexin A2 2.09 Plasma Membrane transmembrane receptor
OSBPL5 oxysterol binding protein-like 5 2.08 Cytoplasm other
TOB1 transducer of ERBB2, 1 2.08 Nucleus transcription regulator

COL8A1 collagen, type VIII, alpha 1 2.07 Extracellular Space other
DUSP5 dual specificity phosphatase 5 2.06 Nucleus phosphatase

TRAF3IP2 TRAF3 interacting protein 2 2.06 Cytoplasm other
PON2 paraoxonase 2 2.05 Plasma Membrane enzyme
PYGB phosphorylase, glycogen; brain 2.05 Cytoplasm enzyme
CCND3 cyclin D3 2.04 Nucleus other

LOC645638 WDNM1-like pseudogene 2.03 unknown other
ADAP1 ArfGAP with dual PH domains 1 2.02 Nucleus other
PTPRG protein tyrosine phosphatase, receptor type, G 2.02 Plasma Membrane phosphatase
FUCA1 fucosidase, alpha-L- 1, tissue 1.98 Cytoplasm enzyme
SDF2L1 stromal cell-derived factor 2-like 1 -1.96 Cytoplasm other
GPER G protein-coupled estrogen receptor 1 -2.00 Plasma Membrane G-protein coupled receptor
NET1 neuroepithelial cell transforming 1 -2.00 Nucleus other
ABL1 c-abl oncogene 1, non-receptor tyrosine kinase -2.04 Nucleus kinase

FAM176A family with sequence similarity 176, member A -2.04 Plasma Membrane other
PLAUR plasminogen activator, urokinase receptor -2.04 Plasma Membrane transmembrane receptor
SQLE squalene epoxidase -2.04 Cytoplasm enzyme
STC1 stanniocalcin 1 -2.04 Extracellular Space kinase
ISLR immunoglobulin superfamily containing leucine-rich repeat -2.08 Extracellular Space other

PLAUR plasminogen activator, urokinase receptor -2.08 Plasma Membrane transmembrane receptor
PSPH phosphoserine phosphatase -2.08 Cytoplasm phosphatase
ATXN1 ataxin 1 -2.13 Nucleus transcription regulator
POSTN periostin, osteoblast specific factor -2.13 Extracellular Space other

SERPINH1 serpin peptidase inhibitor, clade H (heat shock protein 47), member 1, (collagen binding protein 1) -2.13 Extracellular Space other
SMYD3 SET and MYND domain containing 3 -2.17 Nucleus enzyme
CSRNP1 cysteine-serine-rich nuclear protein 1 -2.22 Nucleus transcription regulator
DOCK10 dedicator of cytokinesis 10 -2.22 unknown other
FAM101B family with sequence similarity 101, member B -2.22 unknown other
PBX3 pre-B-cell leukemia homeobox 3 -2.22 Nucleus transcription regulator
RHOJ ras homolog family member J -2.27 Cytoplasm enzyme
AEBP1 AE binding protein 1 -2.33 Nucleus peptidase
KRT19 keratin 19 -2.33 Cytoplasm other
NT5DC2 5’-nucleotidase domain containing 2 -2.44 unknown other
PAMR1 peptidase domain containing associated with muscle regeneration 1 -2.44 Extracellular Space peptidase
MMP2 matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 72kDa type IV collagenase) -2.50 Extracellular Space peptidase
NTM neurotrimin -2.50 Plasma Membrane other

TSPAN13 tetraspanin 13 -2.50 Plasma Membrane other
LRRC17 leucine rich repeat containing 17 -2.56 Extracellular Space other
OCIAD2 OCIA domain containing 2 -2.56 Cytoplasm other
TMEM2 transmembrane protein 2 -2.56 unknown other
TUFT1 tuftelin 1 -2.56 Extracellular Space other
CAP2 CAP, adenylate cyclase-associated protein, 2 (yeast) -2.63 Plasma Membrane other

PCDH19 protocadherin 19 -2.63 Extracellular Space other
PTK7 PTK7 protein tyrosine kinase 7 -2.63 Plasma Membrane kinase
PLAU plasminogen activator, urokinase -2.64 Extracellular Space peptidase

MARCKSL1 MARCKS-like 1 -2.70 Cytoplasm other
NTM neurotrimin -2.70 Plasma Membrane other
RAB3B RAB3B, member RAS oncogene family -2.70 Cytoplasm enzyme

TNFRSF10D tumor necrosis factor receptor superfamily, member 10d, decoy with truncated death domain -2.70 Plasma Membrane transmembrane receptor
BCAT1 branched chain amino-acid transaminase 1, cytosolic -2.78 Cytoplasm enzyme
DACT1 dapper, antagonist of beta-catenin, homolog 1 (Xenopus laevis) -2.78 Cytoplasm other
ESM1 endothelial cell-specific molecule 1 -2.78 Extracellular Space growth factor
EXTL1 exostoses (multiple)-like 1 -2.78 Cytoplasm enzyme
HAS2 hyaluronan synthase 2 -2.78 Plasma Membrane enzyme
SPHK1 sphingosine kinase 1 -2.78 Cytoplasm kinase
TNC tenascin C -2.78 Extracellular Space other
IL11 interleukin 11 -2.86 Extracellular Space cytokine

CLDN11 claudin 11 -2.94 Plasma Membrane other
LDB2 LIM domain binding 2 -2.94 Nucleus transcription regulator
FLG filaggrin -3.03 Cytoplasm other

HS3ST3A1 heparan sulfate (glucosamine) 3-O-sulfotransferase 3A1 -3.03 Cytoplasm enzyme
SOX9 SRY (sex determining region Y)-box 9 -3.13 Nucleus transcription regulator

SERTAD4-AS1 SERTAD4 antisense RNA 1 -3.23 unknown other
TNC tenascin C -3.23 Extracellular Space other

P4HA2 prolyl 4-hydroxylase, alpha polypeptide II -3.33 Cytoplasm enzyme
PTPRF protein tyrosine phosphatase, receptor type, F -3.57 Plasma Membrane phosphatase
CDKN2B cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4) -3.85 Nucleus transcription regulator
LARGE like-glycosyltransferase -4.00 Cytoplasm enzyme
OXTR oxytocin receptor -4.00 Plasma Membrane G-protein coupled receptor
P4HA2 prolyl 4-hydroxylase, alpha polypeptide II -4.00 Cytoplasm enzyme
CDH2 cadherin 2, type 1, N-cadherin (neuronal) -4.55 Plasma Membrane other
PTPRF protein tyrosine phosphatase, receptor type, F -5.26 Plasma Membrane phosphatase
IGFBP5 insulin-like growth factor binding protein 5 -7.14 Extracellular Space other

Table A.4: Dexamethasone-induced gene expression - microarray data II
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A.4 Alkaline phosphatase assay validation

The validity of both alkaline phosphatase acitivity and cell viability assays was tested by

applying the assay substrates to different cell numbers, thereby ensuring the accuracy of

the test regarding a linear relation of signal to cell number (figure A.1). The activity of

alkaline phosphatase was measured by using the substrate 4-methylumbelliferyl phosphate

(4-MUP) and a commercially available 4-MU standard was used to test the fluorescence

stability of the reaction product in the lysis buffer over time. Alkaline phosphatase activity

of the cells and the conversion of the substrate during the assay were measured at 0, 30,

and 60 minutes after substrate addition. The same time points were used for the validation

and the results showed a reliable stable linear relationship of fluorescence of different 4-MU

concentrations (figure A.2).
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Figure A.1: Correlation of cell number to RFUs of Presto Blue® and ALP assay. Cells from 0-2000 cells
per well were seeded and differentiated for 7 days when cell viability and alkaline phosphatase activity
were assessed. N=3
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4-MU Standard
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Figure A.2: Validation of alkaline phosphatase substrate stability. Fluorescence of 4-MU standard con-
centrations was assessed at 0, 30, and 60 minutes post substrate addition. Linear regression calculation
confirmed stable product fluorescence over time.
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A.5 Setup short hairpin RNA screen

A.5.1 PLACEBO Platform

Figure A.3: Platform setup at PLACEBO Vienna

At PLACEBO, a platform containing in-

strumentation for both high-throughput

and high-content screening of small molecules

was available (figure A.3). The system held

two robotic arms installed in a biosafety

enclosure and allowed the fully automated

handling of 96 and 384 well plate for-

mats. Different liquid transfer options in-

cluded acoustic and pipet-based transfer

and bulk dispensing for the addition of

cells, medium, and other reagents to the

plates. Plates could be sealed automati-

cally and incubated at temperatures between 25 and 50°C. A plate washer in the system

allowed implementation of assay steps requiring aspiration of liquid, e.g. washes with

phosphate buffered saline (PBS), and a fluorescence plate reader provided the basis for

the assay fluorescence measurements. Overall the platform allowed handling of cells and

plates by the robot for most of the time, performing standardised processes and allow-

ing a consistent treatment avoiding experimental errors introduced by the scientist (for

equipment list see table A.5).
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Equipment Tasks
Dispenser Cell seeding; medium dispensing ; shaking of plate and substrate dispensing during assay

Envision (Fluorescence plate reader) Fluorescence reads for both cell viability and alkaline phosphatase assays
Incubator Plate storage and incubation during ALP reaction
JANUS All pipetting processes: virus distribution, medium removal, Presto Blue® and lysis buffer addition during assay

Plate sealer Sealing of virus plates
Robot All plate handling
Washer PBS washes during assay

Table A.5: List of equipment present in the PLACEBO platform with corresponding tasks performed
during the screen.

The platform was controlled by an programme called Plateworks (perkin elmer - plate::works™

automation control and scheduling software) and had an additional sub-operating system

for e.g. the pipet-based transfer unit Janus (figure A.3).
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A.5.2 Vector maps for viral plasmids

Figure A.4: Vector map pLKO TRC001 (length: 8901 bp)

Figure A.5: Vector map pLKO TRC005 (length: 9335 bp)
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A.5.3 Assay optimisation with regard to PLACEBO facility

The majority of the tasks were handled by a robot, performing standardised processes and

allowing a consistent treatment avoiding human errors. However, settings like speed of

dispensing or aspiration of medium or PBS, tip depths with regard to size of the wells,

amounts of volumes removed and/or added and related concentrations, had to be tested

and adjusted beforehand. Timings with regard to the assay were optimised and a set of

eight plates per assay run turned out to be the most time-efficient and allowed previously

determined incubation times (30mins for the cell viability assay, 15mins for cell lysis, and

60mins for ALP assay (including three measurements at T0, T30, and T60); for more

detail see later in this section). Also, some adjustments/optimisations had to be made

with regard to the assay protocol. To ensure that live cells could still be in a sterile

environment while other cells were already lysed, the cell lysis protocol had to be changed

(several options with or without spinning, with or without transfer of protein lysates, etc.

were tested; data not shown). Here, the cells were lysed directly in the 384 well plates at

room temperature, shaken on a plate shaker and the lysate was used for the assay. This

ensured that all steps could be handled inside the sterile platform compartment and that

the plates did not need to leave the enclosed environment. Using this procedure, sufficient

lysis was ensured and alkaline phosphatase activity could be clearly detected.

Protocols

In order to have most of the work consistently carried out by the robot and within the

sterile enclosure, protocols for both equipment and software were developed, tested and

optimised for the following parts of the experiment:

1. Cell seeding
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2. Virus transduction

3. Puromycin selection

4. Induction of differentiation

5. Change of culture medium

6. Readout of osteoblast differentiation using alkaline phosphatase assay

Some of these will be shown and explained in the following sections.

Virus transduction

The shRNA library existed in 96 well plates. Therefore, four 96 well plates were used to

fill one 384 well plate (figure A.6).

Figure A.6: Setup for virus distribution. Four virus
plates are added into one 384 well plate and each filled
¼ of a quadrant.

Each hairpin was tested in five medium

conditions (CM, control medium; OD,

basic osteogenic medium lacking the

main inducer; +DEX, complete os-

teogenic medium containing dexametha-

sone; +VitD3, complete osteogenic medium

containing 1,25-dihydroxyvitamin D3; +OSM,

complete osteogenic medium containing

oncostatin M). Consequently, a total of

sixty 384 well plates was assessed. For the initial steps of transduction and selection,

all cells were kept in MSC medium to ensure similar conditions for the hairpin integration
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before the various differentiation methods were applied. A general layout of the platform

protocol for the lentivirus distribution can be seen in figure A.7. All steps were carried

out by the robot arm, and tip boxes were automatically renewed. The pull-down menu on

the left gives an indication of the precise settings used for this application.

Figure A.7: JANUS setup for lentivirus transduction

Puromycin selection

The selection with puromycin was undertaken 36 hours after transduction, for this 5µg/ml

puromycin was added together with new medium. Only the cells with successfully inte-

grated hairpins exhibited a puromycin resistance and therefore survived the selection,

which led to a homogeneous population of cells with the desired knockdown.

Induction of differentiation and medium change

One day after selection the medium containing puromycin was removed and replaced by

osteogenic differentiation medium. In previous experiments, the duration of 24 hours was
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shown to be long enough to eliminate the non-transfected cells. Culture medium was then

changed again on day 3 and 5.

Alkaline phosphatase assay

All motions of the assay were performed by the robot. The procedure was as follows:

1. Plate was removed from incubator, lid was removed, barcode was read and plate

transferred onto JANUS.

2. Janus aspirated 20μl of Presto Blue® from adjacent plate and dispensed 4x5μl in a

384 well plate (5μl in 50μl medium, 1:10 of substrate).

3. Plate got lid back on and was returned to incubator for 30 minutes incubation at

37°C.

4. Plate was removed from incubator, lid was removed and fluorescence measured in

Envision (exc. 535, em 580, gain 1, 1%).

5. Plate was transferred onto the rack or directly to the washer and washed 3x with

PBS.

6. Plate was transferred to JANUS and 10μl of CelLytic M™ containing 2% protease

inhibitor were added (JANUS aspirated 40μl and dispensed 10μl each).

7. Plate got lid back on and was incubated on rack for 15 mins at room temperature.

8. Plate was transferred onto dispenser and shaken for 30 sec at 10 Hertz.

9. Substrate 4-MUP (30μl 4-MUP and 10μl TRIS, 50mM, pH8) was added by dispenser.

10. Plate was measured in Envision: exc. 340, em 520, gain 1 = ALP T0 mins.
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11. Lid got back on and plate was incubated in incubator for 30 mins at 37°C.

12. Plate was measured as in 10) (lid removed) = ALP T30 mins.

13. Another 30 mins incubation at 37°C (lid on).

14. Plate was measured as in 10) (lid removed) = ALP T60 mins.

Eight sample plates were run per set, so all procedures had to be staggered. It was

ensured that all critical incubation times were adhered to. Each set of eight plates took

approximately 2 ½ hours to process.

Tip box 

Wash plate 

Destination plate 

Presto Blue plate 

CelLytic plate 

Figure A.8: JANUS setup for alkaline phosphatase assay
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A.6 shRNA targets

A.6.1 Gene list

RefSeq Gene
symbol

Preferred Gene Name

NM_000383 AIRE Autoimmune Polyendocrinopathy Candidiasis Ectodermal Dystrophy
NM_003488 AKAP1 Akinase Anchor Protein 1
NM_024810 ALG13 Asparaginelinked Glycosylation 13 Homolog
NM_006015 ARID1A AT Rich Interactive Domain 1A
NM_002892 ARID4A Retinoblastoma Binding Protein 1
NM_016374 ARID4B AT Rich Interactive Domain 4B
NM_014034 ASF1A ASF1 Antisilencing Function 1 Homolog A
NM_018154 ASF1B CCG1interacting Factor AII
NM_018489 ASH1L Ash1 (Absent, Small, Or Homeotic)Like
NM_014109 ATAD2 ATPase Family, AAA Domain Containing 2
NM_003600 AURKA IPL1related Kinase|AuroraA|Aurorarelated Kinase 1
NM_004217 AURKB Aurora1|AuroraB|Serine/Threonine Kinase 12
NM_003160 AURKC Aurora/IPL1related Kinase 3|Aurora/IPL1/EG2 Protein 2|Serine/Threonine Kinase 13
NM_013448 BAZ1A Bromodomain Adjacent To Zinc Finger Domain, 1A
NM_023005 BAZ1B Bromodomain Adjacent To Zinc Finger Domain, 1B
NM_013449 BAZ2A Bromodomain Adjacent To Zinc Finger Domain, 2A
NM_013450 BAZ2B Bromodomain Adjacent To Zinc Finger Domain, 2B
NM_004459 BPTF Bromodomain And PHD Domain Transcription Factor
NM_014577 BRD1 BR140like|Bromodomain Containing Protein 1
NM_005104 BRD2 Bromodomaincontaining 2|Female Sterile Homeoticrelated Gene 1
NM_007371 BRD3 RING3like|Bromodomain Containing Protein 3
NM_058243 BRD4 Bromodomaincontaining 4|Bromodomaincontaining Protein 4
NM_013263 BRD7 Bromodomain Protein|Bromodomaincontaining 7
NM_006696 BRD8 Skeletal Muscle Abundant Protein 2|Thyroid Hormone Receptor Coactivating Protein
NM_023924 BRD9 Rhabdomyosarcoma Antigen MURMS40.8|Sarcoma Antigen NYSAR29
NM_001726 BRDT Testisspecific Bromodomain Protein
NM_004634 BRPF1 Bromodomain And PHD Fingercontaining Protein 1
XM_166450 BRPF3 Bromodomain And PHD Fingercontaining Protein 3
NM_018963 BRWD1 WD Repeat Domain 9
NM_153252 BRWD3 Bromo Domaincontaining Protein Disrupted In Leukemia
NM_006806 BTG3 Bcell Translocation Gene 3|Abundant In Neuroepithelium Area
NM_024644 C14orf169 MYCassociated Protein With JmjC Domain
NM_152382 C2orf60 hypothetical protein LOC129450
NM_023925 CAPRIN2 C1q domain containing 1
NM_199141 CARM1 coactivatorassociated arginine methyltransferase1
NM_032647 CBX2 chromobox homolog 2
NM_007276 CBX3 chromobox homolog 3
NM_003655 CBX4 chromobox homolog 4
NM_012117 CBX5 chromobox homolog 5
NM_014292 CBX6 chromobox homolog 6
NM_175709 CBX7 chromobox homolog 7
NM_020649 CBX8 chromobox homolog 8
NM_004824 CDYL CDYlike, autosomal|bA620A17.2 (chromodomain protein, Y chromosomelike)
NM_152342 CDYL2 chromodomain Ylike protein 2
NM_031413 CECR2 Cat Eye Syndrome Chromosome Region, Candidate 2
NM_005483 CHAF1A chromatin assembly factor I (150 kDa)
NM_005441 CHAF1B CAF1 subunit B, chromatin assembly factor 1 subunit B
NM_001270 CHD1 chromodomain helicase DNA binding protein 1
NM_001271 CHD2 chromodomain helicase DNA binding protein 2
NM_001005271 CHD3 chromodomain helicase DNA binding protein 3
NM_001273 CHD4 chromodomain helicase DNA binding protein 4
NM_015557 CHD5 chromodomain helicase DNA binding protein 5
NM_032221 CHD6 chromodomain helicase DNA binding protein 6
XM_098762 CHD7 chromodomain helicase DNA binding protein 7
XM_370738 CHD8 chromodomain helicase DNA binding protein 8
NM_025134 CHD9 chromodomain helicase DNA binding protein 9
NM_020412 CHMP1B charged multivesicular body protein 1B
NM_014453 CHMP2A charged multivesicular body protein 2A
NM_176812 CHMP4B charged multivesicular body protein 4B
NM_152284 CHMP4C charged multivesicular body protein 4C
NM_017444 CHRAC1 histone fold protein
NM_004898 CLOCK circadian locomoter output cycles kaput protein|clock

Table A.6: ShRNA gene target list as provided by PLACEBO - part I
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RefSeq Gene
symbol

Preferred Gene Name

NM_004380 CREBBP CREB binding protein
NM_014593 CXXC1 CpG binding protein|DNAbinding protein with PHD finger and CXXC domain
NM_022105 DIDO1 death associated transcription factor 1
NM_001379 DNMT1 DNA methyltransferase 1
NM_022552 DNMT3A DNA MTase HsaIIIA|DNA cytosine methyltransferase 3 alpha
NM_006892 DNMT3B DNA MTase HsaIIIB|DNA cytosine5 methyltransferase 3 beta
NM_013369 DNMT3L cytosine5methyltransferase 3like protein
NM_004647 DPF1 Neurod4 (rat) homolog
NM_006268 DPF2 apoptosis response zinc finger protein|requiem
NM_012074 DPF3 2810403B03Rik|cerd4 (mouse) homolog
NM_003797 EED WD protein associating with integrin cytoplasmic tails 1
NM_024757 EHMT1 G9a like protein|euchromatic histone methyltransferase 1
NM_025256 EHMT2 G9A histone methyltransferase|HLAB associated transcript 8|ankyrin repeatcontaining protein
NM_018091 ELP3 elongation protein 3 homolog
EMPTY EMPTY EMPTY
NM_001429 EP300 E1Aassociated protein p300|E1Abinding protein, 300kD|histone acetyltransferase p300
NM_025209 EPC1 enhancer of polycomb 1
NM_015630 EPC2 enhancer of polycomb homolog 2
NM_001991 EZH1 enhancer of zeste homolog 1
NM_004456 EZH2 enhancer of zeste 2
NM_019085 FBXL19 jumonji C domaincontaining histone demethylase 1C
NM_012167 FBXO11 Fbox only protein 11|ubiquitin protein ligase E3 component nrecognin 6
NM_017769 G2E3 G2/Mphase specific E3 ubiquitin ligase
clonetechGfp GFP green fluorescent protein
NM_003642 HAT1 histone acetyltransferase 1
NM_004964 HDAC1 histone deacetylase 1
NM_032019 HDAC10 histone deacetylase 10
NM_024827 HDAC11 histone deacetylase 11
NM_001527 HDAC2 histone deacetylase 2
NM_003883 HDAC3 histone deacetylase 3
NM_006037 HDAC4 histone deacetylase 4
NM_005474 HDAC5 histone deacetylase 5
NM_006044 HDAC6 histone deacetylase 6
NM_015401 HDAC7 histone deacetylase 7
NM_018486 HDAC8 histone deacetylase 8
NM_014707 HDAC9 histone deacetylase 9
NM_017902 HIF1AN factor inhibiting HIF1
NM_003325 HIRA HIR (histone cell cycle regulation defective) homolog A
NM_005144 HR hairless protein
NM_024610 HSPBAP1 HSPB (heat shock 27kD) associated protein 1
NM_005537 ING1 inhibitor of growth family, member 1
NM_001564 ING2 inhibitor of growth family, member 2
NM_019071 ING3 inhibitor of growth family, member 3
NM_032329 ING5 inhibitor of growth family, member 5
NM_020395 INTS12 PHD finger protein 22
NM_004973 JARID2 jumonji homolog|jumonji, AT rich interactive domain 2 protein
NM_030647 JHDM1D jumonji C domain containing histone demethylase 1 homolog D
NM_004241 JMJD1C thyroid receptor interacting protein 8
NM_023007 JMJD4 jumonji domain containing 4
NM_024773 JMJD5 jumonji domain containing 5
NM_015167 JMJD6 jumonji domain containing 6
NM_005090 JMJD7 jumonji domain containing 7
NM_001005920 JMJD8 jumonji domain containing 8
NM_021078 KAT2A GCN5 (general control of aminoacid synthesis, yeast, homolog)like 2
NM_003884 KAT2B CREBBPassociated factor
NM_006388 KAT5 HIV1 Tat interactive protein, 60kDa|Kacetyltransferase 5
NM_015013 KDM1A lysine (K)specific demethylase 1|lysinespecific histone demethylase 1
XM_173173 KDM1B amine oxidase, flavin containing 1
NM_012308 KDM2A Fbox protein FBL11|jumonji C domaincontaining histone demethylase 1A
NM_001005366 KDM2B jumonji C domaincontaining histone demethylase 1B
NM_018433 KDM3A jumonji C domaincontaining histone demethylase 2A
NM_016604 KDM3B nuclear protein 5qNCA
NM_014663 KDM4A jumonji C domaincontaining histone demethylase 3A
NM_015015 KDM4B jumonji C domaincontaining histone demethylase 4B
NM_015061 KDM4C lysine (K)-specific demethylase 4C
NM_018039 KDM4D lysine (K)-specific demethylase 4D
NM_005056 KDM5A Jumonji, AT rich interactive domain 1A (RBP2like)|retinoblastoma binding protein 2
NM_006618 KDM5B Jumonji, AT rich interactive domain 1B (RBP2like)
NM_004187 KDM5C Jumonji, AT rich interactive domain 1C (RBP2like)

Table A.7: ShRNA gene target list as provided by PLACEBO - part II
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RefSeq Gene
symbol

Preferred Gene Name

NM_004653 KDM5D Jumonji, AT rich interactive domain 1D (RBP2like)
NM_021140 KDM6A ubiquitouslytranscribed TPR gene on the X chromosome
NM_001080424 KDM6B lysine (K)-specific demethylase 6B
lacZ lacZ lacZ
NM_002296 LBR integral nuclear envelope inner membrane protein
NM_002384 MBD1 methyl-CpG binding domain protein 1
NM_003927 MBD2 methyl-CpG binding domain protein 2
NM_003926 MBD3 methyl-CpG binding domain protein 3
NM_003925 MBD4 methyl-CpG binding domain protein 4
NM_018328 MBD5 methyl-CpG binding domain protein 5
NM_052897 MBD6 methyl-CpG binding domain protein 6
NM_005241 MECOM AML1EVI1 fusion protein|oncogene EVI1
NM_004992 MECP2 methyl CpG binding protein 2
NM_032778 MINA mineral dust induced gene protein
NM_005933 MLL CDK6/MLL fusion protein
NM_003482 MLL2 trinucleotide repeat containing 21
NM_021230 MLL3 histonelysine Nmethyltransferase, H3 lysine4 specific
NM_014727 MLL4 WW domain binding protein 7
NM_018682 MLL5 myeloid/lymphoid or mixedlineage leukemia 5
NM_004641 MLLT10 myeloid/lymphoid or mixedlineage leukemia (trithorax (Drosophila) homolog); translocated to, 10
NM_005937 MLLT6 Myeloid/lymphoid or mixedlineage leukemia, translocated to, 6
NM_006791 MORF4L1 MORFrelated gene 15
NM_017520 MPHOSPH8 Mphase phosphoprotein, mpp
NM_006800 MSL3 drosophila MSL3like 1
NM_004689 MTA1 metastasis associated gene 1 protein
NM_004739 MTA2 metastasis associated gene 1like 1
XM_038567 MTA3 metastasis associated family, member 3
NM_007358 MTF2 metal response elementbinding transcription factor 2
NM_032188 MYST1 histone acetyltransferase MYST1
NM_007067 MYST2 histone acetyltransferase
NM_006766 MYST3 Monocytic leukemia zinc finger protein
NM_012330 MYST4 histone acetyltransferase
NM_004537 NAP1L1 nucleosome assembly protein 1-like 1
NM_021963 NAP1L2 nucleosome assembly protein 1-like 1
NM_004538 NAP1L3 nucleosome assembly protein 1-like 3
NM_005969 NAP1L4 nucleosome assembly protein 1-like 2
NM_153757 NAP1L5 nucleosome assembly protein 1-like 5
NM_014293 NPTXR neuronal pentraxin receptor
NM_022455 NSD1 androgen receptorassociated coregulator 267
NM_012387 PADI4 PADIH protein|peptidyl arginine deiminase, type V
NM_018165 PBRM1 polybromo 1
pgw pgw (toxic)
NM_004427 PHC2 early development regulator 2 (homolog of polyhomeotic 2)
NM_024947 PHC3 early development regulator 3
NM_002636 PHF1 PHD finger protein 1
NM_018288 PHF10 PHD finger protein 10
NM_016119 PHF11 PHD finger protein 11
NM_020889 PHF12 PHD finger protein 12
NM_153812 PHF13 PHD finger protein 13
XM_376578 PHF14 PHD finger protein 14
NM_015288 PHF15 PHD finger protein 15
NM_014735 PHF16 PHD finger protein 16
NM_024900 PHF17 PHD protein Jade1
NM_015651 PHF19 polycomb like 3
NM_005392 PHF2 jumonji C domaincontaining histone demethylase 1E
NM_016436 PHF20 gliomaexpressed antigen 2
NM_016018 PHF20L1 PHD finger protein 20-like 1
NM_016621 PHF21A BRAF35/HDAC2 complex
NM_138415 PHF21B PHD finger protein 21B
NM_024297 PHF23 PHD finger protein 23a
NM_015153 PHF3 PHD finger protein 3
NM_032335 PHF6 PHD finger protein 6
NM_016483 PHF7 PHD finger protein 7
NM_015107 PHF8 PHD finger protein 8
NM_017934 PHIP pleckstrin homology domain interacting protein
NM_020901 PHRF1 PHD and ring finger domains 1
NM_001198 PRDM1 PRdomain zinc finger protein 1
NM_020228 PRDM10 PRDM zinc finger transcription factor
NM_021619 PRDM12 PRdomain containing protein 12

Table A.8: ShRNA gene target list as provided by PLACEBO - part III
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RefSeq Gene
symbol

Preferred Gene Name

NM_021620 PRDM13 PRdomain containing protein 13
NM_024504 PRDM14 PRdomain zinc finger protein 14
NM_022115 PRDM15 zinc finger protein 298
NM_022114 PRDM16 PRdomain zinc finger protein 16
NM_012231 PRDM2 GATA3 binding protein G3B
NM_012406 PRDM4 PRdomain zincfinger protein PFM1
NM_018699 PRDM5 PRdomain zinc finger protein 5
NM_001136239 PRDM6 PRdomain zinc finger protein 6
NM_020226 PRDM8 PRdomain containing protein 8
NM_020227 PRDM9 PRdomain containing protein 9
NM_001536 PRMT1 HMT1 (hnRNP methyltransferase, S. cerevisiae)like 2
NM_001535 PRMT2 HMT1 (hnRNP methyltransferase, S. cerevisiae) like 1
NM_005788 PRMT3 HMT1 hnRNP methyltransferaselike 3
NM_006109 PRMT5 HMT1 hnRNP methyltransferaselike 5
NM_018137 PRMT6 HMT1 hnRNP methyltransferaselike 6
NM_019023 PRMT7 protein arginine Nmethyltransferase 7
NM_019854 PRMT8 HMT1 hnRNP methyltransferaselike 3
NM_015617 PYGO1 pygopus homolog 1
NM_138300 PYGO2 pygopus homolog 2
NM_030665 RAI1 retinoic acid induced 1
rfp RFP red fluorescent protein
NM_031277 RNF17 spermatogenesis associated 23|tudor domain containing 4
NM_016578 RSF1 HBV pX associated protein8|hepatitis B virus x associated protein
NM_003011 SET HLADRassociated protein II|SET translocation (myeloid leukemiaassociated)
NM_014712 SETD1A SET domain containing 1A
XM_001715003 SETD1B SET domain containing 1B
NM_012271 SETD2 SET domaincontaining protein 2
NM_199123 SETD3 SET domaincontaining protein 3
NM_017438 SETD4 SET domaincontaining protein 4
NM_001080517 SETD5 SET domaincontaining protein 5
NM_024860 SETD6 SET domaincontaining protein 6
NM_030648 SETD7 H3K4HMTase|SET domaincontaining protein 7
NM_020382 SETD8 H4K20specific histone methyltransferase
NM_012432 SETDB1 ERGassociated protein with a SET domain
NM_031915 SETDB2 CLLL8 protein
NM_006515 SETMAR SET domain and mariner transposase fusion
NM_173082 SHPRH 2610103K11Rik|OTTHUMP00000040140
NM_015477 SIN3A SIN3 homolog A, transcriptional regulator
NM_015260 SIN3B SIN3 homolog B, transcription regulator
NM_012238 SIRT1 sir2like 1|sirtuin 1
NM_012237 SIRT2 sir2related protein type 2|sirtuin 7
NM_012239 SIRT3 sir2like 3|sirtuin 3
NM_012240 SIRT4 sir2like 4|sirtuin 4
NM_012241 SIRT5 sir2like 5|sirtuin 5
NM_016539 SIRT6 sir2related protein type 6|sirtuin 6
NM_016538 SIRT7 sir2related protein type 7|sirtuin 7
NM_003069 SMARCA1 SWI/SNFrelated matrix associated actin dependent regulator of chromatin a1
NM_003070 SMARCA2 SWI/SNFrelated matrix associated actin dependent regulator of chromatin a2
NM_003072 SMARCA4 SWI/SNFrelated matrix associated actin dependent regulator of chromatin a4
NM_003601 SMARCA5 SWI/SNFrelated matrix associated actin dependent regulator of chromatin a5
NM_020159 SMARCAD1 WI/SNFrelated matrix associated actin dependent regulator of chromatin d1
NM_003073 SMARCB1 WI/SNFrelated matrix associated actin dependent regulator of chromatin b1
NM_003074 SMARCC1 SWI/SNFrelated matrix associated actin dependent regulator of chromatin c1
NM_003075 SMARCC2 SWI/SNFrelated matrix associated actin dependent regulator of chromatin c2
NM_003076 SMARCD1 SWI/SNFrelated matrix associated actin dependent regulator of chromatin d1
NM_003077 SMARCD2 SWI/SNFrelated matrix associated actin dependent regulator of chromatin d2
NM_003078 SMARCD3 SWI/SNF related matrix associated actin dependent regulator of chromatin d1
NM_006306 SMC1A SMC1 structural maintenance of chromosomes 1like 1
NM_148674 SMC1B SMC1 structural maintenance of chromosomes 1like 2
NM_006444 SMC2 SMC2 structural maintenance of chromosomes 2like 1
NM_005445 SMC3 chondroitin sulfate proteoglycan 6 (bamacan)
NM_005496 SMC4 SMC4 structural maintenance of chromosomes 4like 1
NM_000344 SMN1 gemin 1|spinal muscular atrophy
NM_017411 SMN2 gemin 1
NM_005871 SMNDC1 SMNrelated protein
NM_198274 SMYD1 CD8 beta opposite|zinc finger, MYND domain containing 18
NM_020197 SMYD2 zinc finger, MYND domain containing 14
NM_022743 SMYD3 zinc finger protein, subfamily 3A (MYND domain containing), 1
NM_052928 SMYD4 SET And MYND Domain Containing 4

Table A.9: ShRNA gene target list as provided by PLACEBO - part IV
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RefSeq Gene
symbol

Preferred Gene Name

NM_006062 SMYD5 retinoic acid induced 15
NM_014390 SND1 EBNA2 coactivator p100
NM_003113 SP100 SP100HMG nuclear autoantigen
NM_007237 SP140 nuclear body protein Sp140
NM_138402 SP140L hypothetical protein LOC93349
NM_032944 STK31 sugen kinase 396|tudor domain containing 8
NM_022491 SUDS3 Sin3 histone deacetylase corepressor complex component SDS3
XM_376044 SUPT7L SPTFassociated factor 65 gamma
NM_003173 SUV39H1 Su(var)39 homolog 1|histone H3K9 methyltransferase 1
NM_024670 SUV39H2 suppressor of variegation 39 homolog 2
NM_017635 SUV420H1 suppressor of variegation 420 homolog 1
NM_032701 SUV420H2 suppressor of variegation 420 homolog 2
NM_015355 SUZ12 joined to JAZF1
NM_004606 TAF1 TBPassociated factor 1
XM_291729 TAF3 TAF3 RNA polymerase II, TATA box binding protein (TBP)associated factor
NM_138572 TAF8 TAF8 RNA polymerase II, TATA box binding protein (TBP)associated factor
NM_005650 TCF20 stromelysin 1 PDGFresponsive elementbinding protein
NM_198795 TDRD1 tudor domain containing protein 1
NM_030794 TDRD3 tudor domaincontaining protein 3
NM_173533 TDRD5 tudor domaincontaining protein 5
NM_001010870 TDRD6 tudor repeat 2
NM_014290 TDRD7 tudor repeat associator with PCTAIRE 2
NM_153046 TDRD9 hypoxiainducible HIG1
NM_006862 TDRKH tudor and KH domaincontaining protein
NM_032271 TRAF7 ring finger and WD repeat domain 1
NM_003852 TRIM24 transcriptional intermediary factor 1 alpha
NM_005762 TRIM28 transcriptional intermediary factor 1beta
NM_015906 TRIM33 tripartite motifcontaining 33 protein
XM_001716253 TRIM66 transcriptional intermediary factor 1 delta
NM_003336 UBE2A ubiquitinconjugating enzyme E2A
NM_003337 UBE2B ubiquitinconjugating enzyme E2B
NM_003345 UBE2I ubiquitinconjugating enzyme E2I (homologous to yeast UBC9)
NM_021988 UBE2V1 DNAbinding protein
NM_018108 UBR7 Ubiquitin Protein Ligase E3 Component N-Recognin 7
NM_013282 UHRF1 RING finger protein 106|nuclear zinc finger protein Np95
NM_152306 UHRF2 Np95like ring finger protein|nuclear zinc finger protein NP97
NM_007125 UTY ubiquitous TPR motif protein UTY
NM_007331 WHSC1 WolfHirschhorn syndrome candidate 1 protein
NM_017778 WHSC1L1 WolfHirschhorn syndrome candidate 1like 1 protein
NM_006624 ZMYND11 BS69 variant 1
NM_183048 ZMYND8 zinc finger MYND domain containing protein 8

Table A.10: ShRNA gene target list as provided by PLACEBO - part V
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A.6.2 Short list shRNA target genes

Gene HairpinNr Condition Clone ID % Remaining POC Cell viability POC ALP60
BRD4 1 +DEX TRCN0000021425 44 92.1 35.1
BRD4 1 +DEX TRCN0000021425 44 81.4 74.8
BRD4 1 OD TRCN0000021425 44 178.7 112.1
BRD4 1 OD TRCN0000021425 44 152.4 111.6
BRD4 1 +VitD3 TRCN0000021425 44 131.7 81.8
BRD4 1 +VitD3 TRCN0000021425 44 132.3 74.6
BRD4 1 +OSM TRCN0000021425 44 110.7 55.8
BRD4 1 +OSM TRCN0000021425 44 91.3 67.6
BRD4 5 +DEX TRCN0000195245 137 109.9 47.7
BRD4 5 +DEX TRCN0000195245 137 113.4 59.8
BRD4 5 OD TRCN0000195245 137 143.3 126.8
BRD4 5 OD TRCN0000195245 137 126.9 109.8
BRD4 5 +VitD3 TRCN0000195245 137 124.6 91.0
BRD4 5 +VitD3 TRCN0000195245 137 111.2 72.6
BRD4 5 +OSM TRCN0000195245 137 100.8 72.8
BRD4 5 +OSM TRCN0000195245 137 117.9 84.7
KDM1A 2 CM TRCN0000046071 4 115.8 1059.3
KDM1A 2 CM TRCN0000046071 4 104.3 629.2
KDM1A 2 OD TRCN0000046071 4 116.8 2116.8
KDM1A 2 OD TRCN0000046071 4 99.0 969.6
KDM1A 2 OD TRCN0000046071 4 132.7 658.7
KDM1A 2 +DEX TRCN0000046071 4 88.5 493.3
KDM1A 2 +DEX TRCN0000046071 4 144.9 1807.1
KDM1A 2 +VitD3 TRCN0000046071 4 95.8 731.2
KDM1A 2 +VitD3 TRCN0000046071 4 112.6 782.6
KDM1A 2 +OSM TRCN0000046071 4 92.3 540.4
KDM1A 2 +OSM TRCN0000046071 4 110.0 700.1
KDM1A 3 CM TRCN0000046070 34 125.1 267.1
KDM1A 3 CM TRCN0000046070 34 127.4 202.3
KDM1A 3 OD TRCN0000046070 34 135.0 344.5
KDM1A 3 OD TRCN0000046070 34 118.4 225.8
KDM1A 3 OD TRCN0000046070 34 127.4 234.7
KDM1A 3 +DEX TRCN0000046070 34 125.8 316.8
KDM1A 3 +DEX TRCN0000046070 34 164.8 306.6
KDM1A 3 +VitD3 TRCN0000046070 34 91.8 306.4
KDM1A 3 +VitD3 TRCN0000046070 34 100.1 278.8
KDM1A 3 +OSM TRCN0000046070 34 102.5 168.4
KDM1A 3 +OSM TRCN0000046070 34 104.0 217.8
KDM1A 4 CM TRCN0000046068 5 105.7 150.4
KDM1A 4 CM TRCN0000046068 5 102.2 216.0
KDM1A 4 OD TRCN0000046068 5 109.6 296.3
KDM1A 4 OD TRCN0000046068 5 106.0 235.5
KDM1A 4 OD TRCN0000046068 5 125.5 209.8
KDM1A 4 +DEX TRCN0000046068 5 133.4 293.5
KDM1A 4 +DEX TRCN0000046068 5 135.9 226.8
KDM1A 4 +VitD3 TRCN0000046068 5 109.6 254.9
KDM1A 4 +VitD3 TRCN0000046068 5 94.2 216.3
KDM1A 4 +OSM TRCN0000046068 5 99.6 148.4
KDM1A 4 +OSM TRCN0000046068 5 124.2 184.1

Table A.11: ShRNA target genes - knockdown results BRD4 and KDM1A
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Gene HairpinNr Condition Clone ID % Remaining POC Cell viability POC ALP60
JMJD8 3 CM TRCN0000166974 5 99.8 448.9
JMJD8 3 CM TRCN0000166974 5 98.5 263.1
JMJD8 3 OD TRCN0000166974 5 101.2 596.2
JMJD8 3 OD TRCN0000166974 5 113.3 329.3
JMJD8 3 OD TRCN0000166974 5 101.8 326.8
JMJD8 3 +DEX TRCN0000166974 5 118.9 547.1
JMJD8 3 +DEX TRCN0000166974 5 126.7 565.4
JMJD8 3 +VitD3 TRCN0000166974 5 88.1 325.6
JMJD8 3 +VitD3 TRCN0000166974 5 86.4 253.5
JMJD8 3 +OSM TRCN0000166974 5 87.7 374.7
JMJD8 3 +OSM TRCN0000166974 5 94.5 425.7
JMJD8 4 CM TRCN0000167284 22 119.9 367.4
JMJD8 4 CM TRCN0000167284 22 110.8 241.6
JMJD8 4 OD TRCN0000167284 22 109.5 655.7
JMJD8 4 OD TRCN0000167284 22 118.6 307.3
JMJD8 4 OD TRCN0000167284 22 123.9 287.7
JMJD8 4 +DEX TRCN0000167284 22 122.1 366.2
JMJD8 4 +DEX TRCN0000167284 22 128.8 343.8
JMJD8 4 +VitD3 TRCN0000167284 22 79.2 364.8
JMJD8 4 +VitD3 TRCN0000167284 22 94.9 355.6
JMJD8 4 +OSM TRCN0000167284 22 103.2 195.5
JMJD8 4 +OSM TRCN0000167284 22 74.5 193.4

MORF4L1 3 CM TRCN0000107583 12 121.1 184.7
MORF4L1 3 CM TRCN0000107583 12 104.4 150.3
MORF4L1 3 OD TRCN0000107583 12 99.6 809.6
MORF4L1 3 OD TRCN0000107583 12 114.4 395.7
MORF4L1 3 OD TRCN0000107583 12 99.6 174.7
MORF4L1 3 OD TRCN0000107583 12 79.0 151.6
MORF4L1 3 +DEX TRCN0000107583 12 130.1 350.8
MORF4L1 3 +DEX TRCN0000107583 12 110.4 467.3
MORF4L1 3 +VitD3 TRCN0000107583 12 91.3 175.5
MORF4L1 3 +VitD3 TRCN0000107583 12 95.0 184.6
MORF4L1 3 +OSM TRCN0000107583 12 77.1 183.8
MORF4L1 3 +OSM TRCN0000107583 12 108.0 167.8
MORF4L1 4 CM TRCN0000107581 3 105.7 195.9
MORF4L1 4 CM TRCN0000107581 3 107.0 213.0
MORF4L1 4 OD TRCN0000107581 3 114.8 468.8
MORF4L1 4 OD TRCN0000107581 3 107.3 581.8
MORF4L1 4 OD TRCN0000107581 3 122.0 378.9
MORF4L1 4 OD TRCN0000107581 3 105.3 330.2
MORF4L1 4 +DEX TRCN0000107581 3 117.7 404.4
MORF4L1 4 +DEX TRCN0000107581 3 139.7 536.8
MORF4L1 4 +VitD3 TRCN0000107581 3 105.1 398.0
MORF4L1 4 +VitD3 TRCN0000107581 3 105.0 398.2
MORF4L1 4 +OSM TRCN0000107581 3 104.7 251.1
MORF4L1 4 +OSM TRCN0000107581 3 127.8 290.3

Table A.12: ShRNA target genes - knockdown results JMJD8 and MORF4L1
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Gene HairpinNr Condition Clone ID % Remaining POC Cell viability POC ALP60
PHIP 3 CM TRCN0000130643 40 100.6 548.5
PHIP 3 CM TRCN0000130643 40 72.0 710.2
PHIP 3 OD TRCN0000130643 40 42.9 652.8
PHIP 3 OD TRCN0000130643 40 88.5 1229.2
PHIP 3 OD TRCN0000130643 40 92.7 531.5
PHIP 3 OD TRCN0000130643 40 90.2 447.4
PHIP 3 +DEX TRCN0000130643 40 102.9 1287.7
PHIP 3 +DEX TRCN0000130643 40 110.6 1167.0
PHIP 3 +VitD3 TRCN0000130643 40 83.2 658.3
PHIP 3 +VitD3 TRCN0000130643 40 85.5 560.1
PHIP 3 +OSM TRCN0000130643 40 67.7 329.4
PHIP 3 +OSM TRCN0000130643 40 117.2 577.9
UBE2A 4 CM TRCN0000004006 98 105.0 329.7
UBE2A 4 CM TRCN0000004006 98 86.4 325.7
UBE2A 4 OD TRCN0000004006 98 93.2 311.8
UBE2A 4 OD TRCN0000004006 98 89.9 248.6
UBE2A 4 OD TRCN0000004006 98 91.3 245.7
UBE2A 4 OD TRCN0000004006 98 82.7 234.8
UBE2A 4 +DEX TRCN0000004006 98 98.0 294.1
UBE2A 4 +DEX TRCN0000004006 98 89.3 224.2
UBE2A 4 +VitD3 TRCN0000004006 98 98.9 319.6
UBE2A 4 +VitD3 TRCN0000004006 98 97.2 308.0
UBE2A 4 +OSM TRCN0000004006 98 92.4 322.8
UBE2A 4 +OSM TRCN0000004006 98 99.2 290.6
UBE2A 5 CM TRCN0000004007 78 79.6 231.6
UBE2A 5 CM TRCN0000004007 78 74.7 151.5
UBE2A 5 OD TRCN0000004007 78 85.4 282.8
UBE2A 5 OD TRCN0000004007 78 95.4 331.4
UBE2A 5 OD TRCN0000004007 78 77.4 241.7
UBE2A 5 OD TRCN0000004007 78 81.1 241.9
UBE2A 5 +DEX TRCN0000004007 78 110.5 419.0
UBE2A 5 +DEX TRCN0000004007 78 112.5 350.0
UBE2A 5 +VitD3 TRCN0000004007 78 85.4 348.9
UBE2A 5 +VitD3 TRCN0000004007 78 91.7 381.1
UBE2A 5 +OSM TRCN0000004007 78 97.0 434.6
UBE2A 5 +OSM TRCN0000004007 78 104.8 428.4

Table A.13: ShRNA target genes - knockdown results PHIP and UBE2A
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A.7 Protein network analysis

Hits and interaction partners were mapped to known complexes, in order to determine which

protein complexes are represented by the obtained targets. In tables A.14 to ??, the complexes

are listed according to their significance.

The criteria for the complexes are listed below:

Short explanation of titles:

cplx name —> complex name

cplx members —> complex members (Uniprot ID)

cplx size —> number of complex members

total hits —> hits that are part of this complex (target genes and interaction partners)

num hits —> number of hits (= total hits)

cplx cov —> complex coverage - percentage of how much of the complex is covered by the total

hits

p-value —> how significant is this complex hit

hits —> how many “real hits” (from the target gene list)

interactors —> how many interactors (genes of this complex that are interacting with target genes)

corr_p —> corrected p-value (multivariate testing)

Filters:

num hits > 1

cplx size > 2

cplx cov > 0.75
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Cplx name Cplx members Cplx size Total Hits Num Hits Cplx cov p-value Hits Interactors corr_p
LARC complex

(LCR-associated remodelling
complex)

P60709, O96019,
O14497, Q14839,

Q92785,
Q8WXI9,

Q13547, Q92769,
P07910,
Q9UBB5,

O95983, O94776,
Q09028, P51532,
Q12824, Q92922,

Q8TAQ2,
Q92925, Q969G3

19 [’O94776’,
’Q92769’,
’Q12824’,
’O14497’,
’Q8WXI9’,
’Q9UBB5’,
’O95983’,
’O96019’,
’P51532’,
’Q09028’,
’Q13547’,
’Q14839’,
’Q8TAQ2’,
’Q92922’,
’Q969G3’]

15 0.79 7.22E-24 4 11 3.45E-21

SIN3-ING1b complex II O96019, O14497,
Q4LE39, Q13547,

Q92769,
Q9UK53,

Q09028, Q16576,
O00422, O75446,
Q96ST3, P51532,
Q12824, Q92922,

Q8TAQ2,
Q96GM5

16 [’Q92769’,
’Q12824’,
’O14497’,
’Q96GM5’,
’O96019’,
’P51532’,
’Q09028’,
’Q13547’,
’Q16576’,
’Q8TAQ2’,
’Q92922’,
’Q96ST3’,
’Q9UK53’]

13 0.81 4.09E-21 3 10 9.75E-19

BRM-SIN3A complex O96019, O14497,
Q13547, Q92769,
O14744, Q09028,
Q96ST3, P51531,
Q12824, Q92922,

Q8TAQ2,
Q96GM5,
Q92925,
Q6STE5,
Q969G3

15 [’Q92769’,
’Q12824’,
’O14497’,
’Q96GM5’,
’O96019’,
’P51531’,
’Q09028’,
’Q13547’,
’Q8TAQ2’,
’Q92922’,
’Q969G3’,
’Q96ST3’]

12 0.80 2.05E-19 3 9 1.63E-17

NuA4/Tip60 HAT complex O96019,
Q9H0E9,
Q9HAF1,
Q9NPF5,
Q96L91,
Q9H2F5,
Q92993,
Q9NXR8,
Q9UBU8,
Q15014,
Q9NV56,
Q9Y265,
Q9Y230,

Q9Y4A5, O95619

15 [’Q92993’,
’Q9UBU8’,
’Q9H0E9’,
’O95619’,
’O96019’,
’Q15014’,
’Q9H2F5’,
’Q9HAF1’,
’Q9NPF5’,
’Q9NV56’,
’Q9NXR8’,
’Q9Y4A5’]

12 0.80 2.05E-19 3 9 1.95E-17

WINAC complex O96019, O14497,
Q9UIG0,

Q13111, P51531,
P51532, Q12824,

Q92922,
Q8TAQ2,
Q96GM5,
Q969G3,
Q9Y5B9,

Q02880, P11473

14 [’Q12824’,
’Q9UIG0’,
’O14497’,
’Q96GM5’,
’O96019’,
’P51531’,
’P51532’,
’Q02880’,
’Q8TAQ2’,
’Q92922’,
’Q969G3’]

11 0.79 1.01E-17 3 8 5.33E-16

BRG1-SIN3A complex O96019, O14497,
Q92769, O14744,
Q09028, Q96ST3,
P51532, Q12824,

Q92922,
Q8TAQ2,
Q96GM5,
Q92925,
Q6STE5,
Q969G3

14 [’Q92769’,
’Q12824’,
’O14497’,
’Q96GM5’,
’O96019’,
’P51532’,
’Q09028’,
’Q8TAQ2’,
’Q92922’,
’Q969G3’,
’Q96ST3’]

11 0.79 1.01E-17 3 8 5.99E-16

Table A.14: Protein complexes - Part I

245



Cplx name Cplx members Cplx size Total Hits Num Hits Cplx cov p-value Hits Interactors corr_p
BRG1-SIN3A-HDAC
containing SWI/SNF
remodeling complex I

O96019, O14497,
Q92769, O14744,
Q96ST3, P51532,
Q12824, Q92922,

Q8TAQ2,
Q96GM5,
Q969G3

11 [’Q92769’,
’Q12824’,
’O14497’,
’Q96GM5’,
’O96019’,
’P51532’,
’Q8TAQ2’,
’Q92922’,
’Q969G3’,
’Q96ST3’]

10 0.91 1.92E-17 3 7 9.15E-16

BRM-SIN3A-HDAC complex O96019, O14497,
Q92769, O14744,
Q96ST3, P51531,
Q12824, Q92922,

Q8TAQ2,
Q96GM5,

Q92925, Q969G3

12 [’Q92769’,
’Q12824’,
’O14497’,
’Q96GM5’,
’O96019’,
’P51531’,
’Q8TAQ2’,
’Q92922’,
’Q969G3’,
’Q96ST3’]

10 0.83 1.13E-16 3 7 3.18E-15

BAF complex O96019, O14497,
Q12824, Q92922,

Q8TAQ2,
Q96GM5,
Q969G3,

(P51531, P51532)

9 [’Q12824’,
’O14497’,
’Q96GM5’,
’O96019’,
’P51531’,
’P51532’,
’Q8TAQ2’,
’Q92922’,
’Q969G3’]

9 1.00 1.08E-16 2 7 3.21E-15

BAF complex O96019, O14497,
P51531, P51532,
Q12824, Q92922,

Q8TAQ2,
Q96GM5,
Q969G3

9 [’Q12824’,
’O14497’,
’Q96GM5’,
’O96019’,
’P51531’,
’P51532’,
’Q8TAQ2’,
’Q92922’,
’Q969G3’]

9 1.00 1.08E-16 2 7 3.43E-15

MTA2 complex Q14839, Q13547,
Q92769, O95983,
O94776, Q09028,

Q16576,
(Q96ST3,
O75182)

9 [’O94776’,
’Q92769’,
’O75182’,
’O95983’,
’Q09028’,
’Q13547’,
’Q14839’,
’Q16576’,
’Q96ST3’]

9 1.00 1.08E-16 3 6 3.67E-15

MeCP1 complex Q14839,
Q8WXI9,

Q13547, Q92769,
Q9UBB5,

O95983, O94776,
Q09028, Q16576

9 [’O94776’,
’Q92769’,
’Q8WXI9’,
’Q9UBB5’,
’O95983’,
’Q09028’,
’Q13547’,
’Q14839’,
’Q16576’]

9 1.00 1.08E-16 2 7 3.95E-15

BAF complex O96019, O14497,
Q12824, Q92922,

Q8TAQ2,
Q969G3,
(P51531,
P51532),
(Q96GM5,
Q92925,
Q6STE5)

11 [’Q12824’,
’O14497’,
’Q96GM5’,
’O96019’,
’P51531’,
’P51532’,
’Q8TAQ2’,
’Q92922’,
’Q969G3’]

9 0.82 5.73E-15 2 7 1.44E-13

MeCP1 complex Q14839, Q13547,
Q92769,
Q9UBB5,

O95983, O94776,
Q09028, Q16576

8 [’O94776’,
’Q92769’,
’Q9UBB5’,
’O95983’,
’Q09028’,
’Q13547’,
’Q14839’,
’Q16576’]

8 1.00 6.52E-15 2 6 1.56E-13

Table A.15: Protein complexes - Part II
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Cplx name Cplx members Cplx size Total Hits Num Hits Cplx cov p-value Hits Interactors corr_p
BRG1-associated complex O96019, O14497,

O14744, P51532,
Q12824, Q92922,

Q8TAQ2,
Q96GM5,
Q969G3

9 [’Q12824’,
’O14497’,
’Q96GM5’,
’O96019’,
’P51532’,
’Q8TAQ2’,
’Q92922’,
’Q969G3’]

8 0.89 5.77E-14 2 6 1.20E-12

BAF complex O96019, O14497,
P51532, Q12824,

Q92922,
Q8TAQ2,
Q96GM5,

Q92925, Q969G3

9 [’Q12824’,
’O14497’,
’Q96GM5’,
’O96019’,
’P51532’,
’Q8TAQ2’,
’Q92922’,
’Q969G3’]

8 0.89 5.77E-14 2 6 1.25E-12

NuA4/Tip60 HAT complex O96019,
Q9H0E9,
Q9NPF5,
Q96L91,
Q9H2F5,
Q92993,
Q9NXR8,
Q9UBU8,
Q9Y265,
Q9Y4A5

10 [’Q92993’,
’Q9UBU8’,
’Q9H0E9’,
’O96019’,
’Q9H2F5’,
’Q9NPF5’,
’Q9NXR8’,
’Q9Y4A5’]

8 0.80 2.84E-13 3 5 5.02E-12

BRM-associated complex O96019, O14497,
O14744, P51531,
Q12824, Q92922,

Q8TAQ2,
Q96GM5,

Q92925, Q969G3

10 [’Q12824’,
’O14497’,
’Q96GM5’,
’O96019’,
’P51531’,
’Q8TAQ2’,
’Q92922’,
’Q969G3’]

8 0.80 2.84E-13 2 6 5.42E-12

Mi2/NuRD complex Q14839, Q13547,
Q92769, O95983,
O94776, Q09028,

Q16576

7 [’O94776’,
’Q92769’,
’O95983’,
’Q09028’,
’Q13547’,
’Q14839’,
’Q16576’]

7 1.00 3.93E-13 2 5 6.47E-12

DNMT3B complex Q9UBC3,
Q13547, O95239,
Q96ST3, O60264,
O95347, Q9NTJ3

7 [’Q9UBC3’,
’O95347’,
’Q9NTJ3’,
’O95239’,
’O60264’,
’Q13547’,
’Q96ST3’]

7 1.00 3.93E-13 3 4 6.70E-12

NuRD.1 complex Q14839, Q6IT96,
Q92769, O95983,

Q13330,
Q9BTC8,

Q09028, Q16576

8 [’Q92769’,
’Q13330’,
’Q9BTC8’,
’O95983’,
’Q09028’,
’Q14839’,
’Q16576’]

7 0.88 3.09E-12 2 5 4.34E-11

PBAF complex (Polybromo-
and BAF containing

complex)

O96019,
Q68CP9,

Q86U86, P51532,
Q12824, Q92922,

Q8TAQ2,
Q96GM5,
Q969G3

9 [’Q12824’,
’Q96GM5’,
’O96019’,
’P51532’,
’Q8TAQ2’,
’Q92922’,
’Q969G3’]

7 0.78 1.37E-11 1 6 1.76E-10

HDAC1-associated protein
complex

O60341, Q12873,
Q13547,
Q9UBB5,

O95983, O94776,
Q09028, Q16576,

Q9UKL0

9 [’O94776’,
’O60341’,
’Q9UBB5’,
’O95983’,
’Q09028’,
’Q13547’,
’Q16576’]

7 0.78 1.37E-11 2 5 1.81E-10

PBAF complex (Polybromo-
and BAF containing

complex)

O96019,
Q68CP9,

Q86U86, P51532,
Q12824, Q92922,

Q8TAQ2,
Q96GM5,
Q969G3

9 [’Q12824’,
’Q96GM5’,
’O96019’,
’P51532’,
’Q8TAQ2’,
’Q92922’,
’Q969G3’]

7 0.78 1.37E-11 1 6 1.87E-10

Table A.16: Protein complexes - Part III
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Cplx name Cplx members Cplx size Total Hits Num Hits Cplx cov p-value Hits Interactors corr_p
NuRD Q9UBB5,

Q14839, Q16576,
Q8WXI9,

O94776, Q92769

6 [’O94776’,
’Q92769’,
’Q8WXI9’,
’Q9UBB5’,
’Q14839’,
’Q16576’]

6 1.00 2.36E-11 2 4 2.96E-10

Brg1-associated complex II O96019, O14497,
O14744, P51532,
Q12824, Q92922,

Q8TAQ2

7 [’Q12824’,
’O14497’,
’O96019’,
’P51532’,
’Q8TAQ2’,
’Q92922’]

6 0.86 1.62E-10 2 4 1.55E-09

NRD complex (Nucleosome
remodeling and deacetylation

complex)

O60341, Q12873,
Q14839, Q13547,
Q92769, Q13330,

Q09028

7 [’Q92769’,
’O60341’,
’Q13330’,
’Q09028’,
’Q13547’,
’Q14839’]

6 0.86 1.62E-10 3 3 1.58E-09

p300-CBP-p270-SWI/SNF
complex

O14497, Q92793,
Q09472, P51532,
Q12824, Q92922,

Q8TAQ2

7 [’Q12824’,
’O14497’,
’P51532’,
’Q09472’,
’Q8TAQ2’,
’Q92922’]

6 0.86 1.62E-10 2 4 1.61E-09

mSin3A complex Q13547, Q92769,
Q09028, Q16576,

Q96ST3

5 [’Q92769’,
’Q09028’,
’Q13547’,
’Q16576’,
’Q96ST3’]

5 1.00 1.41E-09 1 4 1.08E-08

PID complex Q14839, Q13547,
O95983, O94776,

Q09028

5 [’O94776’,
’O95983’,
’Q09028’,
’Q13547’,
’Q14839’]

5 1.00 1.41E-09 1 4 1.10E-08

XFIM complex O60341, P78347,
Q13547, Q92769,

Q14202

5 [’Q92769’,
’O60341’,
’P78347’,
’Q13547’,
’Q14202’]

5 1.00 1.41E-09 2 3 1.12E-08

Condensin I complex Q15021,
Q9BPX3,

Q15003, O95347,
Q9NTJ3

5 [’O95347’,
’Q9NTJ3’,
’Q15003’,
’Q15021’,
’Q9BPX3’]

5 1.00 1.41E-09 2 3 1.14E-08

13S condensin complex Q15021,
Q9BPX3,

Q15003, O95347,
Q9NTJ3

5 [’O95347’,
’Q9NTJ3’,
’Q15003’,
’Q15021’,
’Q9BPX3’]

5 1.00 1.41E-09 2 3 1.18E-08

MTA1 complex Q6IT96, Q92769,
O95983, Q13330,
Q09028, Q16576

6 [’Q92769’,
’Q13330’,
’O95983’,
’Q09028’,
’Q16576’]

5 0.83 8.31E-09 2 3 6.00E-08

TIP5-DNMT-HDAC1
complex

Q9UIF9, P26358,
Q9UBC3,
Q13547

4 [’Q9UBC3’,
’Q9UIF9’,
’P26358’,
’Q13547’]

4 1.00 8.37E-08 1 3 4.87E-07

Brg1-based SWI/SNF
chromatin remodeling

complex

O96019, Q12824,
Q92922, Q8TAQ2

4 [’Q12824’,
’O96019’,
’Q8TAQ2’,
’Q92922’]

4 1.00 8.37E-08 1 3 4.93E-07

DNMT1-RB1-HDAC1-E2F1
complex

P26358, Q01094,
Q13547, P06400

4 [’P06400’,
’P26358’,
’Q01094’,
’Q13547’]

4 1.00 8.37E-08 0 4 4.99E-07

Table A.17: Protein complexes - Part IV
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Cplx name Cplx members Cplx size Total Hits Num Hits Cplx cov p-value Hits Interactors corr_p
HuCHRAC complex Q9NRL2,

Q9NRG0,
Q9NRF9, O60264

4 [’Q9NRL2’,
’Q9NRG0’,
’Q9NRF9’,
’O60264’]

4 1.00 8.37E-08 2 2 5.05E-07

SWI/SNF
chromatin-remodeling

complex

Q13547, P51608,
Q96ST3, P51531,

Q969G3

5 [’P51531’,
’Q13547’,
’Q969G3’,
’Q96ST3’]

4 0.80 4.12E-07 0 4 2.13E-06

MTA1-HDAC core complex Q6IT96, Q92769,
Q13330, Q09028,

Q16576

5 [’Q92769’,
’Q13330’,
’Q09028’,
’Q16576’]

4 0.80 4.12E-07 2 2 2.16E-06

Mi2/NuRD-BCL6-MTA3
complex

P41182, Q14839,
Q13547, O95983,

Q9BTC8

5 [’Q9BTC8’,
’O95983’,
’Q13547’,
’Q14839’]

4 0.80 4.12E-07 0 4 2.18E-06

Mi-2/NuRD-MTA2 complex P41182, Q13547,
O95983, O94776,

Q9BTC8

5 [’O94776’,
’Q9BTC8’,
’O95983’,
’Q13547’]

4 0.80 4.12E-07 1 3 2.21E-06

NURF Q12830, O60264,
Q09028

3 [’Q12830’,
’O60264’,
’Q09028’]

3 1.00 4.95E-06 1 2 2.19E-05

Chromatin remodeling
complex (TACC2, TACC3,

PCAF)

Q92831, O95359,
Q9Y6A5

3 [’Q92831’,
’O95359’,
’Q9Y6A5’]

3 1.00 4.95E-06 1 2 2.21E-05

RB1-HDAC1-BRG1 complex Q13547, P06400,
P51532

3 [’P06400’,
’P51532’,
’Q13547’]

3 1.00 4.95E-06 0 3 2.23E-05

mSin3A-HDAC1-HDAC2
complex

Q13547, Q92769,
Q96ST3

3 [’Q92769’,
’Q13547’,
’Q96ST3’]

3 1.00 4.95E-06 1 2 2.25E-05

TIF1gamma-SMAD2-
SMAD3
complex

Q15796, P84022,
Q9UPN9

3 [’Q9UPN9’,
’P84022’,
’Q15796’]

3 1.00 4.95E-06 1 2 2.27E-05

ING1-p300-PCNA complex Q09472,
Q9UK53, P12004

3 [’P12004’,
’Q09472’,
’Q9UK53’]

3 1.00 4.95E-06 0 3 2.29E-05

DNMT1-G9a-PCNA complex P26358,
Q96KQ7, P12004

3 [’Q96KQ7’,
’P12004’,
’P26358’]

3 1.00 4.95E-06 0 3 2.32E-05

Table A.18: Protein complexes - Part V
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A.8 Assay method small molecule inhibitor screen

Human bone marrow-derived MSCs (Lonza, Basel, Switzerland) of passage 4 to 5 were cultured in

mesenchymal stem cell medium (MesenPro-RS™, Invitrogen/Life Technologies, California, USA)

and plated onto 384-well, flat bottom plates (Corning, NY, USA) at 1000 cells in 50µl of medium

per well. The following day, medium was changed to mesenchymal stem cell medium or osteogenic

medium plus compounds at a concentration of 1µM in 0.1% DMSO unless otherwise specified.

Medium was changed on day 5 of culture and compounds were refreshed. After 7 days of culture,

cell viability assays were performed as previously described. After incubation for 30 minutes at 37°C

fluorescence was measured (544nm excitation, 590nm emission) using a fluorescence plate reader

(FLUOStar OPTIMA, BMG Labtechnologies). Relative units of fluorescence intensity from the

reduction of resazurin to red fluorescent resorufin in the presence of metabolically active cells were

used as indication for cell viability. Cells were then washed three times with PBS and lysed in the

wells with 10µl of CelLytic M™ (Sigma, St. Louis, MO, USA) containing 2% protease inhibitor.

After 15 minutes incubation at room temperature cells were transferred to a plate shaker and shaken

for 30 sec at 10 Hertz, followed by the addition of 4-Methylumbelliferyl phosphate (4-MUP) as

previously described. Plates were measured using a fluorescence plate reader (360nm excitation,

460nm emission) immediately after substrate addition (ALP0) and were then read every 30 minutes

for 1 hour (ALP30 and ALP60) to determine ALP activity.
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A.9 Dose-response experiments of hits derived from small molecule inhibitor

screen

A.9.1 DOT1L
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Figure A.9: Dose response curves under DOT1L inhibitor treatment. The x-axis shows applied concen-
trations in log [M], left y-axis shows level of alkaline phosphatase activity compared to the control (=1),
right y-axis shows level of cell viability compared to the control (=1). 1 indicates 100% (of the control).
Doses ranged from 0.04µM to 30µM in 0.1% DMSO. Medium was changed on day 5 of culture and com-
pounds were replenished. After 7 days of culture, both cell viability and alkaline phosphatase activity were
assessed.
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A.9.2 SAHA

SAHA
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Figure A.10: Dose response curves under SAHA treatment. The x-axis shows applied concentrations in
log [M], left y-axis shows level of alkaline phosphatase activity compared to the control (=1), right y-axis
shows level of cell viability compared to the control (=1). 1 indicates 100% (of the control). Doses ranged
from 0.04µM to 30µM in 0.1% DMSO. Medium was changed on day 5 of culture and compounds were
replenished. After 7 days of culture, both cell viability and alkaline phosphatase activity were assessed.

A.9.3 Valproic acid

VPA
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Figure A.11: Dose response curves under valproic acid treatment. The x-axis shows applied concentrations
in log [M], left y-axis shows level of alkaline phosphatase activity compared to the control (=1), right y-axis
shows level of cell viability compared to the control (=1). 1 indicates 100% (of the control). Doses ranged
from 0.04µM to 30µM in 0.1% DMSO. Medium was changed on day 5 of culture and compounds were
replenished. After 7 days of culture, both cell viability and alkaline phosphatase activity were assessed.
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A.9.4 (-)-JQ1

MSC
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Figure A.12: Dose response curves under (-)-JQ1 treatment. The x-axis shows applied concentrations in
log [M], left y-axis shows level of alkaline phosphatase activity compared to the control (=1), right y-axis
shows level of cell viability compared to the control (=1). 1 indicates 100% (of the control). Doses ranged
from 0.04µM to 30µM in 0.1% DMSO. Medium was changed on day 5 of culture and compounds were
replenished. After 7 days of culture, both cell viability and alkaline phosphatase activity were assessed.

A.10 (+)-JQ1 treatment - microarray data

The gene expression data of MSCs undergoing dexamethasone-induced differentiation (+/- (+)-

JQ1 treatment) obtained from microarray studies as described in chapter 4 will be deposited and

an accession number is available on request.
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