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Abstract
Regulating and reverting the adipo-osteogenic lineage decision of trabecular human bone marrow
stromal cells (hBMSCs) represents a promising approach for osteoporosis therapy and prevention.
Fibroblast growth factor 1 (FGF1) and its subfamily member FGF2 were scored as lead candidates
to exercise control over lineage switching processes (conversion) in favor of osteogenesis previously.
However, their impact on differentiation events is controversially discussed in literature. Hence, the
present study aimed to investigate the effects of these FGFs on the adipogenic and osteogenic differen-
tiation and conversion of primary hBMSCs. Moreover, involved downstream signaling mechanisms
should be elucidated and, finally, the results should be evaluated with regard to the possible thera-
peutic approach.

This study clearly revealed that culture in the presence of FGF1 strongly prevented the adipogenic
differentiation of hBMSCs as well as the adipogenic conversion of pre-differentiated osteoblastic cells.
Lipid droplet formation was completely inhibited by a concentration of 25 ng µL−1. Meanwhile, the
expression of genetic markers for adipogenic initiation, peroxisome proliferator-activated receptor γ2
(PPARγ2) and CCAAT/enhancer binding protein α (C/EBPα), as well as subsequent adipocyte mat-
uration, fatty acid binding protein 4 (FABP4) and lipoprotein lipase (LPL), were significantly down-
regulated. Yet, the genetic markers of osteogenic commitment and differentiation were not upregu-
lated during adipogenic differentiation and conversion under FGF supplementation, not supporting
an event of osteogenic lineage switching.

Moreover, when examining the effects on the osteogenic differentiation of hBMSCs and the osteogenic
conversion of pre-differentiated adipocytic cells, culture in the presence of FGF1 markedly decreased
extracellular matrix (ECM) mineralization. Additionally, the gene expression of the osteogenic marker
alkaline phosphatase (ALP) was significantly reduced and ALP enzyme activity was decreased. Fur-
thermore, genetic markers of osteogenic commitment, like the master regulator runt-related transcrip-
tion factor 2 (RUNX2) and bone morphogenetic protein 4 (BMP4), as well as markers of osteogenic
differentiation and ECM formation, like collagen 1 A1 (COL1A1) and integrin-binding sialoprotein
(IBSP), were downregulated. In contrast, genes known to inhibit ECM mineralization, like ANKH
inorganic pyrophosphate transport regulator (ANKH) and osteopontin (OPN), were upregulated.
ANKH inhibition revealed that its transcriptional elevation was not crucial for the reduced matrix
mineralization, perhaps due to decreased expression of ectonucleotide pyrophosphatase/phospho-
diesterase 1 (ENPP1) that likely annulled ANKH upregulation. Like FGF1, also the culture in the
presence of FGF2 displayed a marked anti-adipogenic and anti-osteogenic effect.

The FGF receptor 1 (FGFR1) was found to be crucial for mediating the described FGF effects in adi-
pogenic and osteogenic differentiation and conversion. Yet, adipogenic conversion displayed a lower
involvement of the FGFR1. For adipogenic differentiation and osteogenic differentiation/conversion,
downstream signal transduction involved the extracellular signal-regulated kinases 1 and 2 (ERK1/2)
and the mitogen-activated protein kinase (MAPK)/ERK kinases 1 and 2 (MEK1/2), probably via the
phosphorylation of FGFR docking protein FGFR substrate 2α (FRS2α) and its effector Ras/MAPK. The
c-Jun N-terminal kinase (JNK), p38-MAPK, and protein kinase C (PKC) were not crucial for the signal
transduction, yet were in part responsible for the rate of adipogenic and/or osteogenic differentiation
itself, in line with current literature.
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Abstract

Taken together, to the best of our knowledge, our study was the first to describe the strong impact
of FGF1 and FGF2 on both the adipogenic and osteogenic differentiation and conversion processes of
primary hBMSCs in parallel. It clearly revealed that although both FGFs were not able to promote the
differentiation and lineage switching towards the osteogenic fate, they strongly prevented adipogenic
differentiation and lineage switching, which seem to be elevated during osteoporosis. Our findings
indicate that FGF1 and FGF2 entrapped hBMSCs in a pre-committed state. In conclusion, these agents
could be applied to potently prevent unwanted adipogenesis in vitro. Moreover, our results might aid
in unraveling a pharmacological control point to eliminate the increased adipogenic differentiation
and conversion as potential cause of adipose tissue accumulation and decreased osteoblastogenesis in
bone marrow during aging and especially in osteoporosis.
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Zusammenfassung

Die Regulation und Umkehr des adipogenen und osteogenen Commitments von trabekulären huma-
nen Knochenmarks-Stroma Zellen (hBMSCs) stellt einen vielversprechenden Ansatz für die Präven-
tion und Therapie der Knochenerkrankung Osteoporose dar. Der Fibroblasten-Wachstumsfaktor 1
(FGF1) und sein Proteinfamilien-Mitglied FGF2 wurden in einer vorhergehenden Studie als Haup-
tkandidaten bezüglich der Kontrolle einer Konversion (Schicksalsänderung) von hBMSCs in die os-
teogene Richtung bewertet. Der Effekt von FGF1 und FGF2 auf die Differenzierung von hBMSCs
wird jedoch in der Literatur kontrovers diskutiert. Folglich zielte die aktuelle Studie darauf ab, die Ef-
fekte dieser Faktoren auf die adipogene und osteogene Differenzierung und Konversion von primären
hBMSCs zu untersuchen. Außerdem sollten die nachgeschalteten Signalmechanismen aufgeklärt und
die Ergebnisse abschließend bezüglich des angestrebten Therapieansatzes bewertet werden.

Die vorliegende Studie zeigte eindeutig, dass die adipogene Differenzierung von hBMSCs sowie die
adipogene Konversion von vordifferenzierten osteoblastischen Zellen durch die Kultur in Gegen-
wart von FGF1 stark inhibiert wurde. Die typische Bildung von intrazellulären Fetttropfen war bei
einer Konzentration von 25 ng µL−1 vollständig inhibiert, während die Genexpression von frühen
und späten adipogenen Markern signifikant herunterreguliert war. Die osteogenen Marker waren
jedoch während der adipogenen Differenzierung und Konversion unter FGF-Zugabe nicht hochreg-
uliert, was eine etwaige Schicksalsänderung zugunsten der osteogenen Richtung nicht unterstützte.

Bei der Untersuchung der osteogenen Differenzierung von hBMSCs und der osteogenen Konversion
von vordifferenzierten adipozytischen Zellen bewirkte die Zugabe von FGF1 zum Differenzierungs-
medium eine deutliche Verminderung der Mineralisierung der extrazellulären Matrix (ECM). Darüber
hinaus war die Genexpression der alkalischen Phosphatase (ALP) signifikant reduziert; außerdem
wurde die ALP Enzymaktivität erniedrigt. Sowohl Marker des osteogenen Commitments einschließ-
lich des osteogenen Master-Transkriptionsfaktors RUNX2 (Runt-related transcription factor 2), als
auch Marker der weiterführenden osteogenen Differenzierung waren herunterreguliert. Im Kontrast
dazu waren Inhibitoren der ECM-Mineralisierung hochreguliert. Die Hochregulation von ANKH
(ANKH inorganic pyrophosphate transport regulator) schien hierbei jedoch keine direkte Auswir-
kung auf die Reduzierung der Mineralisierung zu haben; seine Wirkung wurde wahrscheinlich durch
die Herunterregulation von ENPP1 (Ectonucleotide pyrophosphatase/ phosphodiesterase 1) aufge-
hoben. Wie FGF1 zeigte auch FGF2 eine anti-adipogene und anti-osteogene Wirkung.

Der FGF Rezeptor 1 (FGFR1) war für die Weiterleitung der beschriebenen FGF-Effekte entscheidend,
wobei die adipogene Konversion eine erniedrigte Beteiligung dieses Rezeptors zeigte. Bei der adipo-
genen Differenzierung und der osteogenen Differenzierung und Konversion waren die nachgeschal-
teten Signalwege ERK1/2 (Extracellular signal-regulated kinases 1 and 2) bzw. MEK1/2 (Mitogen-
activated protein kinase (MAPK)/ ERK kinases 1 and 2) involviert, vermutlich über eine Phospho-
rylierung des FGFR Substrats FRS2α (FGFR substrate 2α) und der Ras/MAP Kinase. Im Gegensatz
dazu waren die c-Jun N-terminale Kinase (JNK), die p38-MAP Kinase und die Proteinkinase C (PKC)
nicht an der Weiterleitung des FGF-Signals beteiligt. Sie zeigten sich jedoch, in Übereinstimmung mit
der aktuellen Literatur, verantwortlich für das Ausmaß der adipogenen bzw. osteogenen Differen-
zierung selbst.

Zusammenfassend war die vorliegende Studie nach unserem besten Wissen die erste, die den starken
Einfluss von FGF1 und FGF2 parallel sowohl auf die adipogene als auch die osteogene Differenzie-
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Zusammenfassung

rung und Konversion von primären hBMSCs untersucht hat. Sie zeigte deutlich, dass, obwohl beide
FGFs nicht die Differenzierung und Konversion zum osteogenen Zellschicksal hin unterstützen kon-
nten, sie dennoch wirkungsvoll die adipogene Differenzierung und Konversion verhinderten, die
whrend der Osteoporose erhht zu sein scheinen. Unsere Ergebnisse lassen den Schluss zu, dass hBM-
SCs durch FGF1 und FGF2 in einem Stadium vor dem Schicksals-Commitment festgehalten werden.
Folglich könnten diese Proteine verwendet werden, um eine ungewollte Adipogenese in vitro zu ver-
hindern. Außerdem könnten unsere Ergebnisse helfen, einen pharmakologischen Kontrollpunkt zur
Eliminierung der gesteigerten adipogenen Differenzierung und Konversion aufzudecken, welche po-
tentielle Gründe für die Fettakkumulation und die reduzierte Osteoblastogenese im Knochenmark
während des Alterns und besonders in der Osteoporose sind.
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1 Osteoporosis and the adipose tissue accumu-
lation in bone marrow

1.1 Bone disorder of high clinical relevance

Osteoporosis (‘fragile or porous bones’, from Greek: ‘ostoun: bone’ and ‘poros: pore’) is character-
ized by the decrease of bone mass and density, which predisposes to an increased fracture risk1.
This progressive bone disorder is clinically highly relevant. It is the most common skeletal disease
in persons from 50 years upwards with a female to male ration of 4 to 1. Approximately 30% of all
postmenopausal women develop osteoporosis, which is attributable to the decrease in estrogen pro-
duction. In addition to this primary osteoporosis subtype, which is not resulting from another predis-
posing disease, the secondary osteoporosis occurs due to chronic medical problems or the prolonged
use of medications such as glucocorticoids. In summary, osteoporosis is responsible for millions of
fractures per year, which typically affect the vertebral column, hip, rib, and wrist. Especially ver-
tebral and hip fractures result in increased morbidity and mortality and cause enormous healthcare
costs. This is of particular importance since the global trend of increasing longevity results in aging
populations and a rise of this skeletal disorder.

The World Health Organization (WHO) defines osteoporosis as bone mineral density (BMD) of 2.5
standard deviations or more below the mean peak bone mass of young and healthy adults, measured
by dual-energy X-ray absorptiometry1. While BMD decreases, the trabecular bone micro-architecture
progressively deteriorates leading to decreased bone strength and quality (Fig. 1.1). The underlying
mechanism is an imbalance between the two processes characterizing the bone remodeling cycle, the
resorption of old and the formation of new bone2.

Figure 1.1: Osteoporosis deteriorates the micro-architecture of trabecular bone. Normal trabecular or spongy
bone is structured in well-connected plates or broad bands providing great strength and flexibility
at the same time. During osteoporosis, these bands are weakened and disrupted so that they can no
longer contribute to bone strength, thereby predisposing to an increased fracture risk. This affects
especially the spine, wrist, and hip, where trabecular bone predominates. Figure adapted from
Servier Medical Art (http://www.servier.com/Powerpoint-image-bank).
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1.2 Bone resorption and new formation

In healthy bone, the remodeling of bone matrix occurs constantly so that up to 10% of total bone
mass undergo this process at any time point. It allows the repair of major injuries as well as small
bone fractures occurring from daily physical activities; moreover, bone is adjusted to altered needs of
physical activity and loading.

Bone consists of two major components, the inorganic bone mineral hydroxyapatite and the organic
component that comprises bone matrix proteins. As recently reviewed3, during the bone remodeling
cycle (Fig. 1.2) the bone-degrading osteoclast dissolves the bone mineral and secretes enzymes to
degrade the bone matrix proteins4, thereby creating pits in the bone surface. During a brief reversal
phase, the resorption pit is occupied by osteoblast precursors. Then, the bone-forming osteoblast
newly synthesizes and secretes extracellular matrix (ECM)-associated proteins like i.e. collagen type
1, osteopontin (OPN), integrin-binding sialoprotein (IBSP), and osteocalcin (OC). This extracellular
layer of organic components forms the unmineralized, flexible osteoid on which the osteoblasts reside.
Furthermore, osteoblast-derived matrix vesicles, which contain alkaline phosphatases (ALP), locally
release inorganic phosphate. In combination with the abundant calcium in the extracellular fluid,
this leads to the new formation of hydroxyapatite Ca10(PO4)6(OH)2 crystals5, which are deposited
along the collagenous fibrilar scaffolds6. These processes are also referred to as ECM formation and
mineralization.

Endosteal sinus

Monocyte

Pre-osteoclast

Osteoclast

Pre-osteoblast

Osteocyte Macrophage
Osteoblast Bone-lining cell

Osteoid

New bone

Old bone

Figure 1.2: The bone remodeling cycle consists of the two processes bone resorption and new bone formation.
After osteoclasts degrade the inorganic and organic components of the extracellular bone matrix
(bone resorption), osteoblasts synthesize new bone matrix proteins and facilitate subsequent ECM
mineralization (new bone formation). Osteoblasts can mature into osteocytes residing in the min-
eralized bone matrix or bone-lining cells seated on the bone surface. Figure adapted from Servier
Medical Art (http://www.servier.com/Powerpoint-image-bank).
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1 Osteoporosis and the adipose tissue accumulation in bone marrow

While osteoclasts die by apoptosis after approximately two weeks, most osteoblasts mature into os-
teocytes after a lifespan of about three months3. Osteocytes become incorporated into the bone matrix
and depict the most abundant bone cell type with 95%. During this maturation, osteoblast morphol-
ogy markedly changes and thin extensions build intercellular connections to other osteocytes as well
as to osteoblasts on the bone surface, forming the osteocyte network. When sensing mechanical and
metabolic stimuli, osteocytes transmit signals through this network to influence the activity of osteo-
clasts and osteoblasts7. Besides, other osteoblasts develop into flattened bone-lining cells on the sur-
face, which are suggested to couple bone resorption to bone formation8 by possibly defining physical
compartments of bone remodeling9.

1.3 Preferential adipogenesis and fat accumulation

With aging and especially during osteoporosis, bone resorption exceeds bone formation (that is either
normal or also deficient) resulting in net bone loss. While bone resorption increases probably as a
result of sex hormone deprivation, bone formation is diminished because of the reduction of the cell
number, activity, and the life span of osteoblasts2. Several specific reasons are discussed for the re-
duced number of mature osteoblasts. Firstly, it is likely to be caused by a decrease in the proliferative
and/or bone forming capacity of pre-osteoblastic cells10,11.

Secondly, the preferential differentiation of bone marrow stromal cells (BMSCs) into adipocytes may
most probably account for the reduced osteoblastogenesis since BMSCs are the common precursor for
osteoblasts as well as adipocytes2. Based on scientific publications as well as clinical observations,
evidence suggests an inverse relationship between adipogenesis and osteogenesis12–18. For example,
the canonical Wnt/β-catenin pathway inhibits adipogenesis and induces osteoblastogenesis, while
the transcription factor and key inducer of adipogenesis peroxisome proliferator-activated receptor
γ2 (PPARγ2) inhibits osteoblastogenesis19. Moreover, the pharmacological inactivation of PPARγ2
increases osteoblast differentiation and bone formation in mice20. Intriguingly, osteoporosis is com-
monly accompanied by an increased accumulation of adipose tissue in the bone marrow, referred to
as ‘fatty degeneration’. That is why, osteoporosis has been discussed as the obesity of bone21. Fur-
thermore, higher marrow fat is associated with a lower BMD and prevalent vertebral fractures22.

In addition to the favored adipogenic differentiation of BMSCs, the plasticity between pre-differentia-
ted cells of the adipogenic and osteogenic lineage has been described by us and others23,24. Thus,
the lineage switching of pre-differentiated osteoblastic cells into adipocytes (adipogenic conversion)
might increase the adipogenic outcome at the expense of osteogenesis.

Taken together, the shifted balance between adipogenic and osteogenic BMSC differentiation towards
adipogenesis may probably account for the fatty degeneration. In conclusion, controlling this lineage
decision in favor of osteogenesis depicts a novel and highly interesting approach for future osteoporo-
sis therapy and prevention. In contrast to the common medications that mostly focus on decreasing
bone resorption, this therapeutic approach would aim for increasing osteoblastogenesis and therefore
bone formation while counteracting the fatty degeneration of the bone marrow that is connected to a
poorer outcome.

5





2 Human bone marrow stromal cells

2.1 Differentiation into the adipocytic and osteoblastic lineage

Human bone marrow stromal cells (hBMSCs), also termed mesenchymal stem cells (MSCs), are multi-
potent cells. They are able to differentiate into the lineages of mesenchymal tissue including bone, car-
tilage, fat, tendon, and muscle25–27. Hence, they are the common precursor of the adipogenic as well
as the osteogenic lineage. hBMSCs are key players in the bone remodeling process since they are the
progenitors of pre-osteoblasts and, subsequently, the bone-forming osteoblasts. Thus, the osteogenic
differentiation of hBMSCs is the prerequisite for the formation of bone matrix proteins and ensuing
ECM mineralization by the osteoblasts as described earlier. However, the preferential differentiation
into the adipogenic lineage is likely one of the main reasons for the decreased osteoblast cell number
during aging and especially in osteoporosis, which is elucidated by the increased fat accumulation in
and the fatty degeneration of the bone marrow, respectively.

The hBMSC differentiation process is controlled by a multitude of cytokines regulating the expression
of cell-lineage specific sets of transcription factors (Fig 2.1). During the onset of differentiation, mas-
ter transcription factors determine the cell fate, like PPARγ2 for adipogenic differentiation and runt-
related transcription factor 2 (RUNX2) for osteogenic differentiation28–30. On the one side, the initial
adipogenic commitment of hBMSCs is driven by the CCAAT/enhancer binding protein (C/EBP) fam-
ily with its members C/EBPδ and β, which promote C/EBPα and PPARγ2 transcription31. The further
differentiation into mature adipocytes is characterized by the expression of fatty acid binding protein
4 (FABP4) and lipoprotein lipase (LPL) accompanied by the formation of lipid droplets, which occupy
most of the intracellular space while the nucleus is located at the cell margin.

On the other side, the osteogenic commitment is initiated by the expression of the master transcription
factor RUNX2 and its co-activator the transcriptional co-activator with PDZ-binding motif (TAZ)32.
Moreover, ALP and bone morphogenetic proteins (BMPs) like BMP4 comprise early osteogenic mark-
ers. Furthermore, the osteogenic differentiation and maturation is characterized by the expression of
collagen 1 A1 (COL1A1), IBSP, OC, and OPN, which are components of the bone ECM. Then, ANKH
inorganic pyrophosphate transport regulator (ANKH), ectonucleotide pyrophosphatase/ phosphodi-
esterase 1 (ENPP1), and ALP facilitate the ECM mineralization. While ALP is considered to be an
early marker, OC is recognized as a late marker for osteoblast differentiation.

2.2 Lineage plasticity and conversion

Apart from the commitment and subsequent differentiation of undifferentiated hBMSCs, plasticity be-
tween pre-differentiated cells of the adipogenic and osteogenic lineage was reported by us and others
in vitro. The conversion of osteoblastic cells into the adipocytic lineage23,24,33–39 as well as the conver-
sion of pre-differentiated adipocytes into the osteoblastic fate23,24,39–44 was stated in current literature.
As reviewed by Berendsen et al., these lineage switches are able to take place after transcriptional
modifications and through epigenetic mechanisms45. The process of conversion, also referred to as
‘transdifferentiation’ in earlier publications, is defined as one cell type being committed to and pro-
gressing along a specific developmental lineage switching into another cell type of a different lineage
through genetic reprogramming23.
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RUNX2

C/EBPδ, -β
C/EBPα
PPARγ2

PPARγ2 
FABP4
LPL

Lipid droplet formation
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& epigenetic mechanisms

TAZ

BMP
ALP
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Figure 2.1: Adipogenic and osteogenic differentiation and conversion of hBMSCs. Adipogenic commitment is
characterized by the expression of the early marker genes C/EBPδ, -β, and -α with the adipogenic
key transcription factor PPARγ2. FABP4 and LPL expression followed by lipid droplet formation
further designate adipocyte differentiation. Osteogenic commitment is driven by the expression
of the master transcription factor RUNX2 and its co-activator TAZ. Whereas BMPs and ALP de-
pict early osteogenic markers, COL1A1, IBSP, OC, and OPN are considered to be later markers
of osteogenic differentiation and maturation involved in ECM formation. Then, ANKH, ENPP1,
and OPN control ECM mineralization, a process fundamental for new bone formation (see above).
Besides differentiation processes, the conversion of pre-differentiated cells was reported. This lin-
eage plasticity might play a role in the increased adipogenesis in the skeletal disorder osteoporosis.
Figure adapted from Servier Medical Art (http://www.servier.com/Powerpoint-image-bank).

2.3 In vitro model for hBMSC differentiation and conversion

The in vitro system deployed in the current study was established by Prof. Dr. Norbert Schütze and
further modified by Dr. Tatjana Schilling previously. The adipogenic and osteogenic differentiation
of hBMSCs was proven feasible as well as the conversion of adipogenically pre-differentiated cells
into the osteogenic fate (osteogenic conversion) and vice versa (adipogenic conversion)24. This in vitro
approach based on human primary cells was established to better reflect the bone marrow environ-
ment than available immortalized cell lines from human or other species. Moreover, it enables the
investigation of the specific cell type of trabecular hBMSCs, which functions as a key player in bone
formation and represents the common precursor for osteoblastic as well as adipocytic cells.

When comparing converted cells with normally differentiated cells by using microarray analysis, our
group was able to elicit reproducibly regulated genes for adipogenic and osteogenic conversion46. By
deploying a novel bioinformatic scoring scheme that ranked the genes according to reproducibility,
regulation level, and reciprocity between the different directions of conversion, members of several
signaling pathways like fibroblast growth factor (FGF), insulin-like growth factor (IGF), and Wnt sig-
naling were identified as potential key factors associated with adipogenic and osteogenic conversion.

The study revealed that FGF1 was upregulated during osteogenic conversion and downregulated
during adipogenic conversion. Pre-trials suggested an anti-adipogenic effect on hBMSC differentia-
tion. In addition, FGF2 was downregulated during adipogenic conversion. Therefore, FGF1 and its
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2 Human bone marrow stromal cells

subfamily member FGF2 were scored as highly promising regulators of the initiation of conversion.
However, the reports regarding the effects of FGF1 and FGF2 on adipogenic and osteogenic differen-
tiation of mesenchymal precursors in current literature are controversial. As to our knowledge, no
study has investigated the effects of FGF1 and FGF2 on the adipogenic and osteogenic conversion of
pre-differentiated cells so far. In consequence, these signaling molecules needed to be characterized
in detail regarding their effects on the adipogenic and osteogenic differentiation and conversion of
trabecular hBMSCs.
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3 Fibroblast growth factors and their receptors

3.1 Fibroblast growth factors

Fibroblast growth factors (FGFs) are a family of polypeptides that are found in vertebrates and inverte-
brates47. They serve essential roles in embryonic development and during organogenesis. In addition,
FGFs regulate several important cellular processes in the adult like tissue maintenance, repair, regen-
eration, and metabolism, including angiogenesis and wound healing48. The FGF family comprises 22
structurally related members in human. Their molecular weight ranges from 17 to 34 kDa and they
share a homologous internal core region47. The FGFs are divided into seven subfamilies grouped into
the intracellular, the endocrine, and the canonical FGFs49. Whereas the intracellular, non-signaling
FGFs (FGF11-14) serve as co-factors for voltage gated sodium channels and other molecules and have
been well studied in neurons, the other FGFs are secreted signaling proteins that act via receptor
tyrosine kinases. The endocrine, hormone-like FGFs (FGF15/19, FGF21, FGF23) mediate mineral,
metabolic, energy, and bile acid homeostasis50–54.

FGF1 and its subfamily member FGF2 are two of the most extensively studied canonical FGFs. In con-
trast to endocrine FGFs, the canonical FGFs function as autocrine or paracrine factors and control cell
proliferation, differentiation, and survival47,49,55–58. They bind to heparin, heparan sulfates (HS) and
cell-surface-associated heparan sulfate proteoglycans (HSPGs), which retain the polypeptides in the
vicinity of their secreting cells, thereby enabling the autocrine and/or paracrine action59,60. Moreover,
heparins are essential co-factors for the binding and activation of FGF receptors (FGFRs)57,61–63 and
regulate the specificity and affinity of the FGF-FGFR binding64–67.

3.2 FGF receptors

FGFRs belong to the family of receptor tyrosine kinases. They consist of an extracellular ligand-
binding domain that is linked to the intracellular catalytic tyrosine kinase core (TK) via a single-pass
transmembrane domain68. The extracellular part is constituted of three immunoglobulin-type do-
mains D1-D369. FGFs interact with the D2 and D3 domain while HS bind to the D3 domain62. In
mammals, four members of the FGFR family exist named FGFR1-4. The sequences of amino acids are
highly conserved whereas ligand affinity and tissue distribution differ in each receptor70. In addition,
alternative mRNA splicing results in specified variants of the D3 domain, giving rise to either the IIIb
or IIIc isoform in FGFR1-371–75. Whereas exon IIIb is expressed in epithelial lineages, exon IIIc is more
inclined to be expressed in mesenchymal lineages76–79. This tissue-specific alternative splicing largely
affects the ligand-receptor binding specificity76–80.

Each FGFR is able to bind to a specific subset of FGFs. Similarly, most FGFs bind to several of the
seven different FGFR subtypes, i.e. FGF1 is capable of activating all of them74. Upon ligand binding,
a tertiary signaling complex is formed that consists of two FGFs, two heparin sulfate chains, and two
FGFRs (Fig. 3.1)81. While each ligand binds to both receptors, the FGFRs make contact with one an-
other via the D2 domain57. The receptor dimerization leads to a conformational shift in the receptor
structure that releases the kinase auto-inhibition. This results in the trans-phosphorylation of intrinsic
tyrosine residues of each receptor monomer82–84. In consequence, the docking protein FGFR sub-
strate 2α (FRS2α) is phosphorylated, which leads to the recruitment of i.e. the adaptor protein growth
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factor receptor-bound protein 2 (GRB2), the GRB2-associated-binding protein 1 (GAB1), the guanine
nucleotide exchange factor son of sevenless homolog (SOS), and the protein tyrosine phosphatase,
non-receptor type 11 (PTPN11 alias SHP2) (Fig. 3.1)48. This FRS2 complex serves as docking site
for adaptor proteins that activate downstream signaling pathways, including Ras/mitogen-activated
protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K)/Akt56,85,86.

The Ras/MAPK pathway constitutes the main downstream signaling pathway of FGF signaling and
exercises control over cell proliferation and differentiation48,87. MAPKs regulate various cellular pro-
cesses by responding to extracellular stimuli and act as serine/threonine-specific kinases. Down-
stream effectors of the Ras/MAPK pathway are the c-Jun N-terminal kinase (JNK), the p38-MAPK,
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Figure 3.1: The FGF/FGFR signaling pathway. The signaling cascade is initialized upon the formation of the
tertiary signaling complex consisting of two FGF ligands, two FGF receptors (FGFR), and two hep-
aran sulfate (HS) molecules. The subsequent dimerization activates the intracellular FGFR tyrosine
kinase domain (TK). The phosphorylation of the FGFR substrate (FRS) 2α and the subsequent re-
cruitment of proteins like growth factor receptor-bound protein 2 (GRB2), GRB2-associated-binding
protein 1 (GAB1), guanine nucleotide exchange factor son of sevenless homolog (SOS), and protein
tyrosine phosphatase, non-receptor type 11 (PTPN11 alias SHP2) facilitate the initiation of down-
stream signaling cascades. The main downstream pathway Ras/mitogen-activated protein kinase
(MAPK) as well as the phosphoinositide 3-kinase (PI3K)/Akt pathway are activated by this FRS2
complex. In contrast, phospholipase C (PLC) γ is directly activated by the FGFR and initiates pro-
tein kinase C (PKC) signaling. The c-Jun N-terminal kinase (JNK), the p38-MAPK, and the ex-
tracellular signal-regulated kinase (ERK) represent possible downstream pathways of Ras/MAPK
signaling. Figure based on48.
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and the extracellular signal-regulated kinase (ERK) (Fig. 3.1)48,88. Besides Ras/MAPK, the PI3K/Akt
pathway can be initiated by the FRS2 complex and is associated with cell survival and fate determi-
nation48,81,89. In addition, the phospholipase C (PLC) γ represents another target molecule of FGFR
signaling. The PLCγ pathway affects cell morphology, migration, and adhesion48,81,89. Unlike the
previously mentioned pathways, PLCγ is activated by direct binding to a phosphorylated site of the
receptor90. Subsequent hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol
(DAG) and inositol triphosphate (IP3) results in the activation of protein kinase C (PKC)90.

Apart from this ‘classical’ FGFR signaling, it was reported that FGFR1-3 are capable of being inter-
nalized into the nucleus, where they might function in a different manner to receptor tyrosine kinase
signaling68. After the binding and activation by the FGF ligand at the cell surface, the FGFR-FGF
complex is internalized and translocated to the nucleus, i.e. in order to regulate cell proliferation91–94.

3.3 Role in osteogenesis and bone formation

As mentioned in several studies, the FGF/FGFR signaling plays an important role in regulating pre-
natal and postnatal skeletal development95–97. Especially FGF2 has been reported to influence os-
teoblastogenesis and bone formation. On the one hand, it was stated that FGF2 positively affects bone
formation98,99. Its bone anabolic effects have been demonstrated in several animal models including
rat, mice, and rabbit100–103. FGF2 was also able to prevent trabecular bone loss in ovariectomized
rats104. Moreover, the bone anabolic effect of BMP2 and parathyroid hormone (PTH) was shown to be
in part dependent on endogenous FGF2 expression105–107.

In line, the deletion of the FGF2 gene led to a marked decrease in bone mass and bone formation in
FGF2-/- mice108. In addition, the trabecular micro-architecture was markedly impaired with loss of
connecting rod-like structures and bone mineralization was diminished. Furthermore, the decreased
mineralized nodule formation in FGF2-/- BMSC cultures in vitro was recovered by exogenously ap-
plied FGF2109. Besides, several in vitro studies on mesenchymal progenitors displayed a positive
effect on osteogenic differentiation markers110–115. With high importance for our current study, FGF2
was also stated to control the switch between the adipogenic and osteogenic differentiation of BMSCs
towards osteoblastogenesis116.

On the other hand, FGF2 overexpression in transgenic mice resulted in impaired bone formation in-
cluding shortening and flattening of long bones117. Moreover, FGF2 treatment in vitro was repeatedly
reported to reduce the markers of osteogenic differentiation118–128. However, it was suggested that
FGF2 might exert an early pro-proliferative role on osteoblast progenitors associated with a decrease
in differentiation in vitro, but still have bone anabolic effects in vivo because of the creation of a larger
pool of osteo-progenitor cells97.

Apart from FGF2, also the FGFRs were reported to impact bone formation. Gain-of-function mutations
in FGFR1 and FGFR2 were found in several craniosynostosis syndromes in human49. These autoso-
mal dominant syndromes result in premature ossification and closure of the cranial suture and have
various additional skeletal and soft tissue phenotypes. For example, Pfeiffer and Jackson-Weiss syn-
drome result from mutations in FGFR1 or FGFR2 whereas Apert and Crouzon syndrome are caused
by missense mutations, deletions, and insertions in the FGFR2 gene129–138. These activating FGFR2
mutations were shown to promote osteoblast differentiation by increasing the expression of RUNX2
and osteogenic marker genes95,139. Moreover, mutations of FGFR3 cause achondroplasia, the most
common form of human short-limbed dwarfism140. In addition, the process of bone formation was
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shown to be dependent upon the interplay between the local expression of FGFs and the spatiotem-
poral expression of the FGFR1-4 and their splice variants73,95,141,142.
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4 Aim of my doctoral research
During aging and especially as a consequence of the skeletal disorder osteoporosis, the balance be-
tween bone resorption and new formation is disturbed. Cell number, activity, and life span of bone-
forming osteoblasts are markedly decreased and adipose tissue accumulates in the bone marrow, re-
ferred to as ‘fatty degeneration’. These alterations may be caused by the preferential adipogenic differ-
entiation of trabecular hBMSCs at the expense of osteogenesis. Scientific evidence suggests an inverse
relationship between the adipocytic and osteoblastic lineage, as both descend from the same precursor
cell type. Moreover, plasticity has been shown between already committed and/or differentiated cells
of these lineages, termed ‘conversion’ in the current study. Hence, the conversion of pre-differentiated
osteoblastic cells into adipocytes in vivo might be a further cause of the fatty degeneration and the
decreased osteoblast number.

Previous findings featuring microarray analysis followed by bioinformatic evaluation pointed at the
members of the FGF signaling pathway FGF1 and FGF2 as most promising candidates for controlling
hBMSC lineage decisions in order to favor the osteogenic over the adipogenic differentiation and
conversion. This strategy may aid in finding novel pharmaceutical approaches for bone regeneration
during aging and for the prevention and therapy of osteoporosis. Moreover, it may be advantageous
for the in vitro engineering of calcified tissues. So far, there have been contradictory results on the
effects of FGF1 and FGF2 on adipogenesis and osteogenesis in the literature and this subject is still a
matter of scientific debate. Especially literature on primary human precursor cells from bone marrow
origin is scarce.

In consequence, my doctoral research had three key aims: [1] to investigate the influence of FGF1 and
FGF2 on adipogenic and osteogenic differentiation and conversion processes in primary trabecular
hBMSCs; [2] to elucidate the involved downstream signaling cascades; and [3] to draw conclusions
with regard to exercising control over the adipogenic and osteogenic differentiation and conversion
processes.
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5 Materials

5.1 Equipment

Table 5.1: Used equipment and corresponding suppliers

Equipment Supplier

Abimed Single channel pipettes (10 µL,
100 µL, and 1000 µL)

Kinesis GmbH, Langenfeld, Germany

BioPhotometer Eppendorf AG, Hamburg, Germany

C1000TM Thermal Cycler with CFX 96
Real-Time System

Bio-Rad Laboratories GmbH, München, Germany

Centrifuge Biofuge Fresco Thermo Electron LED GmbH, Langenselbold, Germany

Centrifuge Micro FugOne Thermo Electron LED GmbH, Langenselbold, Germany

Centrifuge Multifuge X1R Heraeus Thermo Electron LED GmbH, Langenselbold, Germany

Centrifuge Pico Heraeus Thermo Electron LED GmbH, Langenselbold, Germany

CO2 incubator CB 150 Binder GmbH, Tuttlingen, Germany

CO2 incubator Kelvitron T Thermo Electron LED GmbH, Langenselbold, Germany

CO2 incubator HERAcell 240i Thermo Electron LED GmbH, Langenselbold, Germany

Dishwasher Miele & Co. KG, Gütersloh, Germany

Drier Thermo Electron LED GmbH, Langenselbold, Germany

FluorChem Q (CCD Detection System
for Western Blot Analysis)

Cell Biosciences, Santa Clara, USA

Freezer Economic (−20 ◦C) Bosch GmbH, Gerlingen-Schillerhöhe, Germany

Freezer II Shin (−80 ◦C) Nunc GmbH & Co. KG, Wiesbaden, Germany

Fridge Freshcenter Bosch GmbH, Gerlingen-Schillerhöhe, Germany

Gel electrophoresis Mini Protean 3 cell Bio-Rad Laboratories GmbH, München, Germany

Glassware Schott, purchased from Hartenstein, Würzburg, Ger-
many

Glass pipettes A. Hartenstein, Würzburg, Germany

GloMaxTM-Multi Detection System
microplate reader with fluorescence
module

Promega, Mannheim, Germany

Heater Medax, purchased from Hartenstein, Würzburg, Ger-
many

Heater VWR analog heatblock VWR International LLC., purchased from Peqlab Biotech-
nologie GmbH, Erlangen, Germany

Continued on next page
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Table 5.1 – Continued

Equipment Suppliers

Laminar air flow box Hera Safe KS12 Thermo Electron LED GmbH, Langenselbold, Germany

Laminar air flow Hera Safe 2020 1.8 Thermo Electron LED GmbH, Langenselbold, Germany

Magnetic stirrer A. Hartenstein, Würzburg, Germany

Microscope Axiovert. A1 with Axio-
Cam ICc1

Carl Zeiss Jena GmbH, Jena, Germany

Multistepper Handy Step Brand GmbH & Co KG, Wertheim, Germany

Orion II Luminometer
(chemiluminescence detection)

Berthold Detection Systems, Pforzheim, Germany

Peqstar 96 Universal Gradient PCR
machine

Peqlab Biotechnologie GmbH, Erlangen, Germany

Peqstar 2x PCR machine Peqlab Biotechnologie GmbH, Erlangen, Germany

PerfectBlue semi dry electroblotter Peqlab Biotechnologie GmbH, Erlangen, Germany

pH meter inolab pH level 1 WTW, purchased from Hartenstein, Würzburg, Germany

Pipetboy Acu IBS Integra Biosciences, Fernwald, Germany

Power Pac 300 Bio-Rad Laboratories GmbH, München, Germany

Scale PCB 1000-2 chemical balance Kern und Sohn GmbH, purchased from Hartenstein,
Würzburg, Germany

Scale (micro) ABS 220-4 electronic bal-
ance

Kern und Sohn GmbH, purchased from Hartenstein,
Würzburg, Germany

Shaker DRS-12 Neolab, Heidelberg, Germany

Sonifier Branson Digital Sonifier® 250 Branson Ultrasonics Corporation, Danbury, CT, USA

Speed Vac SC 110 Savant, Thermo Electron LED GmbH, Langenselbold,
Germany

SunriseTM Microplate Absorbance
Reader

Tecan Deutschland GmbH, Crailsheim, Germany

Thermal cycler PTC-200 Peltier, MJ Research, purchased from Biozym Scientific
GmbH, Hessisch-Oldendorf, Germany

Vortexer Vortex-Genie 2 Scientific Industries, purchased from Hartenstein,
Würzburg, Germany

Water bath WB7 Memmert GmbH & Co. KG, purchased from Hartenstein,
Würzburg, Germany

Water bath WNB14 Memmert GmbH & Co. KG, purchased from Hartenstein,
Würzburg, Germany
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5.2 Software and online sources

Table 5.2: Utilized software and online sources

Software/Database Company/URL

AmplifX software 1.7.0 http://crn2m.univ-mrs.fr/pub/recherche/equipe-t-brue/

jullien-nicolas/programmation/amplifx/?lang=fr

Axiovision Rel. 4.8 Carl Zeiss Vision GmbH, Aalen, Germany

Bio-Rad CFX Manager 3.1 Bio-Rad Laboratories GmbH, München, Germany

BLASTn (Altschul et al., 1990)
http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi?CMD=Web&

PAGE_TYPE=BlastHome

Dict http://www.dict.cc/

FluorChemQ Software Cell Biosciences, Santa Clara, USA

GenBank (Thompson et al., 1997)
http://www.ncbi.nlm.nih.gov/genbank/

GraphPad Prism version 6.04 for
Windows

GraphPad Software, La Jolla, CA, USA, www.graphpad.com

Mendeley Desktop 1.11 Mendeley Ltd.
http://www.mendeley.com

MiKTeX Version 2.9 http://miktex.org/

NCBI Pubmed http://www.ncbi.nlm.nih.gov/pubmed

Photoshop 4.0® Adobe Systems Inc., San Jose, CA, USA

Primer3Plus http://primer3plus.com/cgi-bin/dev/primer3plus.cgi

(Rozen and Skaletsky, 2000)

Servier Medical Art http://www.servier.com/Powerpoint-image-bank; Servier
Medical Art is licensed under the Creative Commons Attri-
bution 3.0 Unported License (http://creativecommons.org/
licenses/by/3.0/)

Sumatra PDF Viewer 2.4 http://sumatra-pdf.softonic.de/

TeXnic Center 2.02 The TeXnic Center Team
www.texniccenter.org/

Wikipedia http://www.wikipedia.org/
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5.3 Consumables

Table 5.3: Consumables and their corresponding suppliers

Consumables Supplier

Cell culture flasks (25 cm2,
75 cm2, 150 cm2, and 175 cm2)

Greiner Bio-One GmbH, Frickenhausen, Germany

Cell scraper SPS Lifesciences, purchased from A. Hartenstein GmbH,
Würzburg, Germany

Centrifugation tubes (15 mL and
50 mL)

Greiner Bio-One GmbH, Frickenhausen, Germany

Eppendorf micro test tubes Greiner Bio-One GmbH, Frickenhausen, Germany

Multitips Eppendorf AG, purchased from A. Hartenstein GmbH,
Würzburg, Germany

Nitrocellulose transfer mem-
brane Whatman Protran BA85

Whatman GmbH, purchased from A. Hartenstein GmbH,
Würzburg, Germany

Pasteur pipettes A. Hartenstein GmbH, Würzburg, Germany

PCR reaction tubes for qPCR Biozym Scientific GmbH, Hessisch Oldendorf, Germany

PCR reaction tubes for RT-PCR Greiner Bio-One GmbH, Frickenhausen, Germany

Pipette tips Brandt, purchased from Laug & Scheller GmbH, Kürnach, Ger-
many

Pipette tips, aseptic, with filters STARLAB GmbH, Hamburg, Germany

Plastic pipettes (5 mL, 10 mL,
and 25 mL)

Greiner Bio-One GmbH, Frickenhausen, Germany

Plates, non-sterile (96-well) A. Hartenstein GmbH, Würzburg, Germany

Plates, non-sterile, black (96-
well) for fluorescence, Cat.-no.
655076

Greiner Bio-One GmbH, Frickenhausen, Germany

Plates, non-sterile, white (96-
well) for luminescence, Cat.-no.
655075

Greiner Bio-One GmbH, Frickenhausen, Germany

Plates, sterile (6-, 12-, 24-well) Greiner Bio-One GmbH, Frickenhausen, Germany

Protran nitrocellulose transfer
membrane

Whatman Schleicher & Schuell, purchased from A. Hartenstein
GmbH, Würzburg, Germany

PVDF blotting membrane Whatman GmbH, purchased from A. Hartenstein GmbH,
Würzburg, Germany

Sterile filters Carl Roth GmbH & Co. KG, Karlsruhe, Germany

UVettes Eppendorf AG, purchased from A. Hartenstein GmbH,
Würzburg, Germany

Continued on next page
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Table 5.3 – Continued

Consumables Suppliers

Whatman paper Whatman GmbH, purchased from A. Hartenstein GmbH,
Würzburg, Germany

5.4 Chemicals and reagents

Table 5.4: Chemicals and reagents and their corresponding suppliers

Chemicals and reagents Supplier

Acetic acid anhydrous Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many

Acetone AppliChem, purchased from A. Hartenstein
GmbH, Würzburg, Germany

Agarose Biozym Scientific GmbH, Hessisch-Oldendorf,
Germany

Alizarin red S Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

Ammonia solution (25%) Merck KGaA, Darmstadt, Germany

Ammonium persulfate (APS) PAA Laboratories GmbH, Pasching, Austria

L-Ascorbic acid 2-phosphate Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

Bovine Serum Albumin (BSA), fatty acid free,
low endotoxin (for cell culture)

Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

Bovine Serum Albumin (BSA) fraction V (for
western blotting)

PAA Laboratories GmbH, Pasching, Austria

Bromphenole blue sodium salt Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many

Calphostin C (inhibitor of PKC, PKA, PKG and
calcium channel proteins)
CAS 121263-19-2, sc-3545A, Lot #G1112

Santa Cruz Biotechnology, Santa Cruz, CA, USA

Complete protease inhibitor cocktail Roche Diagnostics GmbH, Mannheim, Ger-
many

CSPD (Disodium 3-(4-methoxyspiro
1,2-dioxetane-3,2’-(5’-chloro)tricyclo
[3.3.1.13,7]decan-4-yl)phenyl phosphate) ready-
to-use solution

Roche Diagnostics GmbH, Mannheim, Ger-
many

Continued on next page
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Table 5.4 – Continued

Chemicals and reagents Suppliers

Dexamethasone Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

1α,25-Dihydroxyvitamin D3

Cat.no. D1530
Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

Disodium carbonate Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many

Dimethylsulfoxide (DMSO) Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many

DNA from salmon sperm (Sigma D1626) Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

DNA ladder (1 kb) Peqlab Biotechnology GmbH, Erlangen, Ger-
many

DNA ladder plus (100 bp) Peqlab Biotechnology GmbH, Erlangen, Ger-
many

Dulbecco’s modified Eagle’s medium (DMEM)
high glucose with L-glutamine

Life Technologies GmbH, Darmstadt, Germany

Dulbecco’s modified Eagle’s medium with
Ham’s F12 nutrient mixture 1:1 (DMEM/Ham’s
F12) with Glutamax

Life Technologies GmbH, Darmstadt, Germany

Ethanol, absolute AppliChem, purchased from A. Hartenstein
GmbH, Würzburg, Germany

Ethanol (98%), denatured Carl-Roth GmbH & Co. KG, Karlsruhe, Ger-
many

Ethylenediaminetetraacetic acid (EDTA) tetra-
sodium salt dihydrate

AppliChem, purchased from A. Hartenstein
GmbH, Würzburg, Germany

Fetal calf serum (FCS) Biochrom GmbH, Berlin, Germany

Fibroblast growth factor 1 (FGF1, FGF acidic),
recombinant human, E. coli derived
Cat.no. 232-FA-025 (25 µg)

R&D Systems Inc., Minneapolis, USA

Fibroblast growth factor 2 (FGF2, FGF basic), re-
combinant human, E. coli derived
Cat.no. 233-FB-025 (25 µg)

R&D Systems Inc., Minneapolis, USA

GelRed® 10 000x Genaxxon BioScience GmbH, Ulm, Germany

Glycerol Merck KGaA, Darmstadt, Germany

Glycerol gelatine Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

Continued on next page
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Chemicals and reagents Suppliers

β-Glycerophosphate Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

Glycine Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many

Heparin sodium salt Biochrom GmbH, Berlin, Germany

HPLC-H2O Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many

Indomethacin Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

Insulin from bovine pancreas Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

3-Isobutyl-1-methylxanthine (IBMX) AppliChem, purchased from A. Hartenstein
GmbH, Würzburg, Germany

Hydrochloric acid solution (1 mol L−1) AppliChem, purchased from A. Hartenstein
GmbH, Würzburg, Germany

Hydrochloric acid (37%) Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many

Loading dye (6x) Peqlab Biotechnology GmbH, Erlangen, Ger-
many

Lysispuffer 10x #9803 for protein isolation Cell Signaling Technology Inc., purchased from
New England Biolabs GmbH, Frankfurt am
Main, Germany

Magnesium chloride AppliChem, purchased from A. Hartenstein
GmbH, Würzburg, Germany

2-Mercaptoethanol AppliChem, purchased from A. Hartenstein
GmbH, Würzburg, Germany

Methanol AppliChem, purchased from A. Hartenstein
GmbH, Würzburg, Germany

N,N,N-N-tetramethylethylene-diamine
(TEMED)

Merck KGaA, Darmstadt, Germany

Oil red O Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

Paraformaldehyde Merck KGaA, Darmstadt, Germany

Penicillin/streptomycin solution (100x) Life Technologies GmbH, Darmstadt, Germany

Phenylmethylsulfonylfluorid (PMSF) Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

Continued on next page
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Phosphate buffered saline (PBS) w/o Ca2+ and
Mg2+

Life Technologies GmbH, Darmstadt, Germany

Phosphatase inhibitor PhosSTOP (20x)
#04906845001

Roche Diagnostics GmbH, Mannheim, Ger-
many

Ponceaus S solution Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

Probenecid (inhibitor of ANKH)
CAS: 57-66-9, P 8761

Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

2-Propanol Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many

Protease inhibitor Complete, EDTA-free (25x)
#04693132001

Roche Diagnostics GmbH, Mannheim, Ger-
many

Quant-iT PicoGreen dsDNA Reagent Life Technologies GmbH, Darmstadt, Germany

Rainbowmarker RPN 800 GE Healthcare Europe GmbH, München, Ger-
many

Random hexamer primers Invitrogen GmbH, Darmstadt, Germany

Roti Histofix 4% Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many

Roti-Quant (5x) Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many

Rotiphorese gel 40 acrylamide/bisacrylamide
mix

Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many

SB203580 (inhibitor of p38 MAPK) Cat.no.
S1076, Lot. 04

Selleck Chemicals, Houston, TX, USA

Skim milk powder AppliChem, purchased from A. Hartenstein
GmbH, Würzburg, Germany

Sodium acetate AppliChem, purchased from A. Hartenstein
GmbH, Würzburg, Germany

Sodium chloride AppliChem, purchased from A. Hartenstein
GmbH, Würzburg, Germany

Sodium dodecyl sulfate (SDS) Merck KGaA, Darmstadt, Germany

Sodium hydrogen carbonate Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many

Sodium hydroxide solution (1 mol L−1) AppliChem, purchased from A. Hartenstein
GmbH, Würzburg, Germany

Sodium hydoxide pellets Merck KGaA, Darmstadt, Germany

Continued on next page
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SP600125 (competitive inhibitor of JNK 1, 2 and
3) Cat.no. 1496, Batch No: 9B/148046

Tocris Bioscience, Bristol, UK

Thioglycolic acid Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

Tris base AppliChem, purchased from A. Hartenstein
GmbH, Würzburg, Germany

Triton X-100 Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many

Trypan blue (0.4%) Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

Trypsin/EDTA (1x) Life Technologies GmbH, Darmstadt, Germany

Tween 20 Merck KGaA, Darmstadt, Germany

U0126 (highly selective inhibitor of MEK1 and
MEK2) #9903S, Ref:10/2013, Lot: 14

Cell Signaling Technology Inc., purchased from
New England Biolabs GmbH, Frankfurt am
Main, Germany

5.5 Buffers and solutions

5.5.1 Histology

Table 5.5: Established buffers and solutions used for histology

Buffers and solutions Ingredients and preparation

1% Alizarin red S staining solu-
tion

0.25 g alizarin red S
dissolve in 25 mL dist. H2O
add 250 µL 25% ammonia

ALP staining solution
(according to manufacturer’s
protocol)
made freshly

per 6-well:
20 µL FBB alkaline solution (included in the ALP kit)
add 20 µL sodium nitrate solution (included)
mix gently by inverting and incubate for 2 min
add mixture to 900 µL dist. H2O
add 20 µL naphtol-AS-BI solution (included)
mix thoroughly and protect from light

Continued on next page
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Buffers and solutions Ingredients and preparation

Citrate acetone formaldehyde
fixing solution
(for ALP staining)
(according to manufacturer’s
protocol)

2.5 mL citrate solution (included in ALP Kit)
add 6.5 mL acetone
add 800 µL 37% formaldehyde
store at 2 ◦C to 8 ◦C for up to 4 weeks

0.5% Oil red O stock solution 0.5 g Oil red O
dissolve in 100 mL 99% 2-propanol

4% Paraformaldehyde 4 g paraformaldehyde
dissolve in approx. 75 mL PBS (pH 7.4)
heat to 60 ◦C, stir at 55 ◦C to 60 ◦C for 5 min
(do not heat above 60 ◦C)
add approx. 100 µL to 150 µL 1 N NaOH
until solution becomes clear
let cool to room temperature
adjust pH to 7.4 with 1 N HCl
PBS ad 100 mL
store at room temperature

5.5.2 Alkaline phosphatase (ALP) assay

Table 5.6: Buffers and solutions used for ALP assay

Buffers and solutions Ingredients and preparation

0.2 mol L−1 Carbonate buffer
pH 10.2

200 mL 0.2 mol L−1 Na2CO3

add 100 mL 0.2 mol L−1 NaHCO3

adjust pH to 10.2 and store at 4 ◦C

0.2 mol L−1 Na2CO3 4.2 g Na2CO3

dist. H2O ad 200 mL

0.2 mol L−1 NaHCO3 1.7 g NaHCO3

dist. H2O ad 100 mL

DNA standard stock solution
(10 mg mL−1)

10 mg DNA from salmon sperm
dissolve in 1 mL HPLC-H2O
aliquot and store at −20 ◦C

0.1% Triton X-100 in 0.2 mol L−1

carbonate buffer
45 mL 0.2 mol L−1 carbonate buffer
add 5 mL 1% Triton X-100
mix well, store at 4 ◦C

1% Triton X-100 50 mL dist. H2O
add 500 µL Triton X-100 and mix thoroughly
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5.5.3 Mineralization assay

Table 5.7: Solutions for calcification assay

Solution Ingredients and preparation

0.5 mol L−1 (= 0.5 N) HCl for 50 mL:
2.5 mL 37% HCl
add 47.5 mL dist. H2O
filter sterile and store at 4 ◦C

5.5.4 RNA isolation and PCR

Table 5.8: Established buffers and solutions used for RNA isolation and PCR

Buffers and solutions Ingredients and preparation

0.5 mol L−1 EDTA 19 g EDTA tetrasodium salt hydrate
dist. H2O ad 100 mL
adjust pH to 8.0

TE buffer
(10 mmol L−1 Tris, 1 mmol L−1

EDTA)
autoclaved

0.12 g Tris base
0.029 g EDTA tetrasodium salt hydrate
dist. H2O ad 100 mL
adjust pH to 7.5

10x TBE 108 g Tris base
55 g Boric acid
9.05 g EDTA tetrasodium salt hydrate
dist. H2O ad 1000 mL
adjust pH to 8.3

5.5.5 Protein isolation

Table 5.9: Lysis buffer used for protein isolation

Buffers and solutions Ingredients and preparation

PhosSTOP (20x) 1 tablet phosphatase inhibitor PhosSTOP
dissolve in 500 µL HPLC-H2O
aliquot and store at −20 ◦C, stable for at least 6 months

Continued on next page
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Buffers and solutions Ingredients and preparation

PMSF (25x) (100 mmol L−1) 0.174 g Phenylmethylsulfonylfluoride
dissolve in 10 mL DMSO
aliquot and store at −20 ◦C

Protease inhibitor (25x) 1 tablet Protease inhibitor Complete, EDTA-free
dissolve in 2 mL HPLC-H2O
aliquot and store at −20 ◦C, stable for at least 12 weeks

Protein lysis buffer (1x)
(e.g. 4 mL)

400 µL Lysis buffer (10x)
3080 µL HPLC-H2O
160 µL PMSF (100 mmol L−1)
160 µL Protease inhibitor (25x)
200 µL PhosSTOP (20x)

5.5.6 SDS-PAGE

Table 5.10: Established buffers and solutions used for SDS-PAGE procedures

Buffers and solutions Ingredients

0.5% Bromphenole blue 0.05 g Bromphenole blue sodium salt
dist. H2O ad 10 mL
adjust pH to 8.0

10% APS 1 g Ammonium persulfate
dist. H2O ad 10 mL
store aliquots at −20 ◦C

10% SDS 10 g Sodium dodecyl sulfate
dist. H2O ad 100 mL

Lower buffer,
Stock solution (10x)

15.1 g Tris base
71.4 g Glycine
dist. H2O ad 500 mL

Lower buffer,
Working solution

100 mL Stock solution (10x)
dist. H2O ad 1000 mL

Sample buffer,
Stock solution (20x)

1.2 mL 0.5 mol L−1 Tris base (0.5 mol L−1, pH 6.8)
1 mL Glycerol
2 mL 10% SDS
0.5 mL 0.5% Bromphenole blue
dist. H2O ad 500 mL

Sample buffer,
Working solution

0.95 mL Stock solution (20x)
0.05 mL 2-Mercaptoethanol

Continued on next page
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Buffers and solutions Ingredients

Separating gel buffer,
3 mol L−1 Tris, pH 8.8

36.34 g Tris base
add approx. 70 mL dist. H2O
adjust pH to 8.8 with 37% HCl
dist. H2O ad 100 mL

Stacking gel buffer,
0.5 mol L−1 Tris, pH 6.8

6.1 g Tris base
dist. H2O ad 100 mL
adjust pH to 6.8 with 1 N HCl

Upper buffer,
Stock solution (4x)

13.6 g Tris base
57.1 g Glycine
4 g SDS
dist. H2O ad 1000 mL

Upper buffer,
Working solution

100 mL Stock solution (4x)
84 µL Thioglycolic acid
dist. H2O ad 500 mL

5.5.7 Western blotting

Table 5.11: Established buffers and solutions used for western blotting

Buffers and solutions Ingredients

Stripping buffer (1x) 0.985 g Tris-HCl (62.5 mmol L−1)
20 mL 10% SDS (2%)
bi-dist. H2O ad 100 mL
For 30 mL per membrane
add 210 µL 2-Mercaptoethanol (100 nmol L−1)

Transfer buffer (10x) for proteins
larger than 100 kDa

30.35 g Tris base (250 mmol L−1)
142.63 g Glycine (1.9 mol L−1)
10 g SDS (1%)
dist. H2O ad 1000 mL

Transfer buffer (1x) for proteins
larger than 100 kDa

100 mL Transfer buffer (10x)
100 mL Methanol
dist. H2O ad 1000 mL

Transfer buffer (10x) for proteins
smaller than 100 kDa

30.35 g Tris base (250 mmol L−1)
142.63 g Glycine (1.9 mol L−1)
dist. H2O ad 1000 mL
adjust pH with NaOH pellets to 10.0

Continued on next page
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Transfer buffer (1x) for proteins
smaller than 100 kDa

100 mL Transfer buffer (10x)
200 mL Methanol
dist. H2O ad 1000 mL

TBS (10x) 24.2 g Tris base (200 mmol L−1)
87.66 g NaCl (1.5 mol L−1)
14 mL HCl
dist. H2O ad 1000 mL
adjust pH to 7.6

10% Tween 20 90 mL bi-dist. H2O
10 mL Tween 20
mix well by stirring

Washing buffer TBS-T (1x) 100 mL TBS (10x)
10 mL 10% Tween 20 (0.1%)
dist. H2O ad 1000 mL

5.6 Cell culture media and additives

Table 5.12: Media used for cultivation and differentiation of hBMSCs

Media Ingredients and preparation

hBMSC cultivation medium 500 mL DMEM/Ham’s F12 with Glutamax
50 mL FCS
5 mL Penicillin/streptomycin solution 100x
555 µL Ascorbic acid 2-phosphate (50 mg mL−1)

Basal medium 500 mL DMEM high glucose with L-glutamine
50 mL FCS
5 mL Penicillin/streptomycin solution 100x

Adipogenic medium (AM)
(made freshly)

100 mL Basal medium
100 µL IBMX (500 mmol L−1)
100 µL Indomethacin (100 mmol L−1)
10 µL Insulin (2 mg mL−1)
10 µL Dexamethasone (10 mmol L−1)

Osteogenic medium (OM)
(made freshly)

100 mL Basal medium
1000 µL β-Glycerophosphate (1 mol L−1)
100 µL Ascorbic acid 2-phosphate (50 mg mL−1)
1 µL Dexamethasone (10 mmol L−1)

Continued on next page
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1x PBS (autoclaved) 9.55 g Dulbecco’s PBS w/o Ca2+ and Mg2+

dist. H2O ad 1000 mL
adjust pH to 7.4

Table 5.13: Additives utilized for supplementation of cell culture media

Additives Ingredients

Ascorbic acid 2-phosphate (M =
298.5 g mol−1)
Stock solution 50 mg mL−1

2.5 g L-Ascorbic acid 2-phosphate sesquimagnesium salt
dissolve in 50 mL bi-dist. H2O
filter sterile and store aliquots at −20 ◦C
use 1:1000 for OM

0.1% BSA in PBS
Mock for FGF supplementation

0.01 g BSA
dissolve in 10 mL sterile PBS
store aliquots at −20 ◦C

Calphostin C (M = 790.8 g mol−1)
Stock solution 1 mmol L−1

1 mg Calphostin C
dissolve in 1.2645 mL DMSO
store aliquots at −20 ◦C

Dexamethasone (M = 392.5 g mol−1)
Stock solution 10 mmol L−1

0.0393 g Dexamethasone
dissolve in 10 mL Ethanol
store aliquots at −80 ◦C
use 1:10 000 for AM and 1:100 000 for OM

FGF1 (FGF acidic) (predicted molecu-
lar weight: 15.5 kDa)
Stock solution 25 µg mL−1

25 µg FGF1
dissolve in 1 mL 0.1% BSA in PBS
store aliquots at −20 ◦C

FGF2 (FGF basic) (predicted molecular
weight: 16.5 kDa)
Stock solution 25 µg mL−1

25 µg FGF2
dissolve in 1 mL 0.1% BSA in PBS
store aliquots at −20 ◦C

β-Glycerophosphate (M = 216 g mol−1)
Stock solution 1 mol L−1

2.16 g β-Glycerophosphate disodium salt hydrate
dissolve in 10 mL bi-dist. H2O
filter sterile and store aliquots at −20 ◦C
use 1:100 for OM

Indomethacin (M = 357.8 g mol−1)
Stock solution 100 mmol L−1

0.035 78 g Indomethacin
dissolve in 1 mL DMSO
store aliquots at −20 ◦C
use 1:1000 for AM

Continued on next page
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Insulin (M = 5733.5 g mol−1)
Stock solution 2 mg mL−1

mix 54 mL bi-dist. H2O with 3 mL Acetic acid (anhy-
drous), pH 2-3
0.01 g Insulin from bovine pancreas
dissolve in 5 mL diluted Acetic acid
filter sterile and store aliquots at −20 ◦C
use 1:10 000 for AM

3-Isobutyl-1-methylxanthine (IBMX)
(M = 222.2 g mol−1)
Stock solution 500 mmol L−1

0.5555 g 3-Isobutyl-1-methylxanthine
dissolve in 5 mL DMSO
store aliquots at −20 ◦C
use 1:1000 for AM

Probenecid (M = 285.36 g mol−1)
Stock solution 0.175 mol L−1

49.945 mg Probenecid
dissolve in 1 mL 1 N NaOH
store aliquots at −20 ◦C

Probenecid (M = 285.36 g mol−1)
Stock solution 0.875 mol L−1

499.45 mg Probenecid
dissolve in 2 mL 1 N NaOH
store aliquots at −20 ◦C

SB203580 (M = 377.43 g mol−1)
Stock solution 10 mmol L−1

25 mg SB203580
dissolve in 6.6237 mL DMSO
store aliquots at −80 ◦C

SP600125 (M = 220.23 g mol−1)
Stock solution 10 mmol L−1

10 mg SP600125
dissolve in 4.54 mL DMSO
store aliquots at −20 ◦C in the dark (light-sensitive)

U0126 (M = 380.5 g mol−1)
Stock solution 10 mmol L−1

5 mg U0126
dissolve in 1.31 mL DMSO
store aliquots at −20 ◦C

5.7 Kits

Table 5.14: All kits and their respective suppliers

Kits Suppliers

Alkaline Phosphatase (AP), Leucocyte Kit No.
86C

Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany

QuantiChrom Calcium Assay Kit (DICA-500) Biotrend GmbH, Köln, Germany

NucleoSpin® RNA Purification Kit Macherey-Nagel GmbH & Co. KG, Düren, Ger-
many

Continued on next page
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Western Bright Chemiluminescence Substrate
Sirius for CCD Systems

Advansta, Menlo Park, CA, USA

5.8 Primers

Primers were ordered as lyophilized and salt-free unmodified DNA oligonucleotides. They were re-
constituted to a stock concentration of 100 pmol µL−1. Working solutions consisted of stock solutions
diluted 1:20 in autoclaved HPLC-H2O (5 pmol µL−1). Both stock and working solutions were stored at
−20 ◦C. If not stated otherwise, primers were used for quantitative real-time PCR (qPCR) and primer
efficiencies are stated in the table.

Table 5.15: Primers for housekeeping genes. Apart from sequences, annealing temperatures (Ann. temp.) and
efficiencies (Effic.) are listed.

Primers Sequence Ann.
temp.

Effic.

Eukaryotic translocation elongation
factor 1α (EEF1α) (used only for RT-
PCR)

aggtgattatcctgaaccatcc
aaaggtggatagtctgagaagc

54 ◦C –

Ribosomal protein, large, P0
(RPLP0 alias 36B4)

tgcatcagtaccccattctatcat
aggcagatggatcagccaaga

60 ◦C 2.01

Ribosomal protein S 27a (RPS27A) tcgtggtggtgctaagaaaa
tctcgacgaaggcgactaat

60 ◦C 1.96

Table 5.16: Primers for target genes utilized in qPCR. Apart from sequences, annealing temperatures (Ann.
temp.) and efficiencies (Effic.) are listed.

Primers Sequence Ann.
temp.

Effic.

Alkaline phosphatase liver, bone,
kidney (ALPL)

gtacgagctgaacaggaacaacg
cttggcttttccttcatggtg

58 ◦C 1.83

ANKH inorganic pyrophosphate
transport regulator (ANKH)

ttcacagtcacctggaatgc
cagggatgatgtcgtgaatg

58 ◦C 1.97

Bone morphogenetic protein 4
(BMP4)

tacatgcgggatctttaccg
atgttcttcgtggtggaagc

57 ◦C 2.06

Continued on next page
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Table 5.16 – Continued

Primers Sequence Ann.
temp.

Effic.

CCAAT/enhancer binding protein
α (CEBPα)

ccagagagctccttggtcaag
tcgggcaagcctcgagatc

60 ◦C 1.89

Collagen 1 A1 (COL1A1) ccctggaaagaatggagatg
ccatccaaaccactgaaacc

60 ◦C 1.88

Ectonucleotide pyrophosphatase/
phosphodiesterase 1 (ENPP1)

ttggctatggacctggattc
taggagccggtgtcaaattc

60 ◦C 1.98

Fatty acid binding protein 4,
adipocyte (FABP4)

tactgggccaggaatttgac
gacacccccatctaaggttatg

60 ◦C 2.14

Fibroblast growth factor receptor 1
(FGFR1)

ctgggtagcaacgtggagtt
accatgcaggagatgaggaa

58 ◦C 1.75

Fibroblast growth factor receptor 2
(FGFR2)

ggacccaaaatgggagtttc
tccttgggcttgtctttgtc

60 ◦C 1.84

Integrin-binding sialoprotein
(IBSP)

tgacagttcagaagaggaggag
tccatagcccagtgttgtagc

58 ◦C 1.85

Lipoprotein lipase (LPL) ccggtttatcaactggatgg
tggtcagacttcctgcaatg

58 ◦C 2.00

Osteocalcin alias bone gamma-car-
boxyglutamate (Gla) protein (OC)

tgaccacatcggctttcag
aaggggaagaggaaagaagg

60 ◦C 2.08

Osteopontin alias secreted phos-
phoprotein 1 (OPN)

tatgatggccgaggtgatag
cattcaactcctcgctttcc

60 ◦C 1.80

Peroxisome proliferator-activated
receptor γ2 (PPARγ2)

ccagaaagcgattccttcac
acggagctgatcccaaag

58 ◦C 1.81

Runt-related transcription factor 2
(RUNX2)

cttcacaaatcctccccaag
atgcgccctaaatcactgag

58 ◦C 1.91

Sclerostin (Sost) caggcgttcaagaatgatgc
tactcggacacgtctttggtc

60 ◦C 1.79

5.9 Enzymes

Table 5.17: Enzymes and their respective suppliers

Enzymes Suppliers

BioScriptTM Reverse Transcriptase Bioline, Luckenwalde, Germany

KAPA Sybr Fast qPCR Master Mix Universal (2x
mix containing polymerase and buffer)

Peqlab Biotechnology GmbH, Erlangen, Ger-
many

MangoTaqTM DNA-polymerase and 5x buffer Bioline, Luckenwalde, Germany
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5.10 Antibodies

Table 5.18: Primary antibodies and blocking peptides and their respective suppliers

Primary antibodies and blocking peptides Suppliers

Anti-β-Actin (13E5) rabbit monoclonal, #4970
stored at −80 ◦C

Cell Signaling Technology Inc., purchased
from New England Biolabs GmbH, Frank-
furt am Main, Germany

Anti-FGFR1, rabbit polyclonal, ab10646
stored at −20 ◦C

Abcam, Cambridge, UK

Anti-FGFR2, rabbit polyclonal, ab10648
stored at −20 ◦C

Abcam, Cambridge, UK

Anti-GAPDH (6C5), mouse monoclonal, GTX28245
stored at −20 ◦C

Genetex Inc., purchased from Biozol Diag-
nostica Vertrieb GmbH, Eching, Germany

Anti-Osteopontin, rabbit polyclonal, ab8448
Lot.no. GR52573-13 (75 000 mg mL−1)
stored at −80 ◦C

Abcam, Cambridge, UK

Anti-Phospho-FGFR1-4 (Y653/Y654), polyclonal rab-
bit
reconstituted at 0.2 mg/mL in sterile PBS
stored at −20 ◦C

R&D Systems Inc., Minneapolis, USA

Anti-Phosphotyrosine (2Q267), mouse monoclonal,
ab17285
stored at −20 ◦C

Abcam, Cambridge, UK

Osteopontin peptide, human recombinant, ab65665
used as blocking peptide for ab8448
Lot.no. 727937 (1000 mg mL−1)
stored at −80 ◦C

Abcam, Cambridge, UK

Table 5.19: Secondary antibodies and their respective suppliers

Secondary antibodies Suppliers

Anti-Rabbit IgG peroxidase, goat, A0545used 1:5000 Sigma-Aldrich Chemie GmbH, Schnell-
dorf, Germany

Anti-Mouse IgG peroxidase, goat, A9917used 1:2000 Sigma-Aldrich Chemie GmbH, Schnell-
dorf, Germany
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6.1 Cell Culture

6.1.1 Isolation of human bone marrow stromal cells

Human bone marrow stromal cells (hBMSCs) were isolated from trabecular bone of femoral heads
as described previously24,143 using a modified protocol originally published by Haynesworth and
colleagues144. Patients were undergoing hip replacement surgery due to age-related or hip dysplasia-
related attrition; they were otherwise healthy and did not receive medications with relation to bone
metabolism. Cell isolation and further experiments were performed upon approval by the Local Ethics
Committee of the University of Würzburg and informed consent from each patient (7 male patients
aged 41-70 years).

In short, cells were washed out of spongiosa pieces with DMEM/Ham’s F12 medium not contain-
ing any further supplements. The fat layer swimming on top of the suspension and existing bone
fragments at its bottom were separated. After a centrifugation step at 270 g for 5 min, the cells were
resuspended in cultivation medium. Cell number was determined using a hematocytometer accord-
ing to Neubauer. Cells were seeded at a density of 4.6× 106 to 5.7× 106 per cm2 (equal to 8× 108 to
109 cells per T175 flask) in cultivation medium and incubated in a humidified atmosphere at 37 ◦C,
5% CO2 and 95% air. First medium change was performed after 3-4 days, straight after the cells were
washed once with sterile PBS.

6.1.2 Cultivation of primary hBMSCs

After isolation, hBMSCs were grown in cultivation medium consisting of DMEM/Ham’s F12 with
Glutamax that contained 10% FCS, 100 IU/mL penicillin, 100 µg mL−1 streptomycin, and 50 µg mL−1

ascorbic acid 2-phosphate. Cultures were maintained at 37 ◦C in a humidified atmosphere of 5% CO2

and 95% air, and medium was changed every 3-4 days. When reaching confluence, hBMSCs were
passaged 1:3 using 1x trypsin/EDTA solution containing 0.05% trypsin and 0.02% EDTA in PBS.

For the analysis of alkaline phosphatase activity, cells were seeded into 12-well plates with 24× 104

cells per well. For lipid droplet quantification, mineralization assay, and RNA isolation, hBMSCs were
seeded into 6-well plates with 6× 105 cells per well. For protein isolation, cells were seeded into cell
culture flasks with a surface area of 150 cm2 or 175 cm2 using 62 500 cells per cm2. hBMSCs were
cultivated to confluence again before starting differentiation and conversion procedures in passage 2.

6.2 Multipotency testing

Differentiation and conversion were induced according to Schilling et al.24,46 in confluent hBMSCs
using DMEM high glucose with L-glutamine that contained 10% FBS, 100 IU/mL penicillin, and
100 µg mL−1 streptomycin. To generate undifferentiated controls, hBMSCs were cultured in this basal
medium without further supplements.
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6.2.1 Adipogenic differentiation and conversion

Adipogenic differentiation and conversion was induced using basal medium supplemented with
500 µmol L−1 isobutylmethylxanthine, 100 µmol L−1 indomethacin, 0.2 µg mL−1 insulin and 1 µmol L−1

dexamethasone (modified after24,25) referred to as adipogenic medium. For adipogenic differentia-
tion, hBMSCs were incubated in this adipogenic medium for 14 days (Fig. 6.1). To test the effect of
FGF1 and FGF2, different concentrations (1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1) were
added to the samples for the whole period of 14 days of conventional differentiation assays. Like in
current literature, samples containing FGF1 were additionally supplemented with 20 IU/mL unfrac-
tionated heparin, whereas samples containing FGF2 were not further supplemented with heparin.

For adipogenic conversion, hBMSCs were first osteogenically pre-differentiated for 14 days in os-
teogenic medium (see below), followed by a medium switching and a further cultivation time of 14
days in adipogenic medium for the induction of lineage changing (Fig. 6.1). To test the effect of FGF1
and FGF2, the above mentioned concentrations were added starting from the day of media switching
(day 14) until the end of the conversion on day 28. Again, FGF1 samples were additionally supple-
mented with 20 IU/mL unfractionated heparin. The osteogenic pre-differentiation period was carried
out without any FGF administration. Differentiation and conversion samples not containing FGF1 or
FGF2 were referred to as ‘control’ (ctrl). Differentiation and conversion status were controlled using
the specific histological Oil red O staining to be covered below.

6.2.2 Osteogenic differentiation and conversion

Osteogenic differentiation and conversion cocktail consisted of basal medium supplemented with
10 mmol L−1 β-glycerophosphate, 100 nmol L−1 dexamethasone145 and 50 µg mL−1 ascorbic acid 2-
phosphate146 referred to as osteogenic medium. For osteogenic differentiation, hBMSCs were incu-
bated in osteogenic medium for 7 or 14 days (Fig. 6.1). To test the effects of FGF1 or FGF2 in the above
mentioned concentrations, samples were additionally supplied with FGF1 plus 20 IU mL−1 heparin or
with FGF2 for the whole period of 7 or 14 days of differentiation.

For osteogenic conversion, hBMSCs were first adipogenically pre-differentiated for 14 days in adi-
pogenic medium (see 6.2.1), followed by a medium switching and a further cultivation time of 7 or
14 days in osteogenic medium for lineage changing (Fig. 6.1). In parallel to adipogenic set-ups, to
test the effects of FGF1 or FGF2, samples were additionally supplied with FGF1 plus heparin or with
FGF2; the above mentioned concentrations of 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 were
added starting from the day of media switching (day 14) until the end of the conversion on day 21 or
28. The adipogenic pre-differentiation period was carried out without any FGF administration. Dif-
ferentiation and conversion samples not containing FGF1 or FGF2 were referred to as ‘control’ (ctrl).
Differentiation and conversion status was controlled using specific histological stainings to be covered
below.

6.3 Inhibitor experiments

To investigate involvement of signaling cascades, differentiations and conversions with specific in-
hibitors were performed. The following inhibitors were deployed: Probenecid for inhibition of ANKH
inorganic pyrophosphate transport regulator, PD166866 for inhibition of FGFR1, SB203580 for p38-
mitogen-activated protein kinase (p38-MAPK) inhibition, SP600125 for inhibition of c-Jun N-terminal
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Figure 6.1: Schematic illustration of the experimental differentiation and conversion procedure. Post-confluent
hBMSCs were differentiated by the addition of specific adipogenic or osteogenic medium for a
standard period of 14 days. For further conversion, medium was switched to osteogenically con-
vert the adipogenically pre-differentiated cells and to adipogenically convert the osteogenically
pre-differentiated cells. FGFs were supplemented for the whole period of differentiation (for dif-
ferentiation set-ups) and for the last 14 days of conversion (for conversion set-ups). Figure adapted
from Servier Medical Art (http://www.servier.com/Powerpoint-image-bank).

kinase (JNK), Calphostin C for protein kinase C (PKC) inhibition, and U0126 for inhibition of mitogen-
activated protein kinase kinase 1 and 2 (MAPKK1/2, also known as MEK1/2) to investigate the in-
volvement of the extracellular signal-regulated kinases 1 and 2 (ERK1/2) signaling pathway. Prior
to the start of differentiation, hBMSCs were always preincubated with the inhibitor for 2 h. Control
set-ups were preincubated with the respective amount of inhibitor solvent (vehicle), either 1 N NaOH
(for Probenecid only) or DMSO. Differentiation and conversion was performed as described above
with the additional supplementation of inhibitor or vehicle. To ensure thorough mixing, inhibitor or
vehicle was added to the media prior to the administration of the media onto the monolayers.

The inhibitor concentrations were chosen based on literature about previous experiments with MSCs.
The deployed inhibitor concentrations were as follows: 0.25 mmol L−1, 2 mmol L−1, and 10 mmol L−1

Probenecid, 250 nmol L−1 PD166866, 5 µmol L−1 SB203580, 1 µmol L−1 SP600125, and 50 nmol L−1,
100 nmol L−1, 500 nmol L−1, and 1000 nmol L−1 Calphostin C. As a concentration of 25 ng mL−1 was
found to be most effective for FGF1, this concentration was used for all inhibitor experiments; addi-
tionally, differentiation media were supplemented with 20 IU/mL heparin.
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6.4 Histological stainings

6.4.1 Oil red O staining

To visualize lipid droplet formation, adipogenically differentiated and converted hBMSCs were stained
with Oil red O as described by Pittenger and colleagues25. In short, monolayers were washed once
with PBS, then fixed in 4% paraformaldehyde or 4% Roti Histofix for 10 min. After washing once with
dist. H2O, monolayers were incubated with 60% 2-propanol for 5 min and subsequently in Oil red
O working solution for 10 min. Working solution was mixed freshly on the previous day by diluting
6 parts of the Oil red O stock solution with 4 parts of dist. H2O. The working solution was filtered
before use. After staining, cells were washed once with 60% 2-propanol and dist. H2O. Before dis-
carding the last washing solution, microscopic pictures were taken with a magnification of 100x. At
least six images were taken at random sites of the well to acquire representative areas from each in-
cubation type. After having allowed the monolayers to dry, Oil red O dye was eluted to perform the
lipid droplet quantification assay as described below.

6.4.2 ALP staining

To demonstrate the location of the enzyme activity of the osteogenic marker alkaline phosphatase
(ALP), stainings were performed using the ‘alkaline phosphatase, leucocyte kit no. 86C’ according
to the manufacturer’s instructions. In short, citrate acetone formaldehyde fixing solution was equili-
brated to room temperature before use. In the meantime, ALP staining solution was prepared freshly.
After fixing for 30 s, and washing 3 times with dist. H2O, monolayers were incubated with 900 µL
staining solution per well of a 6-well plate for 15 min in the dark. Following another washing step of
3 times dist. H2O, cells were mounted in the aqueous medium glycerol gelatine, evaluated light mi-
croscopically and photographed. Images were taken at random sites to acquire representative areas
from each incubation type.

6.4.3 Alizarin red S staining

To visualize the location of calcified areas in osteogenic samples, the Alizarin red S protocol was per-
formed to stain calcium hydrogen phosphate in the extracellular matrix. According to the laboratory’s
established protocol, monolayers were rinsed once with PBS, then fixed with ice cold methanol for 10
min. After washing once with dist. H2O, the monolayers were covered with Alizarin red S and incu-
bated for 2 min. Following another washing step of 3 times dist. H2O, monolayers were mounted in
glycerol-gelatine, evaluated light microscopically and photographed. Images were taken at random
sites to acquire representative areas of each incubation type.

6.5 Specific assays quantifying differentiation and conversion

6.5.1 Lipid droplet assay

To quantify lipid droplet formation, adipogenically differentiated and converted hBMSCs were stained
with Oil red O as described above. After acquiring microscopic images, stained monolayers were
dried over night. Lipid-bound dye was eluted using 100% 2-propanol (500 µL per well of a 6-well
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plate) by gentle shaking for 10 min. Absorbance was measured in a 96-well plate in technical triplicates
of 90 µL per well at a wavelength of 492 nm using a microplate absorbance reader. The protocol was
adapted from Zhang and colleagues147. The assay was carried out on day 14 for adipogenic differen-
tiation and on day 28 for adipogenically converted samples (14 days of osteogenic pre-differentiation
plus 14 days of adipogenic conversion). Relative Oil red O absorbance resembling lipid content was
calculated by normalizing to differentiation and conversion controls of each donor, respectively.

6.5.2 ALP activity assay

Osteogenic samples were harvested on day 7 for differentiation and on day 21 for conversion (14 days
of adipogenic pre-differentiation plus 7 days of osteogenic conversion) as preliminary experiments
gave reason to expect the most conclusive differences at these time points. Cells were washed once
with 0.2 mol L−1 carbonate buffer pH 10.2, then lysed with 0.1% Triton X-100 in 0.2 mol L−1 carbonate
buffer and immediately frozen at −80 ◦C. Samples were freeze-thawed (−80 ◦C/37 ◦C) 3 times for
mechanical cell disruption prior to measurements.

To determine ALP activity, 50 µL CSPD ready-to use solution was added using a multistepper to 50 µL
aliquots of the cell lysates according to the manufacturers instructions. After shaking for 30 min at
room temperature and an additional incubation for 5 min at 37 ◦C, chemiluminescence was measured
in an appropriate, white 96-well plate in six technical replicates using an Orion II Luminometer. Mea-
surement duration was set to 1 s, values were displayed as relative luminescence units (RLU) per s.

To overcome proliferation-dependent effects, ALP activity was normalized to DNA content. DNA
quantification was carried out using Quant-iTTM PicoGreen according to the manufacturers instruc-
tions. DNA standard solutions were produced freshly after diluting the DNA standard stock solution
1:100 in 0.1% Triton X-100/carbonate buffer (lysis buffer) as described in table 6.1. DNA standards
were measured in triplicates whereas samples were measured in six technical replicates. A volume of
50 µL cell lysate or DNA standard solution per well was transferred into an appropriate, black 96-well
plate. PicoGreen was diluted 1:200 in 10 mmol L−1 TE buffer and protected from light. Immediately
before measuring, 50 µL PicoGreen solution were added per well. Fluorescence was determined at
538 nm (excitation at 485 nm) using a GloMaxTM-Multi Detection System microplate reader with fluo-
rescence module.

Table 6.1: DNA standard solutions used for ALP assay

DNA conc.
[µg mL−1]

DNA solution
[µL]

Lysis buffer [µL] Total volume [µL]

8 80 (100 µg mL−1 solution) 920 1000 (A)

4 500 of A 500 1000 (B)

2 500 of B 500 1000 (C)

1 500 of C 500 1000 (D)

0.5 500 of D 500 1000 (E)

0.25 500 of E 500 1000

0 0 500 500

conc.: concentration
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6.5.3 Mineralization assay

To quantify the calcium deposition in osteogenic samples, cells were harvested on day 14 for dif-
ferentiation and on day 28 for conversion (14 days of adipogenic pre-differentiation plus 14 days of
osteogenic conversion). Samples were washed twice with PBS, then 500 µL 0.5 N HCl per well of a
6-well plate were added and monolayers were disrupted with a cell scraper. Calcium ions were dis-
solved from the extracellular matrix by shaking at 4 ◦C for 4 h. After the solution was transferred into
1.5 mL reaction tubes, samples were centrifuged at 1000 g and 4 ◦C for 5-10 min. Supernatants were
collected into fresh reaction tubes and stored at 4 ◦C until calcium measurements were performed.

To determine calcium content, the QuantiChromTM Calcium Assay Kit (DICA-500) was used accord-
ing to the manufacturer’s protocol. In short, included calcium standard solution (20 mg dL−1) was
diluted as described in table 6.2 and stored at 4 ◦C for future use. A volume of 5 µL per well of each
sample and of each standard solution was pipetted into a 96-well plate and 200 µL working solution
were added per well. The working solution was freshly prepared by combining equal volumes of
reagent A and reagent B and equilibrating to room temperature before use. After an incubation pe-
riod of 10-15 min while shaking, measurements of the absorbance at 620 nm were carried out using
the Tecan microplate reader. Calcium content was determined in technical triplicates. Protein con-
tent was measured as well in technical triplicates using Roti®-Quant according to the manufacturer’s
instructions. Calcium concentrations were normalized to relative protein content.

Table 6.2: Calcium standard solutions used for mineralization assay

Ca2+ conc.
[mg dL−1]

Calcium solution
[µL]

dist. H2O
[µL]

Total volume
[µL]

20 100 0 100

16 80 20 100

12 60 40 100

8 40 60 100

6 30 70 100

4 20 80 100

2 10 90 100

0 0 100 100

conc.: concentration

6.6 mRNA expression analysis

6.6.1 RNA isolation

Total RNA was isolated using the NucleoSpin® RNA Purification Kit according to the manufacturer’s
protocol. In detail, cells were carefully washed with PBS once, and the lysis buffer RA1 mixed 1:100
with 2-mercaptoethanol was added onto the monolayers after aspirating the PBS thoroughly. To gen-
erate sufficient amounts of RNA while avoiding waste of human and chemical material, RNA isolation
was generally performed in 6-well plates using 350 µL lysis buffer per well. After monolayers were
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detached with a cell scraper and transferred into reaction tubes, samples were snap frozen in liquid
nitrogen and stored at −80 ◦C until further processing.

To reduce viscosity, samples were filtrated through violet columns included in the kit by centrifugation
at 11 000 g for 1 min. Then, an equal volume of 70% ethanol was added and lysates were transferred
onto the blue columns for RNA binding followed by another centrifugation step at
11 000 g for 30 s. Silica membranes were desalted and dried through an equal volume of membrane
desalting buffer (MDB) and spinned again at 11 000 g for 1 min. In the meantime, 10 µL reconstituted
DNase were diluted in 90 µL reaction buffer (per sample) and mixed by snapping the vial carefully
since the enzyme is sensitive to mechanical stress. Beforehand, lyophylized DNase was reconstituted
by adding 550 µL of RNase free water (included in the kit) and carefully inverting the vial of enzyme;
aliquots of 50 µL were stored at −20 ◦C. For DNase digestion, 95 µL DNase reaction mix were trans-
ferred onto the middle of each column and incubated for 15 min at room temperature. After that,
silica membranes were washed with 200 µL buffer RA2 to inactivate DNase, followed by centrifuga-
tion at 11 000 g for 1 min. Subsequently, 600 µL buffer RA3 were added, followed by centrifugation at
11 000 g for 30 s. Then, 250 µL RA3 were applied in the final washing step, followed by centrifugation
at 11 000 g for 2 min to completely dry the silica membranes. RNA was eluted by pipetting 30 µL to
60 µL RNase free water (from the kit) directly onto each column, followed by the final centrifugation
step at 11 000 g for 1 min. RNA samples were placed on ice immediately and stored at −80 ◦C.

RNA concentration and purity were determined by diluting 2 µL RNA sample in 48 µL 10 mmol L−1

Tris base and measuring the absorbance at 206 nm and 280 nm at the BioPhotometer. Only samples
with an absorbance ratio A260/A280 near 2.0 were considered reliable and taken for further examina-
tion, since lower values indicate protein contamination whereas higher values display the presence of
degraded RNA and/or the excess of free nucleotides.

6.6.2 Reverse transcription

After defrosting RNA samples on ice, the respective volume of 1 µg RNA per sample was mixed
with HPLC-H2O to a final volume of 11 µL. 1 µL random primers (1 µg µL−1) were added and the
reaction mix was incubated at 70 ◦C for 5 min to denature RNA secondary structures. To assure primer
binding, samples were incubated on ice for another 5 min. Then, a master mix was prepared to provide
1 µL 10 mmol L−1 dNTPs and 0.25 µL 200 U/µL BioScriptTM Reverse Transcriptase in 4 µL 5x reaction
buffer and 2.75 µL HPLC-H2O for each sample. After incubation at room temperature for 10 min,
reverse transcription was performed at 42 ◦C for 60 min. The enzyme was inactivated at 70 ◦C for 10
min. Finally, 30 µL HPLC-H2O were added to the samples to make a final volume of 50 µL and stored
at −20 ◦C.

6.6.3 Semiquantitative reverse transcriptase PCR (RT-PCR)

To check the quality of reverse transcription, semiquantitative polymerase chain reaction was per-
formed using reverse transcripts as templates (RT-PCR). Primer pairs for the housekeeping genes
eukaryotic translocation elongation factor 1α (EEF1α) or ribosomal protein S27a (RPS27A) were de-
ployed. Table 6.3 reflects a standard protocol and corresponding reaction steps; according to the
cDNA quality, amplification was performed for 20-25 cycles. The master mix was prepared for all
cDNA samples and the negative control. PCR products were separated by gel electrophoresis on a 1%
agarose gel containing GelRed®. Band size was determined using UV light.
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Table 6.3: Reagents and standard reaction steps of RT-PCR

Reagent Vol. [µL] Reaction step Temp.
[◦C]

Time
[min]

HPLC-H2O, autocl. 18.7 1st Initial denaturation 94 3

5x Mango buffer 6 2nd Denaturation 94 0.5

MgCl2 (50 mmol L−1) 1 3rd Annealing 54 0.5

dNTPs (10 mmol L−1) 1 4th Elongation 72 0.5

Primer forward (5 pmol µL−1) 1 5th Repeat steps 2-4 - -

Primer reverse (5 pmol µL−1) 1 6th Final elongation 72 1

MangoTaq Polymerase (5000 U/mL) 0.3 7th Cooling 4 inf

cDNA template 1

Autocl.: autoclaved; Temp.: temperature; Vol.: volume; inf: infinite

6.6.4 Quantitative real-time reverse transcriptase PCR (qPCR)

After having checked the quality of cDNA synthesis, qPCR of the reverse transcripts was performed
for target genes. Therefore, cDNA samples were amplified using KAPA Sybr Fast Universal 2x qPCR
Master Mix and 0.25 pmol µL−1 sequence-specific primers as described in table 6.4. Amplification was
generally repeated 40 times, every cycle being followed by a plate read.

To determine the specificity of amplification, a DNA melting curve was recorded by heating from
65 ◦C to 95 ◦C with increments of 0.5 ◦C for 5 s being followed by a plate read. Relative target gene
expression was calculated using the Pfaffl method, i.e. based on primer efficiency and the ∆Ct values
of sample versus control and normalized to the reference gene expression of RPS27A and ribosomal
protein, large, P0 (RPLP0 alias 36B4), which were as well amplified via qPCR148,149.

Table 6.4: Reagents and standard reaction steps of qPCR

Reagent Vol. [µL] Reaction step Temp.
[◦C]

Time

HPLC-H2O, autocl. 8.5 1st Initial denaturation 94 3 min

KAPA Sybr Fast Universal Mix 10 2nd Denaturation 94 10 s

Primer forward (5 pmol µL−1) 0.5 3rd Annealing 57-61 10 s

Primer reverse (5 pmol µL−1) 0.5 4th Elongation 72 20 s

cDNA template 0.5 5th Plate read - -

6th Repeat steps 2-4 for 40
cycles

- -

7th Melting curve
with 0.5 ◦C increment
+ Plate read

65-95 5 s

Autocl.: autoclaved; Temp.: temperature; Vol.: volume
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6.6.5 Primer design and establishment for qPCR

To exclude any false-positive detection of DNA contaminants, intron-spanning primers were designed
using either Primer3 Plus software employing the settings for qPCR as mentioned in150 or AmplifX
software version 1.7.0. When designed with AmplifX software, primer length was set to 19-24 base
pairs with a maximum melting temperature difference of 3 ◦C, maximum primer quality of 90. Tran-
script sequences were extracted from GenBank and one primer was generally placed in the exon con-
taining the coding DNA sequence (CDS) if applicable. Suggested primer pairs without secondary
structures were checked via BLASTn.

Annealing temperature was determined employing a temperature gradient from 58 ◦C to 61 ◦C for a
pooled positive and a negative control. After that, efficiency was defined by amplifying dilutions of
the pooled positive control, plotting Ct values versus log(DNA dilution) as y = a ∗ x + b and calculating
efficiency E as:

E = 10
1
a

Values between 1.75 and 2.2 were defined as satisfying, whereby primers with efficiencies around 2.0
were preferred.

6.7 Protein expression analyses

6.7.1 Protein isolation

Protein samples from differentiated and converted monolayers were generated to further analyze pro-
tein expression and phosphorylation status via Western blotting procedure. Therefore, protein lysis
buffer was prepared freshly containing PMSF as well as a commercial protease inhibitor and a phos-
phatase inhibitor (PhosStop). All isolation steps were implemented on ice if possible. In detail, after
being washed with ice cold PBS once, monolayers were scraped off in PBS (5 mL per T175 flask) using
a cell scraper. After that, flasks were washed with a further volume of PBS. Following centrifugation
at 270 g for 5 min, cell pellets were resuspended in ice cold protein lysis buffer (approx. 500 µL per
T175 flask). Lysates were incubated on ice for 10 min with occasional vortexing. Then, lysates were
sonicated with 70% power, 10 s pulsing with 1 s pulse and 1 s pause. After being centrifuged at 13 700
g for 15 min at 4 ◦C, supernatants were aliquoted and stored at −80 ◦C until further analysis.

6.7.2 Western blotting

For the analysis of protein expression and phosphorylation status, lysates were introduced to Western
blotting. In short, protein concentrations were determined using Roti-Quant 5x solution according to
the manufacturer’s protocol. In general, 30 µg total protein were added to the appropriate amount of
6x sample buffer and distilled water to make a 1x solution that was heated to 95 ◦C for 5 min. Samples
were separated by SDS-PAGE for 1 h at 150 V, the gel concentration being adapted to the expected size
of the target protein(s) (table 6.5).

After the run, proteins were blotted onto a nitrocellulose (standard) or PVDF membrane (for analysis
of phospho-proteins) for 2 h with 150 mA per membrane using a semi-dry blotting device. To check
the performance of the blotting procedure, membranes were stained with Ponceau S solution. The
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dye was rinsed out using tap water. Membranes were blocked using 3-5% solutions of skim milk or
BSA in TBS-T according to the manufacturer’s instructions. Primary antibodies for target proteins
were applied over night at 4 ◦C in blocking solution, whereas antibodies for housekeeping proteins
like GAPDH and β-Actin were applied for 1 h at room temperature. After washing the membranes 3
times for 5-15 min with TBS-T, horse radish peroxidase (HRP)-conjugated secondary antibodies were
employed in established concentrations: goat anti-rabbit IgG with 1:5000 and goat anti-mouse IgG
with 1:2000 in blocking solution.

Following another washing step of 3 times 5-10 min with TBS-T, horse radish peroxidase signals were
detected using the Western Bright Chemiluminescence Kit for CCD Systems as described in the man-
ufacturer’s protocol. Signals were recorded and further analyzed densitometrically using the Fluo-
rChemQ software. Therefore, the target protein signals of samples were set in relation to the signal of
the control and normalized to housekeeping protein amounts.

To assure equal protein concentrations for the detection of target and housekeeping proteins, mem-
branes were first developed with target protein antibody, then stripped, and examined for the house-
keeping proteins. For membrane stripping, membranes were incubated at 50 ◦C in pre-heated strip-
ping buffer for 30 min. Followed by a 3 times washing step with TBS-T for 5min, blocking procedure
and respective antibody incubation were performed as described above.

Table 6.5: Standard composition for two SDS acrylamide gels

Reagent 5% stacking gel [mL] 12.5% separating gel
[mL]

H2O dest. 2.4 4.8

Rotiphorese gel 40
Acryl-amide/bisacrylamide mix

0.5 3.75

Stacking gel buffer 1.0 -

Separating gel buffer - 1.25

10% SDS 0.04 0.1

TEMED 0.004 0.004

10% APS 1.04 0.10

6.8 Statistical analysis

Experiments were performed at least in triplicates. If not stated otherwise, results are displayed as
means x̃ ± standard error of the mean (SEM). Results were considered significant when p≤ 0.05.
Statistical analysis was performed using GraphPad Prism version 6.04 for Windows based on consul-
tation of the statistics department of the university of Würzburg.

Experiments concerning the concentration-dependent effect of FGFs on differentiation and conversion
were analyzed using one-way ANOVA (for independent samples). This was followed by multiple
comparison tests of each sample to the respective differentiation and conversion control that was not
supplemented with FGFs. Thereby, Dunnett’s correction was deployed.
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In parallel, set-ups determining the effect of different inhibitors were analyzed through one-way
ANOVA. Afterwards, the sample differentiated with FGF1 plus inhibitor was compared to the re-
spective control containing FGF1 plus vehicle. Comparisons were corrected using the Sidak test.
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7 FGF1 and FGF2 prevent adipogenic differ-
entiation and conversion

To investigate the effect of fibroblast growth factor 1 (FGF1) and FGF2 on the adipogenic differentia-
tion and conversion of trabecular human bone marrow stromal cells (hBMSCs), different experimental
approaches were conducted. Based on the literature, hBMSCs were cultured in the presence of differ-
ent concentrations of 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1 and FGF2.

Firstly, the extent of adipogenic outcome was quantified by lipid droplet assays. Then, mRNA expres-
sion of early as well as later adipogenic marker genes was characterized using quantitative real-time
PCR (qPCR) to gain a deeper insight into transcriptional changes. Finally, the course of the expres-
sion of key osteogenic marker genes was analyzed via qPCR to unravel possible effects on the balance
between adipogenesis and osteogenesis on the transcriptional level.

7.1 Formation of lipid droplets

7.1.1 FGF1 completely inhibits lipid droplet formation

Following 14 days of adipogenic differentiation, hBMSCs exhibited distinct lipid droplet formation
stained via Oil red O (Fig. 7.1 A, ‘ctrl’). Interestingly, culture in the presence of FGF1 strongly reduced
the formation of lipid droplets in a concentration-dependent manner compared to the non-FGF con-
taining control (Fig. 7.1 A, ‘FGF1’). In contrast, undifferentiated hBMSCs cultured in basal medium
without differentiation supplements did not display any formation of lipid vesicles (Fig. 7.1 A, ‘un-
diff’) and therefore zero lipid accumulation in the lipid droplet quantification assay was detected. No
signs of spontaneous adipogenic differentiation occurred in our cell culture model.

The inhibitory effect of FGF1 seen after Oil red O staining was further examined by lipid droplet quan-
tification: hBMSCs, which were adipogenically differentiated in the presence of 1 ng mL−1, 4 ng mL−1,
10 ng mL−1, and 25 ng mL−1 FGF1 had a significantly reduced amount of lipid accumulation (Fig. 7.2
A ‘+FGF1’). The concentration of 1 ng mL−1 FGF1 exhibited a slight, yet non-significant lipid droplet
reduction down to 0.83. The higher concentrations of 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1
displayed highly significant reductions in fat droplet formation in the range of 0.03 to 0.08. The most
effective concentration of 10 ng µL−1 FGF1 reduced lipid droplet values to 0.03, which was not signif-
icantly different from the undifferentiated control sample (Fig. 7.2 A ‘undiff’).

After adipogenic conversion consisting of 14 days of osteogenic pre-differentiation plus another 14
days of conversion in adipogenic medium (28 days in total), the hBMSCs showed a marked lipid
droplet formation (Fig. 7.1 B, ‘ctrl’). As expected, the osteogenically differentiated cells neither showed
any signs of lipid vesicle formation (Fig. 7.1 B, ‘ost prediff’) nor any lipid accumulation in the quanti-
tative assay (Fig. 7.2 B).

Analogous to the differentiation set-ups, FGF1 administration reduced the formation of lipid vesicles
during conversion (Fig. 7.1 B, ‘FGF1’). The quantification via lipid droplet assay displayed a decrease
intensifying with increasing concentrations. It ranged from 0.86 over 0.42 and 0.13 to 0.05 (1 ng mL−1,
4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1), the last three values being highly significant (Fig. 7.2
B ‘+FGF1’).
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Figure 7.1: Oil red O staining of adipogenic differentiation (A) and conversion (B) in the presence of differ-
ent concentrations of FGF1 and FGF2. Representative donor. undiff: hBMSCs incubated in basal
medium without differentiation supplements; ctrl: hBMSCs incubated in adipogenic medium for
differentiation (A) or conversion (B) without FGF1 and FGF2; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1,
and 25 ng mL−1 FGF1 or FGF2: hBMSCs differentiated or converted in adipogenic medium supple-
mented with the respective concentration of FGF1 or FGF2; ost prediff: hBMSCs pre-differentiated
in osteogenic medium for 14 days without further adipogenic conversion. Conversion samples
were osteogenically pre-differentiated for 14 days, then converted in adipogenic medium for an-
other 14 days. Scale bar represents 100 µm.
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Figure 7.2: Lipid droplet assay during adipogenic differentiation (A) and conversion (B) supplemented with
different concentrations of FGF1. undiff: hBMSCs incubated in basal medium without differentia-
tion supplements; ctrl: hBMSCs incubated in adipogenic medium without FGF1 for adipogenic dif-
ferentiation (A) or conversion (B); 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBM-
SCs differentiated or converted in adipogenic medium supplemented with the respective FGF1
concentration; ost prediff: hBMSCs pre-differentiated in osteogenic medium for 14 days without
further adipogenic conversion. Conversion samples were osteogenically pre-differentiated for 14
days, then converted in adipogenic medium for another 14 days. For statistical analysis, samples
were compared to the respective differentiation (ctrl, A) or conversion control (ctrl, B). x̃ ± SEM;
n = 4. **** p < 0.0001.
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7.1.2 FGF2 distinctly reduces lipid droplet formation

After 14 days of adipogenic differentiation in the presence of different FGF2 concentrations, hBMSCs
displayed a concentration-dependent reduction in lipid vesicle formation (Fig. 7.1 A, ‘FGF2’). The
effect was apparent in the higher concentrations of 10 ng mL−1 and 25 ng mL−1. The quantifying assay
exhibited no decrease at 1 ng mL−1 FGF2 (Fig. 7.3 A ‘+FGF2’). The concentration of 4 ng mL−1 reduced
lipid droplet formation to 0.83, whereas 10 ng mL−1 FGF2 decreased the value to 0.54 and 25 ng mL−1

down to 0.56. The two highest concentrations represent highly significant differences.

Following adipogenic conversion, FGF2 supplementation demonstrated a decrease in lipid droplet
formation, which was promoted by higher concentrations (Fig. 7.1 B, ‘FGF2’). It ranged from 0.90
with 1 ng mL−1 over 0.71 using 4 ng mL−1 and 0.41 with 10 ng mL−1 to 0.31 at 25 ng mL−1 (Fig. 7.3 B
‘+FGF2’). Here, the results of 10 ng mL−1 and 25 ng mL−1 FGF2 were highly significant.
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Figure 7.3: Lipid droplet assay during adipogenic differentiation and conversion supplemented with differ-
ent concentrations of FGF2. undiff: hBMSCs incubated in basal medium without differentiation
supplements; ctrl: hBMSCs incubated in adipogenic medium without FGF2 for adipogenic differ-
entiation (A) or conversion (B); 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs
differentiated or converted in adipogenic medium supplemented with the respective FGF2 concen-
tration; ost prediff: hBMSCs pre-differentiated in osteogenic medium for 14 days without further
adipogenic conversion. Conversion samples were osteogenically pre-differentiated for 14 days,
then converted in adipogenic medium for another 14 days. For statistical analysis, samples were
compared to the respective differentiation (ctrl, A) or conversion control (ctrl, B). x̃ ± SEM; n = 4.
** p < 0.005; **** p < 0.0001.
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7.2 Expression profile of adipogenic marker genes

To further investigate the reduction of lipid formation by FGF1 and FGF2 addition, we were prompted
to gain deeper insight into the mRNA expression of adipogenic marker genes. To realize a profound
overview throughout the progression of adipogenic differentiation and conversion, early as well as
later marker genes were pursued. Hence, we concentrated on gene expression analysis of peroxi-
some proliferator-activated receptor γ 2 (PPARγ2) and CCAAT/enhancer binding protein α (C/EBPα)
(considered as the two early key adipogenic markers) plus fatty acid binding protein 4 (FABP4) and
lipoprotein lipase (LPL) (considered as later key markers of adipogenesis).

7.2.1 FGF1 completely prevents adipogenic marker mRNA expression

After 14 days of differentiation, the expression of adipogenic marker genes was markedly upregulated
in comparison to the undifferentiated sample (‘ctrl’ vs. ‘undiff’). The early marker PPARγ2 displayed
a 910-fold increase, whereas C/EBPα was up-regulated by 8.22-fold. The later markers FABP4 and LPL
were enhanced by 21 739-fold and 58 824-fold, respectively (Fig. 7.4). The additional supplementation
with FGF1 decreased the early adipogenic marker gene expression distinctly and highly significantly
in a concentration-dependent manner. PPARγ2 expression was downregulated to 0.45, 0.05, 0.02,
and 0.01 (1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1), respectively (Fig. 7.4 A). The
expression of C/EBPα declined to 0.61 by 1 ng mL−1 FGF1, further down to 0.07 by 4 ng mL−1, to 0.03
via 10 ng mL−1 and reached 0.02 through 25 ng mL−1 FGF1 (Fig. 7.4 B ‘+FGF1’).

Likewise, the later adipogenic marker genes were highly significantly downregulated in a concentra-
tion dependent manner. FABP4 decreased to values between 0.39 and 0.01 (1 ng mL−1 and 25 ng mL−1)
(Fig. 7.4 C ‘+FGF1’). The expression of LPL declined to values ranging from 0.32 to 0.00 (1 ng mL−1 to
25 ng mL−1) (Fig. 7.4 D ‘+FGF1’).

In parallel to adipogenic differentiation, the effect of FGF1 was examined during conversion. After
28 days (consisting of 14 days of osteogenic pre-differentiation plus 14 days of conversion under adi-
pogenic conditions), hBMSCs displayed a distinct up-regulation of all four adipogenic marker genes
compared to the non-converted sample (referred to as ‘ost prediff’). PPARγ2 exhibited an 315-fold
increase, while C/EBPα was enhanced by 46-fold. FABP4 and LPL were up-regulated by 14 286-fold
and 2710-fold, respectively (Fig. 7.5, ‘ost prediff’ vs. ‘ctrl’).

The addition of FGF1 led to a highly significant and concentration-dependent downregulation of all
examined adipogenic marker genes. PPARγ2 was decreased to values between 0.60 (1 ng mL−1) and
0.03 (25 ng mL−1) (Fig. 7.5 A ‘+FGF1’). Meanwhile, C/EBPα expression declined to values ranging
from 0.67 (1 ng mL−1) and 0.04 (25 ng mL−1) (Fig. 7.5 B ‘+FGF1’). FABP4 values reached from 0.51
(1 ng mL−1) to a minimum of 0.03 (25 ng mL−1) (Fig. 7.5C ‘+FGF1’). The results of LPL ranged from
0.53 (1 ng mL−1) to 0.01 (25 ng mL−1) (Fig. 7.5 D ‘+FGF1’).
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mRNA expression analysis of adipogenic differentiation d14 with/out FGF1

Figure 7.4: FGF1 effects on mRNA expression of early (A,B) and late adipogenic marker genes (C,D) during
adipogenic differentiation on day 14. undiff: hBMSCs incubated in basal medium without differen-
tiation supplements; ctrl: hBMSCs differentiated in adipogenic medium without FGF1; 1 ng mL−1,
4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated in adipogenic medium sup-
plemented with the respective FGF1 concentration. For statistical analysis, samples were compared
to the differentiation control (ctrl). x̃ ± SEM; n = 4 except for C/EBPα: n = 3. **** p < 0.0001.
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Figure 7.5: FGF1 effects on mRNA expression of early (A,B) and late adipogenic marker genes (C,D) during
adipogenic conversion on day 28. ost prediff: hBMSCs pre-differentiated in osteogenic medium
for 14 days without further adipogenic conversion; ctrl: hBMSCs osteogenically pre-differentiated
for 14 days, then converted in adipogenic medium without FGF1 for another 14 days; 1 ng mL−1,
4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs osteogenically pre-differentiated for 14
days, then converted in adipogenic medium supplemented with the respective FGF1 concentration
for another 14 days. For statistical analysis, samples were compared to the conversion control (ctrl).
x̃ ± SEM; n = 4. * p < 0.05; *** p < 0.001; **** p < 0.0001.
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7.2.2 FGF2 markedly reduces adipogenic marker mRNA expression

Analogous to the FGF1 set-ups, the effect of FGF2 on adipogenic marker gene expression was ex-
amined. As a proof of principle for adipogenic differentiation, marker gene expression rose similar
to formerly described results: PPARγ2 (1212-fold), C/EBPα (48-fold), FABP4 (20 833-fold), and LPL
(28 571-fold) (Fig. 7.6, ‘undiff’ vs. ‘ctrl’).

The addition of different concentrations of FGF2 to the adipogenic medium during differentiation de-
creased marker gene expression highly significantly. Values of PPARγ2 ranged from 0.54 (25 ng mL−1)
to 0.19 (10 ng mL−1 and 25 ng mL−1) (Fig. 7.6 A ‘+FGF2’). C/EBPα was down-regulated to 0.91
(1 ng mL−1) and 0.15 (25 ng mL−1), respectively (Fig. 7.6 B ‘+FGF2’). Meanwhile, FABP4 declined
to values between 0.71 (1 ng mL−1) to 0.17 (25 ng mL−1) (Fig. 7.6 C ‘+FGF2’). The expression of LPL
decreased to 0.40 (1 ng mL−1) and 0.09 (25 ng mL−1) (Fig. 7.6 D ‘+FGF2’).
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mRNA expression analysis of adipogenic differentiation d14 with/out FGF2

Figure 7.6: FGF2 effects on mRNA expression of early (A,B) and late adipogenic marker genes (C,D) during
adipogenic differentiation on day 14. undiff: hBMSCs incubated in basal medium without differen-
tiation supplements; ctrl: hBMSCs differentiated in adipogenic medium without FGF2; 1 ng mL−1,
4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated in adipogenic medium sup-
plemented with the respective FGF2 concentration. For statistical analysis, samples were compared
to the differentiation control (ctrl). x̃ ± SEM; n = 4. *** p < 0.001; **** p < 0.0001.
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Adipogenic conversion performed with and without FGF2 supplementation led to similar results. On
day 28, the expression of marker genes in the adipogenically converted control sample was markedly
up-regulated in comparison to osteogenically pre-differentiated hBMSCs. Fold changes varied from
46 (C/EBPα) over 344 (PPARγ2) and 2506 (LPL) to 12 346 (FABP4) (Fig. 7.7, ‘ost prediff’ vs. ‘ctrl’).

Following FGF2 addition, adipogenic marker gene expression was markedly reduced. PPARγ2 ex-
pression decreased to values between 0.78 (1 ng mL−1) and 0.10 (25 ng mL−1) (Fig. 7.7 A ‘+ FGF2’).
C/EBPα declined to 0.67 (1 ng mL−1) and 0.04 (25 ng mL−1) (Fig. 7.7 B ‘+ FGF2’). FABP4 expression
varied between 0.64 (1 ng mL−1) and 0.10 (25 ng mL−1) (Fig. 7.7 C ‘+ FGF2’). Values of LPL declined
to 0.69 (1 ng mL−1) and 0.07 (25 ng mL−1) (Fig. 7.7 D ‘+ FGF2’).
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Figure 7.7: FGF2 effects on mRNA expression of early (A, B) and late adipogenic marker genes (C, D) during
adipogenic conversion on day 28. ost prediff: hBMSCs pre-differentiated in osteogenic medium
for 14 days without further adipogenic conversion; ctrl: hBMSCs osteogenically pre-differentiated
for 14 days, then converted in adipogenic medium without FGF2 for another 14 days; 1 ng mL−1,
4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs osteogenically pre-differentiated for 14
days, then converted in adipogenic medium supplemented with the respective FGF2 concentration
for another 14 days. For statistical analysis, samples were compared to the conversion control (ctrl).
x̃ ± SEM; n = 4. * p ≤ 0.05; ** p < 0.01; **** p < 0.0001.
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7.3 Expression of osteogenic markers during adipogenesis

Since preliminary results pointed at a supportive impact of the culture in the presence of FGF1 and
FGF2 on osteogenesis, a broad range of early and late osteogenic markers as well as marker genes
concerning extracellular matrix (ECM) mineralization were analyzed during adipogenic differentia-
tion and conversion.

7.3.1 Adipogenic conversion downregulates osteogenic key markers

Inducing the conversion of pre-differentiated osteoblastic cells towards the adipogenic fate resulted
in a marked downregulation of different sets of osteogenic markers. The expression of the early os-
teogenic key transcription factor runt-related transcription factor 2 (RUNX2) and bone morphogenetic
protein 4 (BMP4) was markedly reduced by adipogenic conversion itself (Fig. 7.8 A, B, ‘ost prediff’ vs.
‘ctrl’). However, additional supplementation with FGF1 and FGF2 did not alter RUNX2 and BMP4
transcription (Fig. 7.8 A, B and 7.9 A, B). The same was observed for the later osteogenic marker genes
collagen 1 A1 (COL1A1) and osteocalcin (OC), which were also significantly downregulated by adi-
pogenic conversion itself but not further altered by FGF1 or FGF2 administration (Fig. 7.8 C, D and
7.9 C, D).
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Figure 7.8: Effects of adipogenic conversion and FGF1 administration on mRNA expression of early and late
osteogenic markers RUNX2, BMP4, COL1A1, and OC. ost prediff: hBMSCs pre-differentiated in
osteogenic medium for 14 days without further adipogenic conversion; ctrl: hBMSCs osteogenically
pre-differentiated for 14 days, then converted in adipogenic medium without FGF1 for another
14 days; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs osteogenically pre-
differentiated for 14 days, then converted in adipogenic medium supplemented with the respective
FGF1 concentration for another 14 days. For statistical analysis, samples were compared to the
conversion control (ctrl). x̃ ± SEM; n = 4. * p ≤ 0.05; **** p < 0.0001.

63



III Results

mRNA expression analysis of adipogenic conversion d28 with/out FGF2

ost
prediff

ctrl 1 4 10 25
0.0

0.5

1.0

1.5

2.0

2.5

A   RUNX2

m
R

N
A

ex
p

re
ss

io
n

+ FGF2 [ng/ml]

ost
prediff

ctrl 1 4 10 25
0

2

4

6

B   BMP4

m
R

N
A

ex
p

re
ss

io
n

+ FGF2 [ng/ml]

*

ost
prediff

ctrl 1 4 10 25
0.0

0.5

1.0

1.5

5
10
15

C   COL1A1

m
R

N
A

ex
p

re
ss

io
n

+ FGF2 [ng/ml]

****

ost
prediff

ctrl 1 4 10 25
0

1

2

3

4

5

D   OC
m

R
N

A
ex

p
re

ss
io

n

+ FGF2 [ng/ml]

*

Figure 7.9: Effects of adipogenic conversion and FGF2 administration on mRNA expression of early and late
osteogenic markers RUNX2, BMP4, COL1A1, and OC. ost prediff: hBMSCs pre-differentiated in
osteogenic medium for 14 days without further adipogenic conversion; ctrl: hBMSCs osteogenically
pre-differentiated for 14 days, then converted in adipogenic medium without FGF2 for another
14 days; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs osteogenically pre-
differentiated for 14 days, then converted in adipogenic medium supplemented with the respective
FGF2 concentration for another 14 days. For statistical analysis, samples were compared to the
conversion control (ctrl). x̃ ± SEM; n = 4. * p ≤ 0.05; **** p < 0.0001.
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7.3.2 FGF1 upregulates inhibitory mineralization marker genes

In contrast to the key marker genes of osteogenic onset and maturation, which were not changed
by FGF addition, we found a transcriptional regulation of genes crucial for ECM mineralization.
The ANKH inorganic pyrophosphate transport regulator (ANKH) was downregulated through adi-
pogenic differentiation itself by 4.32-fold (Fig. 7.10 A, ‘undiff’ vs. ‘ctrl’). The additional adminis-
tration of progressive concentrations of FGF1 increased ANKH expression to 1.55 (4 ng mL−1), 3.62
(10 ng mL−1), and 9.55 (25 ng mL−1). The last value exceeded the basal expression level in undifferen-
tiated hBMSCs and was highly significant (Fig. 7.10 A ‘+FGF1’).

Osteopontin (OPN) expression was significantly reduced during adipogenic differentiation itself by
476-fold (Fig. 7.10 B, ‘undiff’ vs. ‘ctrl’). The administration of FGF1 heightened the expression to
4.60 (1 ng mL−1), 52 (4 ng mL−1), 364 (10 ng mL−1), and 473 (25 ng mL−1). The last fold change was
significant and reached the expression level of undifferentiated hBMSCs (Fig. 7.10 B ‘+FGF1’).

Adipogenically converted samples exhibited similar results, although significance could not be
achieved due to donor variability. The expression of ANKH declined during the conversion process
by 3.66-fold (Fig. 7.11 A, ‘ost prediff’ vs. ‘ctrl’). The supplementation with FGF1 increased expres-
sion levels to 2.77 (4 ng mL−1), 6.21 (10 ng mL−1), and 6.08 (25 ng mL−1) (Fig. 7.11 A ‘+FGF1’). The
adipogenic conversion markedly decreased OPN expression by 55-fold (Fig. 7.11 B, ‘ost prediff’ vs.
‘ctrl’). Addition of FGF1 enhanced expression to 2.46 (1 ng mL−1), 5.53 (4 ng mL−1), 54 (10 ng mL−1),
and finally 132 (25 ng mL−1) (Fig. 7.11 B ‘+FGF1’).
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mRNA expression analysis of adipogenic differentiation d14 with/out FGF1

Figure 7.10: FGF1 effects on mRNA expression of mineralization marker genes during adipogenic differen-
tiation on day 14. undiff: hBMSCs incubated in basal medium without differentiation supple-
ments; ctrl: hBMSCs differentiated in adipogenic medium without FGF1; 1 ng mL−1, 4 ng mL−1,
10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated in adipogenic medium supplemented
with the respective FGF1 concentration. For statistical analysis, samples were compared to the
differentiation control (ctrl). x̃ ± SEM; n = 4. * p ≤ 0.05; *** p < 0.001.
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Figure 7.11: FGF1 effects on mRNA expression of mineralization marker genes during adipogenic conver-
sion on day 28. ost prediff: hBMSCs pre-differentiated in osteogenic medium for 14 days with-
out further adipogenic conversion; ctrl: hBMSCs osteogenically pre-differentiated for 14 days,
then converted in adipogenic medium without FGF1; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and
25 ng mL−1 FGF1: hBMSCs osteogenically pre-differentiated for 14 days, then converted in adi-
pogenic medium supplemented with the respective FGF1 concentration. For statistical analysis,
samples were compared to the conversion control (ctrl). x̃ ± SEM; n = 4.

7.3.3 FGF2 increases inhibitory mineralization marker gene expression

In parallel, experiments were performed deploying FGF2 supplementation. The obtained results were
similar to the FGF1 outcomes described above. During adipogenic differentiation, the expression of
ANKH decreased again about 5.44-fold (Fig. 7.12 A, ‘undiff’ vs. ‘ctrl’). The administration of FGF2
elevated expression rates to 1.67 (10 ng mL−1) and 4.15 (25 ng mL−1), the latter being significant (Fig.
7.12 A ‘+FGF2’). OPN expression declined significantly during adipogenic differentiation by 194-fold
(Fig. 7.12 B, ‘undiff’ vs. ‘ctrl’). The supplementation with FGF2 elevated expression levels again to
1.84 (1 ng mL−1), 6.90 (4 ng mL−1), 38 (10 ng mL−1), and 109 (25 ng mL−1) (Fig. 7.12 B ‘+FGF2’).

After adipogenic conversion, the expression of ANKH was downregulated 4.64-fold (Fig. 7.13 A,
‘ost prediff’ vs. ‘ctrl’). FGF2 administration increased it to 1.27 (4 ng mL−1), 1.90 (10 ng mL−1), and
3.17 (25 ng mL−1) (Fig. 7.13 A ‘+FGF2’). Meanwhile, OPN expression was reduced about 34-fold by
the conversion process (Fig. 7.13 B, ‘ost prediff’ vs. ‘ctrl’). Further FGF2 administration increased
expression rates again to 2.33 (10 ng mL−1) and 14 (25 ng mL−1) (Fig. 7.13 B ‘+FGF2’).
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Figure 7.12: FGF2 effects on mRNA expression of mineralization marker genes during adipogenic differen-
tiation on day 14. undiff: hBMSCs incubated in basal medium without differentiation supple-
ments; ctrl: hBMSCs differentiated in adipogenic medium without FGF2; 1 ng mL−1, 4 ng mL−1,
10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated in adipogenic medium supplemented
with the respective FGF2 concentration. For statistical analysis, samples were compared to the
differentiation control (ctrl). x̃ ± SEM; n = 4. * p ≤ 0.05; ** p < 0.01; **** p < 0.0001.
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mRNA expression analysis of adipogenic conversion d28 with/out FGF2

Figure 7.13: FGF2 effects on mRNA expression of mineralization marker genes during adipogenic conver-
sion on day 28. ost prediff: hBMSCs pre-differentiated in osteogenic medium for 14 days with-
out further adipogenic conversion; ctrl: hBMSCs osteogenically pre-differentiated for 14 days,
then converted in adipogenic medium without FGF2 for another 14 days; 1 ng mL−1, 4 ng mL−1,
10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs osteogenically pre-differentiated for 14 days, then
converted in adipogenic medium supplemented with the respective FGF2 concentration. For
statistical analysis, samples were compared to the conversion control (ctrl). x̃ ± SEM; n = 4.
** p < 0.01.
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8 FGF1 and FGF2 affect osteogenic differenti-
ation and conversion

In parallel to the experiments performed regarding adipogenesis, the effect of FGF1 and FGF2 on os-
teogenic differentiation and conversion was investigated. To gain a broad insight into the prevalent
processes, we chose different experimental approaches: Firstly, the mineralization of the monolayers’
ECM was determined as a reliable readout for the extent of osteogenesis. Secondly, alkaline phos-
phatase (ALP) mRNA expression and enzyme activity were examined to enlighten the effects on this
widely accepted early osteogenic marker. Finally, gene expression analysis for further early and late
osteogenic markers as well as those affecting matrix mineralization was performed to investigate un-
derlying changes in differentiation-dependent cell signaling mechanisms.

8.1 Reduction of matrix mineralization

To examine the effect of the culture in the presence of FGF1 and FGF2 on osteogenesis, we analyzed
the amount of matrix mineralization on day 14 and day 28 of differentiation as well as on day 28 of
conversion. On day 14 and 28 of osteogenic differentiation and conversion, respectively, hBMSCs had
formed significant amounts of mineralized matrix. Mineralized spots were observed by phase con-
trast microscopy (Fig. 8.1 A + B, ‘PC’) and further highlighted by Alizarin red S (Fig. 8.1 A + B, ‘ARS’).
The quantifying assay revealed that calcium content was significantly increased by 50- and 73-fold
(day 14 and 28 of differentiation) and 49-fold due to conversion when compared to the undifferentiat-
ed/adipogenically pre-differentiated controls (Fig. 8.2, A, B, ‘undiff’ vs. ‘ctrl’ and C, ‘ad prediff’ vs.
‘ctrl’).

The additional supplementation with 25 ng mL−1 FGF1 and FGF2 reduced ECM mineralization mar-
kedly as seen by Alizarin red S staining (Fig. 8.1 A + B, ‘ARS’). Ascending FGF1 concentrations
resulted in a concentration-dependent reduction of the calcium content. On day 14 of differentia-
tion, mineralization values decreased to 0.79 (1 ng mL−1), 0.60 (4 ng mL−1), 0.46 (10 ng mL−1), and
0.41 (25 ng mL−1). The two latter values reached high significance (Fig. 8.2 A ‘+FGF1’). After 28 days
of differentiation, the decrease of calcium values was lessened and reached a minimum of 0.56 with
25 ng mL−1 (Fig. 8.2 B ‘+FGF1’). After 28 days of conversion, consisting of 14 days of adipogenic
pre-differentiation plus another 14 days of conversion under osteogenic conditions, hBMSCs dis-
played a highly significant reduction of ECM mineralization. Values declined to 0.42 (1 ng mL−1),
0.32 (4 ng mL−1), 0.27 (1 ng mL−1), and finally 0.21 (25 ng mL−1) (Fig. 8.2 C ‘+FGF1’).

Set-ups regarding FGF2 exhibited similar results. During osteogenic differentiation, calcium contents
significantly decreased to 0.56 (10 ng mL−1) and 0.58 (25 ng mL−1) on day 14 (Fig. 8.3 A). On day 28,
values displayed a minimum of 0.79 (10 ng mL−1) (Fig. 8.3 B ‘+FGF2’). However, after osteogenic
conversion on day 28, calcium content was reduced to 0.32 (4 ng mL−1) and 0.60 with 10 ng mL−1

FGF2 (Fig. 8.3 C ‘+FGF2’).
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Figure 8.1: Phase contrast microscopy (PC), ALP staining (ALP), and Alizarin red S staining (ARS) after os-
teogenic differentiation and conversion in the presence of different concentrations of FGF1 and
FGF2. Representative donor. undiff: hBMSCs incubated in basal medium without differentiation
supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium without FGF1 and
FGF2; FGF1 or FGF2: hBMSCs differentiated or converted in osteogenic medium supplemented
with 25 ng mL−1 FGF1 or FGF2; ad prediff: hBMSCs pre-differentiated in adipogenic medium
for 14 days without further osteogenic conversion. Conversion samples were adipogenically pre-
differentiated for 14 days, then converted in osteogenic medium for another 14 days. Scale bar
represents 100 µm.
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Mineralization assay with/out FGF1

Figure 8.2: Mineralization assay during osteogenic differentiation day 14 (A) and day 28 (B) as well as os-
teogenic conversion (C) supplemented with different concentrations of FGF1. undiff: hBMSCs in-
cubated in basal medium without differentiation supplements; ctrl: hBMSCs differentiated or con-
verted in osteogenic medium without FGF1; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1

FGF1: hBMSCs differentiated or converted in osteogenic medium supplemented with the respec-
tive FGF1 concentration; ad prediff: hBMSCs pre-differentiated in adipogenic medium for 14 days
without further osteogenic conversion. Conversion samples were pre-differentiated in adipogenic
medium for 14 days, then converted in osteogenic medium for another 14 days. For statistical
analysis, samples were compared to the respective differentiation (ctrl, A, B) or conversion control
(ctrl, C). x̃ ± SEM; n = 3. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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Figure 8.3: Mineralization assay during osteogenic differentiation day 14 (A) and day 28 (B) as well as os-
teogenic conversion (C) supplemented with different concentrations of FGF2. undiff: hBMSCs in-
cubated in basal medium without differentiation supplements; ctrl: hBMSCs differentiated or con-
verted in osteogenic medium without FGF2; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1

FGF2: hBMSCs differentiated or converted in osteogenic medium supplemented with the respec-
tive FGF1 concentration; ad prediff: hBMSCs pre-differentiated in adipogenic medium for 14 days
without further osteogenic conversion. Conversion samples were pre-differentiated in adipogenic
medium for 14 days, then converted in osteogenic medium for another 14 days. For statistical
analysis, samples were compared to the respective differentiation (ctrl, A, B) or conversion control
(ctrl, C). x̃ ± SEM; n = 3. ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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8.2 Gene expression and enzyme activity of ALP

Having found a reducing effect on the mineralization process of the extracellular matrix, we asked
whether culture in the presence of FGF1 and FGF2 would also negatively affect ALP mRNA expres-
sion and enzyme activity during osteogenic differentiation and conversion. ALP is known to play
an important role in the course of mineralization. Therefore, we pursued the corresponding mRNA
expression by qPCR at day 7 and 14 for differentiation plus day 21 and 28 for conversion. Further-
more, ALP enzyme activity assays were performed on day 7 of differentiation as well as on day 21 of
conversion.

8.2.1 FGF1 downregulates ALPL mRNA expression while only partly decreasing
enzyme activity

The mRNA expression of the early osteogenic marker alkaline phosphatase liver, bone, kidney (ALPL)
was significantly downregulated by FGF1 administration, while the associated enzyme activity was
partly decreased.

The ALPL mRNA expression was significantly upregulated during osteogenic differentiation by 12.64-
fold on day 7 and 13.84-fold on day 14 when compared to undifferentiated hBMSCs (Fig. 8.4 A, B,
‘undiff’ vs. ‘ctrl’). The addition of FGF1 decreased ALPL expression. On day 7, values declined to
0.55, 0.35, and 0.36 (4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1) showing high significances (Fig.
8.4 A ‘+FGF1’). On day 14, values declined to a minimum of 0.27 with 25 ng mL−1 FGF1 (Fig. 8.4 B
‘+FGF1’). The mRNA expression of ALPL was as well significantly upregulated during osteogenic
conversion reaching fold changes of 4.76 on day 21 and 5.28 on day 28 in comparison to adipogeni-
cally pre-differentiated samples (Fig. 8.4 C, D, ‘ad prediff’ vs. ‘ctrl’). After 21 days of osteogenic
conversion, FGF1 administration downregulated ALPL expression highly significantly to 0.62, 0.57,
and 0.45 for 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1 (Fig. 8.4 C ‘+FGF1’). After 28 days, values
were markedly decreased to a minimum of 0.47 (25 ng mL−1 FGF1) (Fig. 8.4 D ‘+FGF1’).

The activity of the ALP enzyme was significantly elevated at day 7 of osteogenic differentiation and
increased by 4.08-fold when compared to undifferentiated hBMSCs (Fig. 8.5 A, ‘undiff’ vs. ‘ctrl’).
Furthermore, ALP enzyme activity was not markedly altered by FGF1 administration (Fig. 8.5 A,
‘+FGF1’). Besides, osteogenic conversion promoted ALP activity about 3.13-fold in relation to adi-
pogenically pre-differentiated monolayers (Fig. 8.5 B, ‘ad prediff’ vs. ‘ctrl’). During osteogenic con-
version at day 21, values were significantly decreased to a minimum of 0.65 with 25 ng mL−1 FGF1
(Fig. 8.5 B, ‘+FGF1’). ALP stainings displayed a similar pattern with elevated colorimetric reaction
after 14 days of osteogenic differentiation and 28 days of osteogenic conversion (Fig. 8.1 A + B, ‘ALP’).
Yet, lipid droplets were not completely dissolved by osteogenic conversion as observed via phase
contrast microscopy and ALP staining (where lipid droplets appeared yellowish). Furthermore, FGF1
administration led to a reduced ALP staining.

73



III Results

undiff ctrl 1 4 10 25
0.0

0.5

1.0

1.5

A   Osteogenic differentiation d7

m
R

N
A

ex
p

re
ss

io
n

+ FGF1 [ng/ml]

****

**

*** ***

undiff ctrl 1 4 10 25
0.0

0.5

1.0

1.5

B   Osteogenic differentiation d14

m
R

N
A

ex
p

re
ss

io
n

+ FGF1 [ng/ml]

*

ad
prediff

ctrl 1 4 10 25
0.0

0.5

1.0

1.5

C   Osteogenic conversion d21

m
R

N
A

ex
p

re
ss

io
n

+ FGF1 [ng/ml]

****

***
****

**

ad
prediff

ctrl 1 4 10 25
0.0

0.5

1.0

1.5

D   Osteogenic conversion d28
m

R
N

A
ex

p
re

ss
io

n

+ FGF1 [ng/ml]

**

*
*
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Figure 8.4: Effect of FGF1 on ALPL mRNA expression during osteogenic differentiation (day 7 (A) and 14 (B))
and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium without dif-
ferentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium without
FGF1; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated or con-
verted in osteogenic medium supplemented with the respective FGF1 concentration; ad prediff:
hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic conver-
sion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then con-
verted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were com-
pared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM; n = 3.
* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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Figure 8.5: ALP activity assay during osteogenic differentiation (A) and conversion (B) supplemented with
different concentrations of FGF1. undiff: hBMSCs incubated in basal medium without differentia-
tion supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium without FGF1;
1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated or converted in
osteogenic medium additionally supplemented with the respective FGF1 concentration; ad prediff:
hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic conver-
sion. Conversion samples were first pre-differentiated in adipogenic medium for 14 days, then con-
verted in osteogenic medium for another 7 days. For statistical analysis, samples were compared
to the respective differentiation (ctrl, A) or conversion control (ctrl, B). x̃ ± SEM; for differentiation
samples on day 7: n = 4, for conversion samples on day 21: n = 3. * p ≤ 0.05; *** p < 0.001.

8.2.2 FGF2 markedly decreases ALPL mRNA expression while partly reducing
associated enzyme activity

Experiments performed in parallel with FGF2 administration exhibited similar results. ALPL mRNA
expression was upregulated via osteogenic differentiation by 1.84 on day 7 and 5.78 on day 14, re-
spectively (Fig. 8.6 A, B, ‘undiff’ vs. ‘ctrl’). The addition of FGF2 led to a marked decrease of ALPL
mRNA to values of 0.52 to 0.53 with 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2 on day 7 (Fig. 8.6 A
‘+FGF2’). On day 14, ALPL mRNA expression was downregulated to a minimum of 0.42 by 4 ng mL−1

FGF2 (Fig. 8.6 B ‘+FGF2’). The osteogenic conversion resulted in an increase of ALPL expression with
fold changes of 2.08 on day 21 and 2.19 on day 28 when compared to adipogenically pre-differentiated
hBMSCs (Fig. 8.6 C, D, ‘ad prediff’ vs. ‘ctrl’). On day 21, a marked downregulation was observed due
to FGF2 administration with a minimum of 0.58 for the highest concentration (Fig. 8.6 C ‘+FGF2’).
After 28 days of osteogenic conversion, ALPL values declined to 0.44 for 25 ng mL−1 FGF2 (Fig. 8.6 D
‘+FGF2’).

Following osteogenic differentiation and conversion, ALP enzyme activity was increased by 5.74 (day
7) and 3.13 (day 21), respectively (Fig. 8.7 A, ‘undiff’ vs. ‘ctrl’ and B, ‘ad prediff’ vs. ‘ctrl’). Dur-
ing osteogenic differentiation, ALP activity was not markedly altered by FGF2 addition (Fig. 8.7 A
‘+FGF2’). However, on day 21 of osteogenic conversion, ALP activity was reduced to 0.64 and 0.75 by
10 ng mL−1 and 25 ng mL−1 FGF2, respectively (Fig. 8.7 B ‘+FGF2’). Besides, FGF2 administration led
to a reduced ALP staining during differentiation and conversion (Fig. 8.1 A + B, ‘ALP’).
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Figure 8.6: Effect of FGF2 on ALPL mRNA expression during osteogenic differentiation (day 7 (A) and 14 (B))
and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium without dif-
ferentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium without
FGF2; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated or con-
verted in osteogenic medium supplemented with the respective FGF1 concentration; ad prediff:
hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic conver-
sion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then con-
verted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were com-
pared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM; n = 4.
* p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 8.7: ALP activity assay during osteogenic differentiation (A) and conversion (B) supplemented with
different concentrations of FGF2. undiff: hBMSCs incubated in basal medium without differentia-
tion supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium without FGF2;
1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated or converted in
osteogenic medium supplemented with the respective FGF2 concentration; ad prediff: hBMSCs
pre-differentiated in adipogenic medium for 14 days without further osteogenic conversion. Con-
version samples were pre-differentiated in adipogenic medium for 14 days, then converted in os-
teogenic medium for another 7 days. For statistical analysis, samples were compared to the respec-
tive differentiation (ctrl, A) or conversion control (ctrl, B). x̃ ± SEM; n = 4. * p < 0.05; ** p < 0.01;
**** p < 0.0001.
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8.3 Early osteogenic marker gene expression

The reduction in mineralization induced by the culture in the presence of FGF1 and FGF2 addition
prompted us to gain deeper insight into the mRNA expression of different subsets of osteogenic mark-
ers in the process of osteogenic differentiation and conversion. To analyze the early osteogenic marker
genes RUNX2 and BMP4, hBMSCs were osteogenically differentiated or converted under the addition
of different FGF1 and FGF2 concentrations. RNA samples were harvested on day 7 and 14 (differenti-
ation) as well as on day 21 and 28 (conversion) to examine mRNA expression throughout the course
of osteogenic differentiation and conversion.

8.3.1 FGF1 downregulates RUNX2 and BMP4 expression

The early master regulator of osteogenesis RUNX2 was in part downregulated by FGF1 addition.
A slight, although non-significant downregulation was observed only for the higher FGF1 concen-
trations on day 7 of osteogenic differentiation (Fig. 8.8 A ‘+FGF1’). However, on day 14, RUNX2
expression was significantly downregulated in a concentration-dependent manner to a minimum of
0.40 with 25 ng mL−1 FGF1 (Fig. 8.8 B ‘+FGF1’).

The osteogenic conversion displayed a similar course. On day 21, RUNX2 expression was downreg-
ulated to a minimum of 0.55 (25 ng mL−1) (Fig. 8.8 C ‘+FGF1’). This decrease reached significance on
day 28, showing a relative expression of 0.49 (25 ng mL−1) (Fig. 8.8 D ‘+FGF1’).

The mRNA expression of BMP4 was significantly downregulated by FGF1 on day 7 of osteogenic
differentiation to values of 0.53 to 0.49 for 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1 (Fig. 8.9 A
‘+FGF1’). During osteogenic conversion, values declined significantly to 0.57 and 0.55 with 4 ng mL−1

and 25 ng mL−1 (Fig. 8.9 C ‘+FGF1’). Nevertheless, on day 14 of differentiation as well as on day 28 of
conversion, no marked reduction in gene expression could be detected (Fig. 8.9 B, D ‘+FGF1’).
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Figure 8.8: Effect of FGF1 on RUNX2 mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF1; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated or
converted in osteogenic medium supplemented with the respective FGF1 concentration; ad prediff:
hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic conver-
sion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then con-
verted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were com-
pared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM; n = 4.
* p < 0.05; ** p < 0.01.
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Figure 8.9: Effect of FGF1 on BMP4 mRNA expression during osteogenic differentiation (day 7 (A) and 14 (B))
and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium without dif-
ferentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium without
FGF1; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated or con-
verted in osteogenic medium supplemented with the respective FGF1 concentration; ad prediff:
hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic conver-
sion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then con-
verted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were com-
pared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM; differ-
entiation samples: n = 4; conversion samples: n = 3. * p < 0.05; ** p < 0.01; *** p < 0.001.

80



8 FGF1 and FGF2 affect osteogenic differentiation and conversion

8.3.2 FGF2 reduces RUNX2 and BMP4 expression

The addition of FGF2 exhibited similar results to the observations during FGF1 administration. RUNX2
expression decreased during differentiation and conversion (day 14 and day 28) with significant val-
ues of 0.45 and 0.55 for 25 ng mL−1 FGF2 (Fig. 8.10 B, D ‘+FGF2’). Interestingly, an upregulation to a
maximum of 2.02 was observed on day 7 of osteogenic differentiation by the lower FGF2 concentra-
tions (Fig. 8.10 A ‘+FGF2’).
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Figure 8.10: Effect of FGF2 on RUNX2 mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF2; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated
or converted in osteogenic medium supplemented with the respective FGF2 concentration; ad
prediff: hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic
conversion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then
converted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were
compared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM;
n = 4. * p < 0.05; ** p < 0.01.
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The mRNA expression of BMP4 was reduced by FGF2 administration. The downregulation was most
pronounced after osteogenic conversion on day 21, declining to 0.44 for 10 ng mL−1 (Fig. 8.11 C
‘+FGF2’). Moreover, values were reduced during later stages of conversion and after 7 days of os-
teogenic differentiation (Fig. 8.11 A, D ‘+FGF2’).
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Figure 8.11: Effect of FGF2 on BMP4 mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF2; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated
or converted in osteogenic medium supplemented with the respective FGF2 concentration; ad
prediff: hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic
conversion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then
converted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were
compared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM;
n = 4, except for conversion on day 21: n = 3. * p < 0.05; ** p < 0.01; *** p < 0.001.
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8.4 Later marker genes of osteogenesis

After having analyzed the expression of the early osteogenic markers, we aimed for examining the
effects of FGF1 and FGF2 on later osteogenic marker genes responsible for bone matrix formation.
Therefore, COL1A1, integrin-binding sialoprotein (IBSP), and OC were investigated during osteogenic
differentiation and conversion.

8.4.1 FGF1 strongly downregulates COL1A1 and IBSP expression while mildly
augmenting OC expression

The expression of COL1A1 was markedly decreased during the course of osteogenic differentiation
and conversion. Intensifying with FGF1 concentration, COL1A1 mRNA expression descended down
to 0.09 (day 7 and day 14 of differentiation, day 21 of conversion) for 25 ng mL−1, reaching high sig-
nificances for days 7 and 21 (Fig. 8.12 A, B, C ‘+FGF1’). Furthermore, COL1A1 expression declined to
a minimum of 0.20 on day 28 of conversion with 10 ng mL−1 FGF1 (Fig. 8.12 D ‘+FGF1’).

The expression of the later osteogenic marker IBSP was downregulated by FGF1 administration. A
marked decrease was observed through all stages of the differentiation and conversion process. After
7 days of osteogenic differentiation, the values declined to 0.16 (with 10 ng mL−1 and 25 ng mL−1)
(Fig. 8.13 A ‘+FGF1’). On day 14, reductions were highly significant and reached 0.37 (1 ng mL−1),
0.12 (4 ng mL−1), and finally 0.05 (for 10 ng mL−1 and 25 ng mL−1) (Fig. 8.13 B ‘+FGF1’). After 21
days of osteogenic conversion, IBSP mRNA expression significantly decreased to 0.22 (10 ng mL−1)
and 0.15 (25 ng mL−1) (Fig. 8.13 C ‘+FGF1’). On day 28, the expression was further reduced to 0.10
(10 ng mL−1) and 0.09 (25 ng mL−1) (Fig. 8.13 D ‘+FGF1’).

The mRNA expression of another late osteogenic marker gene, OC, was not markedly reduced via
FGF1 addition. After 7 days of osteogenic differentiation, relative gene expression values slightly
declined to 0.49 with 25 ng mL−1 but did not reach significance (Fig. 8.14 A ‘+FGF1’). However, this
inhibitory trend was not observed during the other time points. On day 14, OC gene expression
increased from 2.3 to 2.6 for 4 ng mL−1 to 25 ng mL−1 FGF1 (Fig. 8.14 B ‘+FGF1’). Furthermore, a
slight upregulation of OC expression was observed after 21 days of osteogenic conversion with an
increase of up to 1.31 with 10 ng mL−1 FGF1 (Fig. 8.14 C ‘+FGF1’). Besides, values were augmented
during osteogenic conversion on day 28 from 2.14 up to 2.41 for 4 ng mL−1 to 25 ng mL−1 (Fig. 8.14 D
‘+FGF1’).
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Figure 8.12: Effect of FGF1 on COL1A1 mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF1; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated
or converted in osteogenic medium supplemented with the respective FGF1 concentration; ad
prediff: hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic
conversion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then
converted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were
compared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM;
n = 4. ** p < 0.01; **** p < 0.0001.
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Figure 8.13: Effect of FGF1 on IBSP mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF1; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated
or converted in osteogenic medium supplemented with the respective FGF1 concentration; ad
prediff: hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic
conversion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then
converted in osteogenic medium for another 7 or 14 days . For statistical analysis, samples were
compared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM;
n = 4. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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Figure 8.14: Effect of FGF1 on OC mRNA expression during osteogenic differentiation (day 7 (A) and 14 (B))
and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium without dif-
ferentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium without
FGF1; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated or con-
verted in osteogenic medium supplemented with the respective FGF1 concentration; ad prediff:
hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic con-
version. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then
converted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were
compared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM;
n = 4.
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8.4.2 FGF2 markedly downregulates COL1A1 and IBSP while only slightly
upregulating OC

The administration of FGF2 exhibited mostly inhibitory effects on mRNA expression of later os-
teogenic marker genes. After 7 days of differentiation, relative expression values of COL1A1 highly
significantly declined to 0.55, 0.41, and 0.34 by 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2 (Fig. 8.15
A (Fig. 8.14 D ‘+FGF2’). On day 14, the values further declined to a minimum of 0.15 with 25 ng mL−1

FGF2 (Fig. 8.15 B ‘+FGF2’).

Downregulations during osteogenic conversion on day 21 were highly significant with values of 0.37,
0.29, and 0.27 for 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 (Fig. 8.15 C ‘+FGF2’). After 28 days,
COL1A1 expression declined to 0.23 and 0.18 with 10 ng mL−1 and 25 ng mL−1 FGF2 (Fig. 8.15 D
‘+FGF2’).

In parallel, the values of relative IBSP mRNA expression decreased. After 7 days of osteogenic differ-
entiation, expression was reduced to 0.18 and 0.07 (10 ng mL−1 and 25 ng mL−1) (Fig. 8.16 A ‘+FGF2’).
Moreover, on day 14, relative IBSP values highly significantly declined to 0.41, 0.17, 0.07, and 0.04 for
1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 (Fig. 8.16 B ‘+FGF2’). During conversion on day
21, IBSP expression decreased from 0.41 to 0.15 down to 0.19 (4 ng mL−1, 10 ng mL−1, and 25 ng mL−1

FGF2) (Fig. 8.16 C ‘+FGF2’). After 28 days, the inhibitory effects increased and the relative expression
declined to 0.06 and 0.03 for 10 ng mL−1 and 25 ng mL−1 FGF2 (Fig. 8.16 D ‘+FGF2’).

In contrast to COL1A1 and IBSP, OC expression was enhanced through FGF2 administration. At the
earlier time points of differentiation and conversion (day 7 and 21), OC expression was augmented up
to 1.51 and 1.53 by 25 ng mL−1 (Fig. 8.17 A, C ‘+FGF2’). After 14 days of differentiation, values reached
2.37 and 2.31 with 10 ng mL−1 and 25 ng mL−1 (Fig. 8.17 B ‘+FGF2’). In addition, OC expression
increased to 1.53 and 1.65 for day 28 of conversion (Fig. 8.17 D ‘+FGF2’).
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Figure 8.15: Effect of FGF2 on COL1A1 mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF2; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated
or converted in osteogenic medium supplemented with the respective FGF2 concentration; ad
prediff: hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic
conversion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then
converted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were
compared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM;
n = 4. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 8.16: Effect of FGF2 on IBSP mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF2; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated
or converted in osteogenic medium supplemented with the respective FGF2 concentration; ad
prediff: hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic
conversion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then
converted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were
compared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM;
n = 4. * p =< 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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Figure 8.17: Effect of FGF2 on OC mRNA expression during osteogenic differentiation (day 7 (A) and 14 (B))
and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium without dif-
ferentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium without
FGF2; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated or con-
verted in osteogenic medium supplemented with the respective FGF2 concentration; ad prediff:
hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic con-
version. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then
converted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were
compared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, A, B). x̃ ± SEM;
n = 4.
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8.5 Marker genes of mineralization

After investigating the effect of FGF1 and FGF2 on early and late osteogenic markers, we asked
whether marker genes regulating the mineralization process were also influenced. We analyzed the
genes ANKH, OPN, and ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) because they
are known to affect the ECM mineralization and to inhibit excessive calcification at the same time.

8.5.1 FGF1 markedly upregulates ANKH and OPN expression while decreasing
ENPP1 expression

Concerning marker genes controlling the matrix mineralization, the FGF1 administration led to dis-
tinct alterations in mRNA expression. The expression of ANKH was upregulated throughout the
course of osteogenic differentiation and conversion. After 7 days of differentiation, values increased
to 1.90 and 2.09 by 10 ng mL−1 and 25 ng mL−1 FGF1 (Fig. 8.18 A, ‘undiff’ vs ‘ctrl’). The ANKH ex-
pression was further elevated to 1.68 and 2.38 after 14 days of differentiation (Fig. 8.18 B, ‘undiff’ vs
‘ctrl’). Following conversion for 21 days, the expression values of the two highest FGF1 concentra-
tions increased to 1.91 and 2.18 (Fig. 8.18 C ‘+FGF1’). Reaching significance on day 28, the ANKH
expression was enhanced even further to 3.10 and 3.86 by 10 ng mL−1 and 25 ng mL−1 FGF1 (Fig. 8.18
D ‘+FGF1’).

The ENPP1 expression was as well altered by FGF1 addition in a discontinuous way. After 7 days
of osteogenic differentiation, values were slightly augmented to 1.83, 1.53, and 1.75 by 4 ng mL−1,
10 ng mL−1, and 25 ng mL−1 FGF1 (Fig. 8.19 A ‘+FGF1’). However, ENPP1 expression was markedly
reduced on day 14 to a minimum of 0.39 by 25 ng mL−1 FGF1 (Fig. 8.19 B ‘+FGF1’). Furthermore,
values declined to a minimum of 0.36 by 25 ng mL−1 FGF1 on day 21 of osteogenic conversion (Fig.
8.19 C ‘+FGF1’). On day 28, no obvious alterations were observed, and values ranged between 0.99
(4 ng mL−1) and 1.44 (25 ng mL−1) (Fig. 8.19 D ‘+FGF1’).

On day 7 of osteogenic differentiation, the OPN expression of FGF1 supplemented samples remained
on the level of the control (Fig. 8.20 A ‘+FGF1’). Yet, values augmented to 2.03 by 25 ng mL−1 FGF1
on day 14 (Fig. 8.20 B ‘+FGF1’). After 21 days of osteogenic conversion, OPN expression increased to
1.95 and 2.23 by 10 ng mL−1 and 25 ng mL−1 FGF1 (Fig. 8.20 C ‘+FGF1’). On day 28, the upregulation
was further enhanced to values of a maximum of 3.94 for 25 ng mL−1 FGF1 (Fig. 8.20 D ‘+FGF1’).
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Figure 8.18: Effect of FGF1 on ANKH mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF1; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated
or converted in osteogenic medium supplemented with the respective FGF1 concentration; ad
prediff: hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic
conversion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then
converted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were
compared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM;
n = 4. * p < 0.05; ** p < 0.01.
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Figure 8.19: Effect of FGF1 on ENPP1 mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF1; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated
or converted in osteogenic medium supplemented with the respective FGF1 concentration; ad
prediff: hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic
conversion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then
converted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were
compared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM;
n = 3, except for differentiation samples on day 7: n = 4. * p < 0.05; ** p < 0.01.
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Figure 8.20: Effect of FGF1 on OPN mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF1; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated
or converted in osteogenic medium supplemented with the respective FGF1 concentration; ad
prediff: hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic
conversion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then
converted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were
compared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM;
n = 4, except for differentiation samples on day 14: n = 3. * p < 0.05; ** p < 0.01.

94



8 FGF1 and FGF2 affect osteogenic differentiation and conversion

8.5.2 FGF2 decreases ENPP1 expression and only slightly affects ANKH and OPN
mRNA levels

The mRNA expression of ANKH was slightly increased only by the highest FGF2 concentration of
25 ng mL−1. On day 7 of differentiation, values ranged from 0.44 (4 ng mL−1 FGF2) to 1.25 (25 ng mL−1)
(Fig. 8.21 A ‘+FGF2’). After 14 days, ANKH expression varied between 0.56 (4 ng mL−1 FGF2) and
1.01 (25 ng mL−1) (Fig. 8.21 B ‘+FGF2’). Moreover, fold changes augmented to values 1.67 (25 ng mL−1

FGF2) after 21 days of conversion (Fig. 8.21 C ‘+FGF2’). On day 28, ANKH expression reached a
maximum of 1.39 (25 ng mL−1 FGF2) (Fig. 8.21 D ‘+FGF2’).
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Figure 8.21: Effect of FGF2 on ANKH mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF2; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated
or converted in osteogenic medium supplemented with the respective FGF2 concentration; ad
prediff: hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic
conversion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then
converted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were
compared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM;
n = 4.
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Meanwhile, the expression of ENPP1 was decreased by FGF2. During osteogenic differentiation on
day 7, values declined down to 0.45 for 4 ng mL−1 FGF2, yet stayed at 0.72 with 25 ng mL−1 FGF2 (Fig.
8.22 A ‘+FGF2’). After 14 days of differentiation, ENPP1 expression decreased further down to 0.42
by 25 ng mL−1 FGF2 (Fig. 8.22 B ‘+FGF2’). Besides, values diminished to 0.47 with 25 ng mL−1 FGF2
on day 21 of osteogenic conversion (Fig. 8.22 C ‘+FGF2’) and to 0.54 with 10 ng mL−1 and 25 ng mL−1

FGF2 (Fig. 8.22 D ‘+FGF2’).
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Figure 8.22: Effect of FGF2 on ENPP1 mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF2; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated
or converted in osteogenic medium supplemented with the respective FGF2 concentration; ad
prediff: hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic
conversion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then
converted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were
compared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM;
n = 3, except for differentiation samples on day 7: n = 4. * p < 0.05; ** p < 0.01.
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The OPN mRNA expression displayed a discontinuous course. On day 7 of osteogenic differentia-
tion, the values of the two highest FGF2 concentrations varied between 0.60 (10 ng mL−1) and 0.75
(25 ng mL−1) (Fig. 8.23 A ‘+FGF2’). After 14 days, OPN expression slightly decreased to 0.66 with
25 ng mL−1 FGF2 (Fig. 8.23 B ‘+FGF2’). However, on day 21 of osteogenic conversion, values aug-
mented to 1.55 with 10 ng mL−1 FGF2, whereas 25 ng mL−1 FGF2 exhibited a fold change value of
0.86 (Fig. 8.23 C ‘+FGF2’). Yet, on day 28, OPN expression declined to 0.57 with 10 ng mL−1, while
reaching a value of 0.75 with 25 ng mL−1 FGF2 (Fig. 8.23 D ‘+FGF2’).
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Figure 8.23: Effect of FGF2 on OPN mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF2; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated
or converted in osteogenic medium supplemented with the respective FGF1 concentration; ad
prediff: hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic
conversion. Conversion samples were pre-differentiated in adipogenic medium for 14 days, then
converted in osteogenic medium for another 7 or 14 days. For statistical analysis, samples were
compared to the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM;
n = 4. * p < 0.05; ** p < 0.01.
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8.5.3 OPN protein expression

Knowing that FGF1 upregulates OPN mRNA expression, we wondered if this effect could be pursued
on the protein level. Therefore, Western blots for OPN were performed.

The densitometric analysis of the Western blots demonstrated that the OPN protein expression is up-
regulated during adipogenic as well as osteogenic differentiation compared to undifferentiated hBM-
SCs (Fig. 8.24, ‘undiff’ vs ‘ctrl’). Notably, the upregulation was higher during adipogenic (5.10-fold)
than during osteogenic differentiation (2.57-fold). A further increase of OPN protein via the adminis-
tration of 25 ng mL−1 FGF1 was neither detected in adipogenic nor in osteogenic differentiation. Al-
though the adipogenic values displayed high donor variability (Fig. 8.24 A ‘+FGF1’), FGF1 addition
led to a significant negative regulation of OPN protein expression during osteogenic differentiation
(Fig. 8.24 B ‘+FGF1’).
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Figure 8.24: Effect of FGF1 on OPN protein expression during adipogenic (A) and osteogenic differentiation
(B) on day 14. undiff: hBMSCs incubated in basal medium without differentiation supplements;
ctrl: hBMSCs differentiated in adipogenic or osteogenic medium without FGF1; FGF1: hBMSCs
differentiated in adipogenic or osteogenic medium supplemented with 25 ng mL−1 FGF1. For
statistical analysis, values were normalized to β-Actin expression and compared to the respective
differentiation control (ctrl). Broken lines indicate the positive control for OPN protein (HeLa cell
lysate). x̃ ± SEM; n = 3. ** p < 0.01; *** p < 0.001; ns: not significant.
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8.5.4 ANKH inhibition does not abolish the anti-mineralizing effect of FGF1

Having observed that the mRNA expression of the inorganic pyrophosphate transport regulator
ANKH was upregulated, we wanted to further assess its possible role concerning the reduced min-
eralization outcome during osteogenic differentiation and conversion. Therefore, we performed dif-
ferentiation experiments under the addition of the ANKH inhibitor Probenecid. Since the established
concentration of 0.25 mmol L−1 had no detectable effect, we deployed concentrations of 2 mmol L−1

and 10 mmol L−1 Probenecid. As the ligand FGF1 was found to be most effective at a concentration
of 25 ng mL−1 in the previous experiments, all set-ups containing Probenecid were performed with
this concentration. To exclude an impact of the inhibitor on the extent of lipid droplet formation or
mineralization, one sample was cultured in differentiation medium containing Probenecid without
FGF1 (‘inh’). Moreover, to overcome effects of the inhibitor solvent NaOH, the differentiation control
sample (‘ctrl’) as well as the FGF1-containing sample (‘veh + FGF1’) comprised the respective amount
of the vehicle NaOH.

The lowest concentration of 0.25 mmol L−1 Probenecid did not alter the hBMSCs ability to differenti-
ate into the adipogenic direction when compared to the control cultured in adipogenic medium plus
solvent (Fig. 8.25 A, ‘ctrl’ vs ‘inh’). However, the ANKH inhibitor did not diminish the reducing effect
of FGF1 on lipid droplet formation, thus the adipogenic phenotype was not rescued by Probenecid
(‘veh + FGF1’ vs ‘inh + FGF1’). Similar results were obtained during osteogenic differentiation (Fig.
8.25 B). Here, Probenecid administration led to a slight increase in mineralization compared to the
differentiation control (‘ctrl’ vs ‘inh’). Yet, the marked reduction of mineralization caused by FGF1
was not restored by Probenecid addition (‘veh + FGF1’ vs ‘inh + FGF1’).

The higher concentration of 2 mmol L−1 Probenecid displayed an increased lipid droplet formation
during adipogenic differentiation compared to the non-Probenecid-containing control (Fig. 8.25 C,
‘ctrl’ vs ‘inh’). However, there was no alteration in lipid droplet formation concerning both FGF1-
containing samples with vehicle and inhibitor (‘veh + FGF1’ vs ‘inh + FGF1’), respectively . More-
over, during osteogenic differentiation, the matrix mineralization was not changed by 2 mmol L−1

Probenecid (Fig. 8.25 D, ‘ctrl’ vs ‘inh’). Besides, the ANKH inhibitor did not increase mineralization
in combination with FGF1 administration (‘veh + FGF1’ vs ‘inh + FGF1’).

The administration of 10 mmol L−1 Probenecid to the monolayers markedly declined hBMSC cell vi-
ability as could be observed under the light microscope (data not shown). This effect was specifically
caused by the ANKH inhibitor itself and not by its solvent NaOH, since the monolayers in the controls
remained viable and confluent.

To assess the effects of FGF1 on early time points of hBMSC commitment and differentiation, the
involvement of different signaling mediators like receptors and intracellular signaling pathways was
investigated as described in the following chapter.
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Figure 8.25: Effect of different concentrations of the ANKH inhibitor Probenecid on the FGF1 effects during
adipogenic (A, C) and osteogenic differentiation (B, D) on day 14. undiff: hBMSCs incubated in
basal medium without differentiation supplements; ctrl: hBMSCs differentiated in adipogenic or
osteogenic medium containing the inhibitor solvent NaOH; inh: hBMSCs differentiated in adi-
pogenic or osteogenic medium supplemented with Probenecid; veh + FGF1: hBMSCs differenti-
ated in adipogenic or osteogenic medium containing the inhibitor solvent NaOH (vehicle) plus
FGF1; inh + FGF1: hBMSCs differentiated in adipogenic or osteogenic medium supplemented
with Probenecid plus FGF1. For statistical analysis, samples were compared to the respective dif-
ferentiation control containing inhibitor only (inh). x̃ ± SEM; n = 2. ns: not significant.
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9 FGF1 effects are mediated via FGFR1 and
ERK1/2 signaling

After having closely investigated the effects of the culture in the presence of FGF1 and FGF2 on the
adipogenic and osteogenic differentiation and conversion of primary hBMSCs (see chapter 7 and 8),
we aimed at elucidating the underlying signaling mechanism/s. To identify responsible receptors and
intracellular signaling pathways, we performed differentiation and conversion experiments under the
addition of specific inhibitors.

9.1 Inhibition of FGFR1 rescues the FGF1 phenotype

Previous microarray analyses within our group revealed that the FGF receptors FGFR3 and FGFR4
are not expressed in hBMSCs (Dr. Tatjana Schilling, personal communication, June 10, 2015). To
investigate if FGFR1 mediates the signal underlying the FGF1 effects, we performed differentiation
and conversion experiments deploying the FGFR1 inhibitor PD166866. Since an FGF1 concentra-
tion of 25 ng mL−1 was found to be most effective, the following experiments were performed with
25 ng mL−1 FGF1. In pre-trials, we figured out that the most effective concentration of PD166866 was
250 nmol L−1 for this FGF1 concentration.

As expected, the lipid droplet formation was strongly pronounced during adipogenic differentiation
compared to undifferentiated samples (Fig. 9.1 A, ‘undiff’ vs ‘ctrl’), whereas the administration of
FGF1 caused a marked reduction of fat droplets (‘veh + FGF1’). The addition of the FGFR1 inhibitor
PD166866 only to the differentiation cocktail did not alter lipid droplet formation, thus adipogenic
differentiation (‘inh’). Interestingly, the FGFR1 inhibitor PD166866 totally rescued this FGF1 effect
(‘inh + FGF1’). The lipid droplet formation was highly significantly increased to the levels of the
differentiation (‘ctrl’) and inhibitor-only controls (‘inh’).

Following osteogenic differentiation, the ECM mineralization was distinctly enhanced when com-
pared to undifferentiated hBMSCs (Fig. 9.1 B, ‘undiff’ vs ‘ctrl’). In accordance with previous results,
FGF1 addition reduced matrix mineralization (‘veh + FGF1’). Whereas PD166866 administration only
did not alter the mineralization outcome (‘inh’), the FGF1 effect was highly significantly rescued by
the inhibitor addition (‘inh + FGF1’); mineralization values were increased slightly above the levels of
the differentiation controls.

After 28 days of adipogenic conversion, lipid droplet formation was explicitly upregulated in com-
parison to osteogenically pre-differentiated hBMSCs as expected (Fig. 9.1 C, ‘ost prediff’ vs ‘ctrl’).
Inhibitor addition to the differentiation medium did not distinctly change adipogenic outcome (‘inh’),
whereas FGF1 resulted in markedly reduced lipid droplet formation (‘veh + FGF1’). The addition
of PD166866 together with FGF1 to the differentiation cocktail demonstrated a slight, yet significant
increase in lipid outcome, in other words a partial rescue (‘inh + FGF1’).

During osteogenic conversion, findings resembled those of osteogenic differentiation (Fig. 9.1 D).
Mineralization was distinctly increased in the control samples when compared to adipogenically pre-
differentiated hBMSCs (‘ad prediff’ vs ‘ctrl’). Furthermore, PD166866 only addition did not change
mineralization values (‘inh’). Yet, the FGF1 administration markedly reduced the outcome (‘veh +
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FGF1’). Nevertheless, PD166866 addition to FGF1-containing differentiation cocktail was able to re-
store mineralization in a highly significant manner (‘inh + FGF1’).
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Figure 9.1: Effect of the FGFR1 inhibitor PD166866 on the FGF1 effects during adipogenic (A) and osteogenic
differentiation (B) as well as adipogenic (C) and osteogenic conversion (D). undiff: hBMSCs incu-
bated in basal medium without differentiation supplements; ctrl: hBMSCs differentiated or con-
verted in adipogenic or osteogenic differentiation medium without FGF1; inh: hBMSCs differenti-
ated or converted in differentiation medium supplemented with PD166866; veh + FGF1: hBMSCs
differentiated or converted in differentiation medium containing the inhibitor solvent DMSO (vehi-
cle) plus FGF1; inh + FGF1: hBMSCs differentiated or converted in differentiation medium supple-
mented with PD166866 plus FGF1; ost prediff: hBMSCs pre-differentiated in osteogenic medium
for 14 days; ad prediff: hBMSCs pre-differentiated in adipogenic medium for 14 days. Conversion
samples were pre-differentiated for 14 days, then converted in the respective other medium for
another 14 days. For statistical analysis, samples were compared to the respective differentiation/-
conversion control containing inhibitor only (inh). x̃ ± SEM; n = 3 for A; n = 4 for B and C; n = 5 for
D. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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9.2 Gene expression of FGFR1 and FGFR2

Knowing that the FGFR1 inhibitor PD166866 is a potent agent to rescue the effects caused by FGF1,
we wanted to gain further insight into the mRNA expression of the FGF receptors FGFR1 and FGFR2.

9.2.1 FGFR1 is more stably expressed than FGFR2 during adipogenic differenti-
ation and conversion

During adipogenic differentiation and conversion, the mRNA expression of FGFR1 was decreased
by 0.79 (on day 14) and 0.70 (on day 28) when compared to undifferentiated and osteogenically pre-
differentiated hBMSCs (Fig. 9.2 A, ‘undiff’ vs ‘ctrl’ and B, ‘ost prediff’ vs ‘ctrl’). Furthermore, FGFR1
expression was downregulated to a minimum of 0.47 with 4 ng mL−1 FGF1 compared to the differenti-
ation control (Fig. 9.2 A ‘+FGF1’). Yet, the administration of 25 ng mL−1 FGF1 led only to a slight fold
change of 0.75. After 28 days of adipogenic conversion in the presence of FGF1, FGFR1 expression was
only slightly altered to values that ranged between 0.69 and 0.78 (10 ng mL−1 and 25 ng mL−1 FGF1)
(Fig. 9.2 B ‘+FGF1’).

Following FGF2 addition, adipogenically differentiated samples exhibited a reduction in FGFR1 ex-
pression on day 14; values decreased to 0.46 and 0.56 with 10 ng mL−1 and 25 ng mL−1 FGF2 (Fig. 9.3
A ‘+FGF2’). After conversion, the FGFR1 expression only varied from 0.67 to 1.09 for 4 ng mL−1 and
25 ng mL−1 FGF2 (Fig. 9.3 B ‘+FGF2’).
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Figure 9.2: Effect of FGF1 on FGFR1 mRNA expression during adipogenic differentiation (A) and conver-
sion (B). undiff: hBMSCs incubated in basal medium without differentiation supplements; ctrl:
hBMSCs differentiated or converted in adipogenic medium without FGF1; 1 ng mL−1, 4 ng mL−1,
10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated or converted in adipogenic medium
supplemented with the respective FGF1 concentration; ost prediff: hBMSCs pre-differentiated in
osteogenic medium for 14 days without further adipogenic conversion. Conversion samples were
pre-differentiated in osteogenic medium for 14 days, then converted in adipogenic medium for
another 14 days. For statistical analysis, samples were compared to the respective differentiation
(ctrl, A) or conversion control (ctrl, B). x̃ ± SEM; A: n = 3; B: n = 4.
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Figure 9.3: Effect of FGF2 on FGFR1 mRNA expression during adipogenic differentiation (A) and conver-
sion (B). undiff: hBMSCs incubated in basal medium without differentiation supplements; ctrl:
hBMSCs differentiated or converted in adipogenic medium without FGF2; 1 ng mL−1, 4 ng mL−1,
10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated or converted in adipogenic medium
supplemented with the respective FGF2 concentration; ost prediff: hBMSCs pre-differentiated in
osteogenic medium for 14 days without further adipogenic conversion. Conversion samples were
pre-differentiated in osteogenic medium for 14 days, then converted in adipogenic medium for
another 14 days. For statistical analysis, samples were compared to the respective differentiation
(ctrl, A) or conversion control (ctrl, B). x̃ ± SEM; n = 4. * p < 0.05.

The expression of FGFR2 was significantly downregulated during adipogenic differentiation and con-
version, respectively. In the FGF1 set-ups, fold changes varied between 0.44 and 0.37 for day 14 and
day 28 (Fig. 9.4 A, ‘undiff’ vs ‘ctrl’ and B, ‘ost prediff’ vs ‘ctrl’). Similarly, in the FGF2 set-ups, Values
significantly declined by 0.47-fold on day 14 and 0.45-fold on day 28 (Fig. 9.5 A, ‘undiff’ vs ‘ctrl’ and
B, ‘ost prediff’ vs ‘ctrl’).

With 14 days of FGF1 addition, the FGFR2 expression notably declined further to a minimum of 0.06
with 25 ng mL−1 FGF1 (Fig. 9.4 A ‘+FGF1’). Following 28 days of adipogenic conversion in the pres-
ence of FGF1, FGFR2 mRNA expression was markedly downregulated to 0.13 (25 ng mL−1) (Fig. 9.4
B ‘+FGF1’).

In the set-ups for FGF2 addition, a notable decrease of FGFR2 expression with a minimum value of
0.28 was observed on day 14 (with 25 ng mL−1 FGF2) (Fig. 9.5 A ‘+FGF2’). On day 28 of adipogenic
conversion, FGFR2 expression was downregulated to a minimum of 0.36 with 25 ng mL−1 FGF2 (Fig.
9.5 B ‘+FGF2’).
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Figure 9.4: Effect of FGF1 on FGFR2 mRNA expression during adipogenic differentiation (A) and con-
version (B). undiff: hBMSCs incubated in basal medium without differentiation supplements;
ctrl: hBMSCs differentiated or converted in adipogenic medium without FGF1; 1 ng mL−1,
4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated or converted in adi-
pogenic medium supplemented with the respective FGF1 concentration; ost prediff: hBM-
SCs pre-differentiated in osteogenic medium for 14 days without further adipogenic conver-
sion. Conversion samples were pre-differentiated in osteogenic medium for 14 days, then
converted in adipogenic medium for another 14 days. For statistical analysis, samples were
compared to the respective differentiation (ctrl, A) or conversion control (ctrl, B). x̃ ± SEM;
n = 4, except for differentiation samples on day 14: n = 3. * p < 0.05.
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Figure 9.5: Effect of FGF2 on FGFR2 mRNA expression during adipogenic differentiation (A) and conver-
sion (B). undiff: hBMSCs incubated in basal medium without differentiation supplements; ctrl:
hBMSCs differentiated or converted in adipogenic medium without FGF2; 1 ng mL−1, 4 ng mL−1,
10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated or converted in adipogenic medium
supplemented with the respective FGF2 concentration; ost prediff: hBMSCs pre-differentiated in
osteogenic medium for 14 days without further adipogenic conversion. Conversion samples were
pre-differentiated in osteogenic medium for 14 days, then converted in adipogenic medium for
another 14 days. For statistical analysis, samples were compared to the respective differentiation
(ctrl, A) or conversion control (ctrl, B). x̃ ± SEM; n = 4. ** p < 0.01.

105



III Results

9.2.2 FGFR1 is more steadily expressed than FGFR2 in osteogenic differentiation
and conversion

The expression of FGFR1 was not altered during 7 days of osteogenic differentiation (Fig. 9.6 A,
‘undiff’ vs ‘ctrl’). However, values were decreased in the later stages of osteogenic differentiation and
during osteogenic conversion to 0.67-fold (day 14), 0.65-fold (day 21), and 0.62-fold (day 28) (Fig. 9.6 B,
C, D). The addition of FGF1 resulted in no fold changes on day 7 of differentiation (Fig. 9.6 A ‘+FGF1’).
Yet, FGFR1 expression was declined to 0.71 by 10 ng mL−1 FGF1 after 14 days of differentiation (Fig.
9.6 B ‘+FGF1’). In the course of osteogenic conversion, FGFR1 expression was altered only slightly to
values between 0.83 to 1.10 (on day 21) and between 0.83 to 1.07 (on day 28) (Fig. 9.6 C, D ‘+FGF1’).

In the analogous set-ups for FGF2, the expression of FGFR1 stayed the same on day 7 of osteogenic
differentiation (Fig. 9.7 A). Yet, we observed a decrease at the later time point (day 14) and during os-
teogenic conversion; here, values declined to 0.79 (day 14), 0.73 (day 21), and finally 0.65 (day 28) (Fig.
9.7 B, C, D). Whereas no significant decreases were monitored on day 7 of osteogenic differentiation
and day 21 plus day 28 of osteogenic conversion, FGFR1 expression was significantly downregulated
on day 14 of differentiation to a minimum of 0.45 (4 ng mL−1 FGF2) (Fig. 9.7 B ‘+FGF2’). Nevertheless,
values declined to 0.55 by 4 ng mL−1 FGF2 on day 21 of osteogenic conversion (Fig. 9.7 C ‘+FGF2’).
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Figure 9.6: Effect of FGF1 on FGFR1 mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF1; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated or
converted in osteogenic medium supplemented with the respective FGF1 concentration; ad prediff:
hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic conver-
sion. Conversion samples were pre-differentiated in osteogenic medium for 14 days, then converted
in adipogenic medium for another 7 or 14 days. For statistical analysis, samples were compared to
the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM; n = 4, except
for differentiation samples on day 14: n = 3.
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Figure 9.7: Effect of FGF2 on FGFR1 mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF2; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated or
converted in osteogenic medium supplemented with the respective FGF2 concentration; ad prediff:
hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic conver-
sion. Conversion samples were pre-differentiated in osteogenic medium for 14 days, then converted
in adipogenic medium for another 7 or 14 days. For statistical analysis, samples were compared to
the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM; n = 4. * p < 0.05;
** p < 0.01.
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9 FGF1 effects are mediated via FGFR1 and ERK1/2 signaling

Interestingly, the FGFR2 expression was highly significantly downregulated during osteogenic differ-
entiation and conversion. Values were reduced 6.02-fold (day 7), 13.28-fold (day 14), 6.95-fold (day
21), and 13.23-fold (day 28) (Fig. 9.8 A, B, ‘undiff’ vs ‘ctrl’ and C, D, ‘ad prediff’ vs ‘ctrl’). Due to FGF1
addition, FGFR2 expression declined even further in a concentration dependent manner. On day 7,
values decreased to a minimum of 0.09 by 10 ng mL−1 FGF1 (Fig. 9.8 A ‘+FGF1’). After 14 days of os-
teogenic differentiation, FGFR2 expression declined to 0.18 with 25 ng mL−1 FGF1 (Fig. 9.8 B ‘+FGF1’).
On day 21 of osteogenic conversion, values decreased to a minimum of 0.17 by 25 ng mL−1 FGF1 (Fig.
9.8 C ‘+FGF1’). Furthermore, after 28 days of conversion, FGFR2 expression was downregulated to
0.14 by 25 ng mL−1 FGF1 (Fig. 9.8 D ‘+FGF1’).
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Figure 9.8: Effect of FGF1 on FGFR2 mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF1; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF1: hBMSCs differentiated or
converted in osteogenic medium supplemented with the respective FGF2 concentration; ad prediff:
hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic conver-
sion. Conversion samples were pre-differentiated in osteogenic medium for 14 days, then converted
in adipogenic medium for another 7 or 14 days. For statistical analysis, samples were compared to
the respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM; n = 4, except
for differentiation samples on day 14: n = 3. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Concurrently, the mRNA expression of FGFR2 was highly significantly downregulated in the FGF2
set-ups. Values declined 3.75-fold (day 7), 3.15-fold (day 14), 3.51-fold (day 21), and 2.72-fold (day 28)
(Fig. 9.9 A, B, ‘undiff’ vs ‘ctrl’ and C, D, ‘ad prediff’ vs ‘ctrl’). Following FGF2 addition, the FGFR2
expression decreased further to 0.25 by 25 ng mL−1 on day 7 of osteogenic differentiation (Fig. 9.9 A
‘+FGF2’). On day 14, values were downregulated to a minimum of 0.26 with the same FGF2 concen-
tration (Fig. 9.9 B ‘+FGF2’). After 21 days of osteogenic conversion, FGFR2 expression decreased to
0.30 with 10 ng mL−1 (Fig. 9.9 C ‘+FGF2’). On day 28, expression declined to a minimum of 0.16 by
25 ng mL−1 FGF2 (Fig. 9.9 D ‘+FGF2’).
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Figure 9.9: Effect of FGF2 on FGFR2 mRNA expression during osteogenic differentiation (day 7 (A) and 14
(B)) and conversion (day 21 (C) and 28 (D)). undiff: hBMSCs incubated in basal medium with-
out differentiation supplements; ctrl: hBMSCs differentiated or converted in osteogenic medium
without FGF2; 1 ng mL−1, 4 ng mL−1, 10 ng mL−1, and 25 ng mL−1 FGF2: hBMSCs differentiated or
converted in osteogenic medium supplemented with the respective FGF1 concentration; ad prediff:
hBMSCs pre-differentiated in adipogenic medium for 14 days without further osteogenic conver-
sion. Conversion samples were pre-differentiated in osteogenic medium for 14 days, then converted
in adipogenic medium for another 14 days. For statistical analysis, samples were compared to the
respective differentiation (ctrl, A, B) or conversion control (ctrl, C, D). x̃ ± SEM; n = 4. * p < 0.05;
** p < 0.01; **** p < 0.0001.
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9.3 PKC, JNK, and p38-MAPK are not responsible for FGF1 signal

transduction

Knowing about the signal mediation via the receptor FGFR1, we wondered which downstream sig-
naling pathways are involved in the further intracellular transduction of the FGF1 signal. Based on
literature research, we decided to investigate a highly promising group of signaling cascades includ-
ing the protein kinase C (PKC), c-Jun N-terminal kinase (JNK), p38-mitogen-activated protein kinase
(p38-MAPK), and extracellular signal-regulated kinases 1 and 2 (ERK1/2) pathways.

9.3.1 PKC signaling

To investigate whether PKC and its signaling pathway are responsible for the FGF1 signal trans-
duction, adipogenic and osteogenic differentiations under the PKC inhibitor Calphostin C were per-
formed. Since the specific PKC inhibitor Calphostin C affected both, hBMSC viability and differenti-
ation outcomes in preliminary experiments, different inhibitor concentrations were tested to find the
optimal concentration. This should be high enough to rescue the FGF1 phenotype while maintaining
viable cells and still allowing for differentiation. Differentiation outcome would be strongly affected,
if the confluence of hBMSCs was impaired.

The lowest concentration of 50 nmol L−1 Calphostin C did not affect the amount of lipid droplet for-
mation or mineralization compared to the respective controls (Fig. 9.10 A, B, ‘ctrl’ vs ‘inh’). Moreover,
cell number was not impaired and hBMSCs maintained confluence throughout the experiment. How-
ever, no rescue of the FGF1 phenotype was detected neither during adipogenic (Fig. 9.10 A ‘inh +
FGF1’) nor during osteogenic differentiation (Fig. 9.10 B ‘inh + FGF1’).

Moreover, the Calphostin C concentration of 100 nmol L−1 did neither decrease cell number nor affect
cell confluence. The adipogenic outcome was not altered when compared to the differentiation control
(Fig. 9.10 C, ‘ctrl’ vs ‘inh’). Yet, the formation of lipid droplets was not significantly increased through
inhibitor addition to the differentiation medium containing FGF1 (‘inh + FGF1’). Although the miner-
alization during osteogenic differentiation was markedly decreased by 3.75-fold through 100 nmol L−1

Calphostin C (Fig. 9.10 D, ‘ctrl’ vs ‘inh’), the lack of a rescuing effect upon FGF1 administration was
still detectable (‘inh + FGF1’).

In addition, the next-highest concentration of 500 nmol L−1 Calphostin C exhibited a strongly decreas-
ing effect on lipid droplet formation and mineralization when compared to the differentiation controls
(Fig. 9.10 E, F, ‘ctrl’ vs ‘inh’). During adipogenic differentiation, this reduction was donor-dependent
and therefore resulted in rather high standard errors of the mean (SEM) (Fig. 9.10 E ‘ctrl’). As a conse-
quence, statistical analysis did not reveal a significant rescue of the FGF1 effect. Yet notably, inhibitor
addition to the FGF1-containing sample (‘inh + FGF1’) restored lipid droplet values to the level of
the inhibitor-only sample (‘inh’), which was beyond the values of the FGF1-containing sample (‘inh +
FGF1’).

Finally, the highest concentration of 1000 nmol L−1 Calphostin C resulted in cell death that was pur-
sued by decreasing cell numbers under the light microscope over the differentiation period (data not
shown).
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Figure 9.10: Effect of different concentrations of the PKC inhibitor Calphostin C on the FGF1 effects during
adipogenic (A, C, E) and osteogenic differentiation (B, D, F). Legend continued on next page.
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Figure 9.10: Legend continued from previous page.
undiff: hBMSCs incubated in basal medium without differentiation supplements; ctrl: hBMSCs
incubated in adipogenic or osteogenic differentiation medium without FGF1; inh: hBMSCs differ-
entiated in adipogenic or osteogenic medium supplemented with Calphostin C; veh + FGF1: hBM-
SCs differentiated in adipogenic or osteogenic medium containing the inhibitor solvent DMSO
(vehicle) plus FGF1; inh + FGF1: hBMSCs differentiated in adipogenic or osteogenic medium sup-
plemented with Calphostin C plus FGF1. For statistical analysis, samples were compared to the
respective differentiation control containing inhibitor only (inh). x̃ ± SEM; n = 3 for A and B;
n = 2 for C-F. ns: not significant.
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9.3.2 JNK pathway

In parallel to the PKC cascade, the JNK signaling pathway was tested for its involvement in the medi-
ation of the FGF1 effect. During adipogenic differentiation, the addition of 1 µmol L−1 JNK inhibitor
SP600125 to the differentiation cocktail led to an increase of lipid droplet formation by 1.70-fold (Fig.
9.11 A, ‘ctrl’ vs ‘inh’). As expected, fat formation was prevented in the sample containing vehicle plus
FGF1 (‘veh + FGF1’). Interestingly, additional SP600125 supplementation did not result in a rescue,
thus an increase in lipid droplet formation (‘inh + FGF1’).

During osteogenic differentiation, inhibitor addition did not lead to an alteration in mineralization
outcome compared to the osteogenic differentiation control (Fig. 9.11 B, ‘ctrl’ vs ‘inh’). The marked
reduction in mineralization caused by FGF1 was not rescued by the JNK inhibitor SP600125 (‘inh +
FGF1’).
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Figure 9.11: Effect of the JNK inhibitor SP600125 on the FGF1 effects during adipogenic (A) and osteogenic dif-
ferentiation (B). undiff: hBMSCs incubated in basal medium without differentiation supplements;
ctrl: hBMSCs differentiated in adipogenic or osteogenic medium without FGF1; inh: hBMSCs dif-
ferentiated in adipogenic or osteogenic medium supplemented with SP600125; veh + FGF1: hBM-
SCs differentiated in adipogenic or osteogenic medium containing the inhibitor solvent DMSO
(vehicle) plus FGF1; inh + FGF1: hBMSCs differentiated in adipogenic or osteogenic medium
supplemented with SP600125 plus FGF1. For statistical analysis, samples were compared to the
respective differentiation control containing inhibitor only (inh). x̃ ± SEM; n = 2. ns: not signifi-
cant.
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9.3.3 p38-MAPK signaling

Besides the PKC and the JNK pathway, we also investigated the p38-MAPK signaling cascade via
the specific inhibitor SB203580. After 14 days of adipogenic differentiation, the sample cultured in
adipogenic cocktail containing the inhibitor displayed a distinct reduced lipid droplet formation in
comparison to the differentiation control by 2.83-fold (Fig. 9.12 A, ‘ctrl’ vs ‘inh’). Even though the
sample comprising the vehicle plus FGF1 exhibited even lower lipid droplet amounts (‘veh + FGF1’),
the addition of the inhibitor SB203580 plus FGF1 to the differentiation medium did not result in a
phenotypic rescue but in a further decrease of lipid droplet formation (‘inh + FGF1’).

The osteogenic differentiation displayed similar results. On day 14, the administration of the inhibitor
to the osteogenic medium led to a 0.5-fold reduction in mineralization (Fig. 9.12 B, ‘ctrl’ vs ‘inh’).
Nevertheless, the effect of the FGF1 addition was still measurable, and it was not rescued by the
addition of SB203580 (‘inh + FGF1’).
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Figure 9.12: Effect of the p38-MAPK inhibitor SB203580 on the FGF1 effects during adipogenic (A) and os-
teogenic differentiation (B). undiff: hBMSCs incubated in basal medium without differentiation
supplements; ctrl: hBMSCs differentiated in adipogenic or osteogenic medium without FGF1; inh:
hBMSCs differentiated in adipogenic or osteogenic medium supplemented with SB203580; veh +
FGF1: hBMSCs differentiated in adipogenic or osteogenic medium containing the inhibitor sol-
vent DMSO (vehicle) plus FGF1; inh + FGF1: hBMSCs differentiated in adipogenic or osteogenic
medium with SB203580 plus FGF1. For statistical analysis, samples were compared to the respec-
tive differentiation control containing inhibitor only (inh). x̃ ± SEM; n = 4. ns: not significant.
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9.3.4 p38-MAPK and MEK1/2 pathways

After having found no impact of the p38-MAPK inhibitor SB203580 on the FGF1 effects, we wondered
if the the signal could be redirected over alternative MAPKs like ERK1/2, when p38-MAPK is blocked
chemically. To double check the dispensability of p38-MAPK for the FGF1 signal transduction, we
performed experiments with a combination of the inhibitors SB203580 and U0126. The later inhibits
the MAPK/ERK kinases 1 and 2 (MEK1/2), which act directly upstream of ERK1/2 and facilitate its
phosphorylation.

After adipogenic differentiation, the administration of the inhibitor combination displayed a marked
decrease in lipid droplet formation by 5.85-fold compared to the differentiation control (Fig. 9.13
A, ‘ctrl’ vs ‘inh’). Both inhibitors plus FGF1 (‘inh + FGF1’) exhibited an even lower formation of
lipid droplets than the sample containing the vehicle plus FGF1 (‘veh + FGF1’). Following osteogenic
differentiation, the inhibitor combination resulted in reduced mineralization by 1.57-fold when added
to the differentiation cocktail (Fig. 9.13 B, ‘ctrl’ vs ‘inh’). However, the administration of both inhibitors
with FGF1 did not increase mineralization when compared to the FGF1-containing sample (‘veh +
FGF1’ vs ‘inh + FGF1’).
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Figure 9.13: Effect of the combination of the p38-MAPK inhibitor SB203580 and the MEK1/2 inhibitor U0126
on the FGF1 effects during adipogenic (A) and osteogenic differentiation (B). undiff: hBMSCs
incubated in basal medium without differentiation supplements; ctrl: hBMSCs differentiated in
adipogenic or osteogenic medium without FGF1; inh: hBMSCs differentiated in adipogenic or
osteogenic medium with both inhibitors; veh + FGF1: hBMSCs differentiated in adipogenic or os-
teogenic medium containing the inhibitor solvent DMSO (vehicle) plus FGF1; inh + FGF1: hBM-
SCs differentiated in adipogenic or osteogenic medium supplemented with both inhibitors plus
FGF1. For statistical analysis, samples were compared to the respective differentiation control
containing inhibitor only (inh). x̃ ± SEM; n = 2. * p < 0.05; ns: not significant.
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9.4 ERK1/2 is crucial for FGF1 signal transduction in adipogenic

and osteogenic differentiation as well as osteogenic conversion

As neither PKC nor JNK nor p38-MAPK were found to mediate the intracellular signals underlying the
FGF1 and FGF2 effects, we were prompted to investigate the ERK1/2 signaling pathway. Therefore,
we deployed U0126 as an inhibitor of the MAPK/ERK kinases 1/2 (MEK1/2), which phosphorylate
ERK1/2. The inhibitor U0126 was used in an assay-dependent optimum concentration of 10 µmol L−1

determined by preliminary experiments. Since this concentration showed slightly adverse effects on
differentiation outcome, additional concentrations of 1 µmol L−1 and 5 µmol L−1were deployed.

The concentration of 1 µmol L−1 neither resulted in a detectable alteration in the adipogenic nor os-
teogenic differentiation outcome (Fig. 9.14 A, B, ‘ctrl’ vs ‘inh’). During adipogenic differentiation, the
FGF1 effects on lipid droplet formation were partly although not significantly rescued (Fig. 9.14 A
‘inh + FGF1’). However, during osteogenic differentiation, there was no rescuing effect detected (Fig.
9.14 B ‘inh + FGF1’).

When a concentration of 5 µmol L−1 U0126 was deployed during the differentiation process, adi-
pogenic differentiation was not declined on day 14 (Fig. 9.14 C, ‘ctrl’ vs ‘inh’). Similar to the applica-
tion of the lower concentration, a slight rescuing effect was observed that did not reach significance
(‘inh + FGF1’). In contrast to adipogenic differentiation, the osteogenic differentiation of hBMSCs was
markedly reduced by 5 µmol L−1 U0126 by 4.68-fold (Fig. 9.14 D, ‘ctrl’ vs ‘inh’). The inhibitor addition
did not result in a rescue of the FGF1 effect on mineralization (‘inh + FGF1’).

In contrast to the lower concentrations, 10 µmol L−1 U0126 displayed significant rescuing effects dur-
ing adipogenic and osteogenic differentiation as well as osteogenic conversion. During adipogenic
differentiation, the lipid vesicle formation was distinctly reduced through the sole addition of the in-
hibitor by 1.59-fold (Fig. 9.15 A, ‘ctrl’ vs ‘inh’). The further reduction of the formation of lipid vesicles
by FGF1 was significantly overcome by 10 µmol L−1 U0126 (‘inh + FGF1’). After 14 days of osteogenic
differentiation, the inhibitor on its own had a decreasing effect on differentiation outcome and reduced
mineralization by 2.36-fold (Fig. 9.15 B, ‘ctrl’ vs ‘inh’). Nevertheless, inhibitor addition to the FGF1-
containing set-up resulted in an obvious rescue and mineralization values were significantly increased
to the levels of the non-inhibitor-containing control (‘inh + FGF1’).

After differentiation set-ups had demonstrated the effect of U0126 in an optimum concentration of
10 µmol L−1, conversion experiments were performed with this concentration. Adipogenic conversion
was not markedly altered via inhibitor addition only (Fig. 9.15 C, ‘ctrl’ vs ‘inh’). However, only a slight
rescuing effect was observed in relation to FGF1 administration that did not reach significance (‘inh
+ FGF1’). After 28 days of osteogenic conversion, the mineralization of the matrix was markedly
decreased by 1.75-fold by inhibitor addition only (Fig. 9.15 D, ‘ctrl’ vs ‘inh’). Yet, the reducing effect of
FGF1 in mineralization was still detectable and inhibitor addition led to a significant rescue, increasing
the values above the level of the inhibitor-only-containing control (‘veh + FGF1’ vs ‘inh + FGF1’).
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Figure 9.14: Effect of the MEK1/2 inhibitor U0126 (1 µmol L−1 and 5 µmol L−1) on the FGF1 effects during adi-
pogenic (A, C) and osteogenic differentiation (B, D). undiff: hBMSCs incubated in basal medium
without differentiation supplements; ctrl: hBMSCs differentiated in adipogenic or osteogenic
medium without FGF1; inh: hBMSCs differentiated in adipogenic or osteogenic medium sup-
plemented with U0126; veh + FGF1: hBMSCs differentiated in adipogenic or osteogenic medium
containing the inhibitor solvent DMSO (vehicle) plus FGF1; inh + FGF1: hBMSCs differentiated in
adipogenic or osteogenic medium supplemented with U0126 plus FGF1. For statistical analysis,
samples were compared to the respective differentiation control containing inhibitor only (inh).
x̃ ± SEM; n = 3 for A and B; n = 2 for C and D. ns: not significant.
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Figure 9.15: Effect of the MEK1/2 inhibitor U0126 (10 µmol L−1) on the FGF1 effects during adipogenic (A)
and osteogenic differentiation (B) as well as adipogenic (C) and osteogenic conversion (D). undiff:
hBMSCs incubated in basal medium without differentiation supplements; ctrl: hBMSCs differ-
entiated in adipogenic or osteogenic medium without FGF1; inh: hBMSCs differentiated in adi-
pogenic or osteogenic medium supplemented with U0126; veh + FGF1: hBMSCs differentiated in
adipogenic or osteogenic medium containing the inhibitor solvent DMSO (vehicle) plus FGF1; inh
+ FGF1: hBMSCs differentiated in adipogenic or osteogenic medium supplemented with U0126
plus FGF1; ost prediff: hBMSCs pre-differentiated in osteogenic medium for 14 days; ad prediff:
hBMSCs pre-differentiated in adipogenic medium for 14 days. Conversion samples were pre-
differentiated for 14 days, then converted in the respective other medium for another 14 days. For
statistical analysis, samples were compared to the respective differentiation/conversion control
containing inhibitor only (inh). x̃ ± SEM; n = 4 for A and D; n = 4 for B and C. * p < 0.05; ns: not
significant.
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10 Effect of FGF1 and FGF2 on hBMSC differ-
entiation and conversion

The clinically highly relevant bone disorder osteoporosis is commonly accompanied by an increased
accumulation of adipose tissue in the bone marrow, referred to as ‘fatty degeneration’1. Moreover,
the cell number of bone-forming osteoblasts is markedly reduced2. Evidence suggests an inverse re-
lationship between the adipogenic and the osteogenic direction of differentiation in primary human
bone marrow stromal cells (hBMSCs)17. Hence, a pathologically increased adipogenic hBMSC differ-
entiation at the expense of osteogenesis may account for the reduced osteoblast number and the fat
accumulation in bone marrow2. Aside from this preferential adipogenic differentiation of undiffer-
entiated hBMSCs, the conversion of pre-differentiated osteoblastic cells into the adipogenic lineage
(adipogenic conversion) may further contribute to it. Therefore, counteracting and/or reversing adi-
pogenic hBMSC differentiation and conversion might not only reduce the clinical sign of fat accumu-
lation, which is connected to poorer bone quality22, but as well unclose a supply of osteoblastic cells
arising from undifferentiated and adipogenically pre-differentiated hBMSCs.

As reported previously, fibroblast growth factor 1 (FGF1) was inversely regulated during adipogenic
and osteogenic conversion processes, while FGF2 was downregulated during adipogenic conver-
sion46. Both FGFs were scored as promising regulators of conversion processes, which might acti-
vate signaling pathway(s) favoring osteogenesis over adipogenesis in bone marrow precursor cells.
Therefore, downstream molecules might represent a pharmaceutical target for a novel approach for
osteoporosis therapy and/or prevention. Literature has reported contradictory results regarding the
effects of FGF1 and FGF2 on adipogenesis and osteogenesis and especially studies deploying primary
hBMSCs are scarce. To the best of our knowledge, our study is the first to thoroughly describe the im-
pact of FGF1 and FGF2 on both adipogenic and osteogenic lineage decisions and conversion processes
of primary hBMSCs in parallel.

The three key aims presented in chapter 4 will be addressed as follows: [1] The effects on adipogenesis
will be discussed in chapter 11, divided into differentiation (11.1 and 11.2) and conversion (11.3). The
results on osteogenesis will be discussed in chapter 12, including mineralization (12.1), alterations in
marker gene expression (12.2, 12.3, and 12.4), and a special focus on conversion (12.5). [2] Underly-
ing signaling pathways will be discussed in 11.4 and 12.6 and the events during differentiation and
conversion will be summarized in 11.5 and 12.7 for adipogenesis and osteogenesis, respectively. [3] Fi-
nally, conclusions with regard to exercising control over the adipogenic and osteogenic differentiation
and conversion processes of hBMSCs will be drawn in chapter 13.
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11 Impact of FGF1 and FGF2 on the adipogen-
esis of hBMSCs

The investigation of the effect of FGF1 and FGF2 on the adipogenic differentiation and conversion
of hBMSCs was carried out by culture in the presence of different FGF concentrations during the
differentiation/conversion period in our in vitro model. To examine the extend of the adipogenic
outcome after differentiation and conversion, several readouts on the histological and transcriptional
level were combined. The quantification of intracellular lipid formation was established and served as
a reliable indicator for adipogenesis occurring in vitro. Moreover, gene expression analysis of different
adipogenic marker genes revealed underlying transcriptional mechanisms. Peroxisome proliferator-
activated receptor γ2 (PPARγ2) depicts the master regulator of adipogenic commitment and differen-
tiation28. Moreover, it inhibits osteogenic differentiation151,152 by downregulating osteogenic marker
genes153 thereby representing a possible tool for lineage switching. The CCAAT/enhancer binding
protein α (C/EBPα) constitutes another early key marker driving the onset of adipogenic differen-
tiation. PPARγ2 and C/EBPα create a positive feedback loop by activating each others promoter
regions31. In addition, they activate key factors involved in lipogenesis like fatty acid binding protein
4 (FABP4) and lipoprotein lipase (LPL).

11.1 Inhibition of adipogenic differentiation by FGF1

Our results from Oil red O staining and lipid droplet assay clearly depict that culture in the presence of
FGF1 completely inhibited the formation of lipid droplets during adipogenic differentiation (Fig. 7.2
A). Moreover, FGF1 addition resulted in a highly significant reduction of early (PPARγ2 and C/EBPα)
as well as late (FABP4 and LPL) adipogenic marker gene expression (Fig. 7.4). The highest concen-
tration of 25 ng mL−1 FGF1 decreased values completely or at least nearly complete to the levels of
undifferentiated hBMSCs. In summary, the results displayed a high reproducibility over the different
donors.

These anti-adipogenic observations stand in striking contrast to the work of Hutley and colleagues,
who reported that FGF1 promoted adipogenesis in mesenchymal precursors isolated from adipose tis-
sue, referred to as human pre-adipocytes (hPAs)154. The adipogenic markers triacylglycerol accumu-
lation and glycerinaldehyde-3-phosphate dehydrogenase (GAPDH) activity were distinctly increased
following FGF1 addition. Furthermore, the pharmacological inhibition of FGF1 signaling at multi-
ple steps suppressed pre-adipocyte replication and differentiation154. Taken together, FGF1 seemed
to perform a priming effect on the hPAs during their proliferative stage, which was characterized
by an increased expression of the adipogenic marker PPARγ before the induction of differentiation,
signifying an increased commitment of hPAs to the adipogenic linage. Interestingly, the murine pre-
adipocyte cell line 3T3-L1, a broadly used model for adipogenesis, did not display an increased differ-
entiation potential following FGF1 treatment. But since the authors found FGF1 to be endogenously
expressed in 3T3-L1 cells, which are known for their highly efficient adipogenic differentiation poten-
tial, they suggested FGF1 to be a key human adipogenic factor.

However, in these studies the major adipogenic effect of FGF1 occurred during the proliferative stage
of development. Therefore, it might mainly be a cause of an increased cell number of pre-adipocytes
since FGFs are known to act as proliferative factors. Moreover, the increased confluence of the cells
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in vitro itself might have further supported the adipogenic differentiation because, as known from
experimental experience, differentiation processes work best in confluent monolayers. Nevertheless,
the platelet-derived growth factor (PDGF), showing a comparable mitogenic potential to FGF1, failed
to increase the adipogenic differentiation potential of hPAs155. Subsequently, Widberg and colleagues
confirmed that FGF1 was priming pre-adipocytes for adipose differentiation during their proliferation.

When comparing these previous studies reporting a pro-adipogenic effect of FGF1 to my current study
proving an anti-adipogenic effect, the origin of deployed cells has to be considered. Whereas the
aforementioned studies of Hutley and Widberg et al. were carried out with precursor cells isolated
from adipose tissue, my study is based on stromal precursors from bone marrow. It is likely that the
cells referred to as hPAs were in a different stage of commitment/differentiation when deployed in
the experiments: The hPAs might already have been primed towards adipogenesis before the start of
the experiments, meaning before FGF1 administration. In contrast, the hBMSCs deployed in my study
might have been ‘unprimed’ or – regarding their bone marrow origin – they might rather be primed
towards osteogenesis than adipogenesis. In conclusion, the use of mesenchymal precursor cells from
different body sites is likely to be the cause of the opposing study outcome.

Additional evidence drawn from the literature supports this conclusion. Firstly, Newell and col-
leagues, who published a pro-adipogenic impact of FGF1 like the above mentioned studies, used
hPAs as well. They reported an increased expression of adipocyte markers during differentiation un-
der FGF1 administration156. Moreover, hPAs differentiated in the presence of FGF1 were more insulin
responsive and secreted increased levels of the adipocyte marker adiponectin, further underlining an
increase in adipogenesis. Secondly, FGF1 was found to enhance adipogenic differentiation of 3T3-L1
pre-adipocytes157. Thirdly, a dual-stage delivery of FGF1 and bone morphogenetic protein 4 (BMP4)
via a three-dimensional (3D) hydrogel significantly elevated lipid accumulation in human adipose-
derived stromal cells (hASCs) when compared to a simultaneous delivery158. Greenwood-Goodwin
et al. concluded that the dual-stage release of FGF1 and BMP4 within 3D micro-environments pro-
moted the in vitro differentiation of mature adipocytes and referred to FGF1 as a ‘pro-adipogenic’
factor158. Nevertheless, the supporting effect of FGF1 on adipogenic differentiation is again likely to
be a result of the cells’ adipose origin and commitment preceding FGF1 addition.

However, our finding of an inhibiting effect on adipogenic differentiation is further supported by in
vivo data. When challenged with a high fat diet (HFD), FGF1 knockout mice (FGF1-/-) developed
an aggressive diabetic phenotype linked with an aberrant expansion of adipose tissue159. This is re-
markable since FGF1-/- mice do not show a specific phenotype under standard laboratory conditions.
Interestingly, HFD resulted in a marked induction of FGF1 expression restricted to adipose tissue,
which was regulated by PPARγ acting via an evolutionary conserved promoter situated at the PPARγ

response element within the FGF1 gene. Hence, FGF1 seems to play an important role in adipogenic
differentiation of precursor cells and adipose tissue expansion by preventing excessive adipogenesis.
It has to be taken into account that there are different kinds of adipose tissue present in the body,
which are distinctly characterized by e.g. localization, morphology, and function and which might be
affected differently by FGF signaling.

Based on current literature and our results, we conclude that the effect of FGF1 on adipogenic differ-
entiation is dependent on the tissue origin of the deployed precursor cells and their commitment and
differentiation status. Although pro-adipogenic effects were shown and well described for mesenchy-
mal precursors derived from adipose tissue, the stromal cells of bone marrow origin in our study
clearly displayed anti-adipogenic reactions when FGF1 was administered throughout the course of
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differentiation and conversion. This underlines the importance of deploying an appropriate in vitro
model based on mesenchymal precursors of bone marrow origin to properly investigate the effect of
FGF1 on the preferential adipogenesis that likely plays a role in osteoporosis. Furthermore, the com-
parison to current literature hints at a tissue or site-specific effect that results in adipogenic inhibition
limited to mesenchymal precursors of the bone marrow but not other mesenchymal tissues like adi-
pose tissue. A site-specific effect of FGF1 and its downstream target molecules would be advantageous
for a therapeutic approach to avoid side-effects in e.g. fat storages of the body.

11.2 Reduction of adipogenic differentiation by FGF2

When discussing the impact of FGF1 on adipogenesis, the effects of FGF2 have to be considered in
parallel. The previous studies in our group displayed that FGF2 was regulated similarly as FGF1 dur-
ing osteogenic conversion, thereby hinting at a comparable impact on adipogenic and osteogenic fate
decisions46. Moreover, FGF2 resembles FGF1 in protein structure and both growth factors signal via
the same receptors FGFR1-466. Concurrently, we hypothesized that the culture in the presence of FGF2
would exert similar effects in our in vitro model of differentiation and conversion as FGF1. In the cur-
rent study, FGF2 distinctly reduced lipid droplet formation and downregulated the expression of all
four examined adipogenic marker genes in a highly significant and clearly concentration-dependent
way (Fig. 7.3 A, 7.6). The highest concentration of 25 ng mL−1 proved to be the most effective. Yet, the
expression levels of FGF2-supplemented samples did not recede to the basal level of undifferentiated
or osteogenically pre-differentiated hBMSCs as did those supplemented with FGF1.

Although FGF2 acted nearly identical to FGF1, the latter displayed a more pronounced effect on adi-
pogenic inhibition. This may be caused by the additional supplementation with heparin in all FGF1
set-ups although other differences like e.g. receptor-ligand affinity can not be excluded. Heparin
is a negatively charged and highly sulfated glucosaminoglycan known to interact with a multitude
of proteins including growth factors, chemokines, cytokines, enzymes, extracellular matrix proteins,
lipoproteins, and hormone receptors160–165. More importantly, heparin and heparan sulfates coor-
dinate the binding of canonical FGFs like FGF1 and FGF2 to their receptor, thereby most probably
controlling FGF signaling66. Albeit, in current literature FGF2 is mainly deployed without the ad-
dition of heparin, whereas experiments covering FGF1 commonly include heparin supplementation.
Therefore, in order to achieve comparable results, we focused on experimental set-ups featuring hep-
arin only for FGF1 approaches. In conclusion, different outcomes for FGF1 and -2 may be caused by
heparin addition and the effects of FGF1 and FGF2 ought not to be compared to each other directly.

In line with our findings, Roncari et al. found that FGF2 significantly inhibited adipose differentiation
of perirenal pre-adipocytes from rats cultured in vitro166. Inhibition became almost complete at the
higher concentrations of up to 63 nmol L−1. Similarly, FGF2 inhibited the differentiation of human
pre-adipocytes while stimulating their replication167. Moreover, FGF2 prevented the adipose differ-
entiation of 3T3-L1 pre-adipocytes157. Also consistent with our findings, FGF2 treatment of human
adipocyte precursor cells caused a significantly reduced activity of the adipose marker GAPDH with
concentrations ranging from 10 ng mL−1 to 100 ng mL−1 168. FGF2 addition to the primary culture
of newly developed fat cells also decreased their GAPDH activity. Similarly, FGF2 reverted the full
adipogenic differentiation of the murine adipose cell line TA1 at a concentration of 10 ng mL−1 169.

In addition to exogenous FGF2 administration, the endogenous FGF2 expression seems to be neg-
atively affected by adipogenic differentiation as well. Differentiated pre-adipocytes revealed a de-
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creased FGF2 mRNA and protein expression compared to undifferentiated pre-adipocytes167. Like-
wise, a high-molecular weight form of FGF2 was initially strongly expressed in hPAs, but expression
decreased markedly 6-9 days after induction of differentiation directly coinciding with the first appear-
ance of visible lipid droplets within the cells170. Interestingly, Hutley and colleagues, who reported
the pro-adipogenic effect of FGF1 administration on adipogenic differentiation of hPAs (see 11.1), fi-
nally linked their observations to an endogenous downregulation of FGF2171. The supplementation
of exogenous FGF1 reduced endogenous FGF2 mRNA and protein expression by approx. 80%. Sim-
ilarly, siRNA knockdown of FGF2 increased adipogenic marker gene expression of PPARγ, GAPDH,
and adiponectin, thereby pointing again at a negative correlation between FGF2 and adipogenesis.
These results highlight the complexity of the paracrine interplay between FGFs within human adi-
pose tissue.

In contrast to my study and those mentioned before, some studies reported pro-adipogenic effects of
FGF2. During different phases of cell culture, FGF2 supplementation led to a strongly enhanced adipo-
genesis of mesenchymal stem cells (MSCs) isolated from bone marrow of Sprague Dawley rats172. The
PPARγ2 mRNA expression was upregulated prior to adipogenic induction and the responsiveness of
MSCs towards the PPARγ ligand troglitazone was strongly increased. Moreover, Kakudo and col-
leagues reported that FGF2 significantly enhanced the adipogenic differentiation of human adipose-
derived stem cells (hASCs) from abdominal subcutaneous fat; the mRNA expression of PPARγ2 was
upregulated when receiving FGF2 before the induction of adipogenesis173. It should be considered
that in our system, in contrast to the study by Kakudo et al., FGF2 administration only started after
the proliferation phase together with the induction of differentiation.

In summary, the role of FGF2 on adipogenesis is controversial in literature, since both positive and
negative effects have been reported. When administered only during the proliferation phase before
adipogenic induction, a positive impact on adipogenesis was observed, which was similar to the out-
come of studies on FGF1 discussed in 11.1. Our opposing observation of an anti-adipogenic effect
are in line with earlier findings in several cell types, where FGF2 was administered during the differ-
entiation phase. In conclusion, this outcome highlights the influence of the time point and duration
of the treatment. Moreover, the results hint at a reprogramming event that might ‘homogenize’ the
commitment state of the heterogeneous population of adipogenic and mesenchymal precursor cells
to an early phase. When administered during proliferation, as described in several publications, this
homogenization seems to increase the cells’ response to the following stimuli of adipogenic induction.
This is also supported by the paper of Neubauer et al., where pre-treatment with FGF2 for 3 days in the
proliferative phase prior to differentiation induction increased the adipogenic outcome in hMSCs in
comparison to the non-pre-treated control172. However, when a pre-treatment was performed on con-
fluent hBMSCs monolayers for 3 days prior to the start of adipogenic differentiation during the current
project, we observed a significant decrease of the adipogenic outcome to 60% (data not shown). These
findings further highlight the influence of the cell confluence and the impact of the proliferative vs.
post-proliferative state, respectively.

11.3 Impact on adipogenic conversion

After examining the effect of FGF1 and FGF2 on adipogenic differentiation, we were prompted to
gain deeper insight into the lineage switching of pre-differentiated osteoblastic cells into adipocytes,
termed adipogenic conversion. Conversion (then referred to as ‘transdifferentiation’) was defined by
Song et al. as one cell type being committed to and progressing along a specific developmental lineage

128



11 Impact of FGF1 and FGF2 on the adipogenesis of hBMSCs

switching into another cell type of a different lineage through genetic reprogramming23. Firstly, after
the induction of adipogenic conversion by a medium switch from osteogenic to adipogenic medium,
my results distinctly showed an upregulation of early (PPARγ2 and C/EBPα) and late (FABP4 and
LPL) adipogenic marker genes (Fig. 7.5). This upregulation was highly significant and reproducible
through all donors, reaching two- to three-digit and even four- to five-digit increases for early and late
adipogenic markers, respectively.

Secondly, lipid droplet accumulation increased significantly within the cells (Fig. 7.2). Finally, several
sets of osteogenic markers were obviously downregulated by adipogenic conversion itself, covering
the early genes runt-related transcription factor 2 (RUNX2) and BMP4, the markers of osteoblastic
maturation collagen 1 A1 (COL1A1) and osteocalcin (OC) (Fig. 7.8, 7.9), and the mineralization mark-
ers ANKH inorganic pyrophosphate transport regulator (ANKH) and osteopontin (OPN) (Fig. 7.11,
Fig. 7.13). The conversion of hBMSCs was previously established in our lab and has been charac-
terized so far by semi-quantitative PCR with the downregulation of the osteogenic markers alkaline
phosphatase (ALP) and OC and the upregulation of PPARγ2 and LPL, accompanied by the histolog-
ically detected accumulation of lipid droplets24. The current study was the first to apply quantitative
measurements for transcriptional and histological alterations including qPCR and lipid droplet as-
say. Thereby, it more precisely characterized our system of adipogenic conversion in hBMSC-derived
osteoblastic cells and, hence, strengthened its impact.

Apart from our approach, conversion events from the osteogenic to the adipogenic lineage were de-
scribed before. Most interestingly and in line with our findings, fully differentiated hMSC-derived
osteoblasts showing increased ALP enzyme activity and matrix mineralization were found to be still
capable to change fate into adipocytes displaying lipid droplet formation and LPL gene expression
in vitro by Song and colleagues23. This was especially remarkable because it had been widely ac-
cepted that as differentiation progresses, the multiple differentiation potentials of mesenchymal cells
gradually became more restricted, such that terminally committed osteoblasts would be unable to
differentiate into other cell types.

However, the concept of conversion was challenged by critical considerations regarding the heteroge-
neous nature of primary hMSC populations. Accordingly, ‘contaminating’ progenitor cells might be
present in the starting cell population that could be non-responsive to osteogenic induction while be-
ing responsive to adipogenic induction. In consequence, when the culture environment was switched,
these progenitors would appear to be ‘converted’. For this reason, the observed conversion phe-
nomenon was validated by starting with a homogeneous population of osteogenic cells whose differ-
entiation status was experimentally ascertained23. hMSCs were transfected with a green fluorescent
protein (GFP)-expression vector driven by the OC promoter and GFP-positive cells were selected by
fluorescence activated cell sorting (FACS) after 15 days of osteogenic differentiation. When seeded
in high dilution in adipogenic medium, approx. 40% of these osteoblastic cells were still capable of
adipogenic conversion on the single cell level. Regarding the difficult experimental conditions aggra-
vating hMSC viability and differentiation, e.g. vector transfection, cell sorting, and single cell culture,
these data convincingly proved the capacity of pre-differentiated hMSCs to be converted into another
mesenchymal lineage.

Apart from the work of Song et al., Foo and colleagues reported that the human fetal osteoblastic
cell line hFOB 1.19 displayed intracellular lipid accumulation accompanied by the downregulation of
bone cell markers when cultured in the presence of the estrogen receptor blocker Fulvestrant35. This,
again, indicates a conversion of committed or differentiated osteoblastic cells towards the adipogenic
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lineage. In addition, MSC-derived committed osteoblastic cells upregulated the adipogenic markers
LPL and leptin while downregulating OC mRNA expression when co-cultured with adipocytes in
vitro36. Thus, MSC-derived adipocytes seemed to be able to initiate the osteoblasts to convert into
the adipogenic phenotype. Furthermore, the thiazolidinedione pioglitazone, a prescription drug used
for the treatment of diabetes mellitus type 2, promoted the adipogenic conversion of BMSCs from rat
in vitro37. The study also displayed that lipid droplets appeared earlier in cells that were osteogeni-
cally pre-differentiated for only 5 days than in those being pre-differentiated for 14 days; this hints
at a necessary de-differentiation period preceding the second differentiation or ’conversion’ step. In
contrast, several isoflavones were found to inhibit the adipogenic conversion of murine MSC-derived
osteoblastic cells33. Taken together, these publications highlight that osteoblastic cells are capable of
reprogramming events towards the adipogenic lineage and that such conversions can be initiated or
blocked by distinct substances.

In line, my findings clearly exhibit that FGF1 as well as FGF2 inhibited the conversion of osteogeni-
cally pre-differentiated hBMSCs by preventing the adipogenic lineage switch. The upregulation of
the adipogenic marker genes usually taking place with adipogenic conversion was blocked with high
significance (Fig. 7.5, 7.7). Similarly, the formation of lipid droplets was inhibited (Fig 7.2 B, 7.3 B).
The result that both FGF1 and FGF2 strongly prevented the adipogenic conversion of osteogenically
pre-differentiated cells is in accordance with the previous findings from microarray analysis46, where
FGF1 and FGF2 were scored as two of the most promising candidates for initiating lineage switching
from the adipocytic to the osteoblastic lineage.

Interestingly, FGF2 was shown before to possibly promote lineage switching towards osteogenesis
at the expense of adipogenesis in mice by Xiao et al.116. Here, the FGF2 knockout (FGF2-/-) mice
had a greater accumulation of bone marrow fat in long bones than wild type littermates. Addition-
ally, FGF2-/- BMSCs displayed a reduced ALP activity and mineralization but a marked increase of
adipocyte cell number and adipogenic marker gene expression (PPARγ2 and FABP4) when cultured
in the respective differentiation medium in vitro. Treatment with exogenous FGF2 blocked adipocyte
formation and increased ALP activity. However, in contrast to these findings, ALP mRNA expression
was not augmented by FGF2 or FGF1 administration in our study (data not shown). Also the os-
teogenic master regulator RUNX2 and further osteogenic markers like BMP4, COL1A1, and OC were
not markedly regulated via FGF addition to the adipogenic conversion set-ups (Fig. 7.8, 7.9).

Yet, like the study of Xiao an coworkers, our results also highlight the role of PPARγ2, which was sig-
nificantly downregulated during adipogenic conversion by FGF1 and FGF2. This adipogenic master
regulator was found to critically influence the lineage decision between adipogenesis and osteogene-
sis in mesenchyme-derived cells in recent studies. After lentiviral knockdown of PPARγ expression in
the murine bone marrow of the femur in vivo, adipocyte cell number and adipogenic markers signif-
icantly decreased, whereas the amount of osteoblasts was enhanced and osteoclast cell number was
reduced174. Meanwhile, trabecular micro-architecture was significantly increased. In addition, the
suppression of the PPARγ transactivation of target genes by i.e. non-canonical Wnt signaling pro-
moted osteoblast differentiation19. Furthermore, it was repeatedly demonstrated that PPARγ ligands
promoted the adipogenic differentiation of bone marrow stromal cells while inhibiting their osteo-
genesis175–179. They did not only activate PPARγ but also suppressed RUNX2 gene expression and
activity177. Moreover, the antidiabetic drug Rosiglitazone, a potent PPARγ ligand, increased the vol-
ume of bone marrow adipose tissue while reducing bone mineral density and trabecular bone area179.
Even more interestingly, the critical role of PPARγ in the balance and commitment of adipogenesis
and osteoblastogenesis was shown using transgenic mice20. Homozygous PPARγ-/- embryonic stem
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cells failed to differentiate into adipocytes while spontaneously differentiating into osteoblasts, which
was restored by PPARγ gene reintroduction. Furthermore, heterozygous PPARγ+/- mice displayed
higher bone mass than wild type littermates; this difference became more prominent with aging. In
addition, PPARγ haploinsufficiency stimulated increased osteoblastogenesis of bone marrow progeni-
tors in vitro. To conclude, the marked downregulation of PPARγ2 expression by FGF1 and FGF2 might
represent a vital prerequisite for the lineage switching towards osteoblastogenesis.

Apart from affecting adipogenic marker gene expression, FGF1 and FGF2 also upregulated the os-
teogenic markers of mineralization ANKH and OPN. Values even exceeded the expression levels of
osteogenically pre-differentiated samples for 25 ng mL−1 FGF1 (Fig. 7.11, 7.13). Similarly, ANKH and
OPN mRNA expression was also upregulated during adipogenic differentiation when FGF1 and FGF2
were added (Fig. 7.10, 7.12). ANKH plays an important role in matrix mineralization during osteoge-
nesis; by regulating the transport of inorganic pyrophosphate, it is capable of inhibiting bone mineral
formation180. Moreover, ANKH function might exert a negative effect on adipogenesis since its chem-
ical inhibition increased adipogenic differentiation (Fig. 8.25 C). Yet, ANKH inhibition was not able to
revert the effects of FGF1 on adipogenesis (Fig. 8.25 C).

OPN is as well able to inhibit matrix mineralization yet represents one of the proteins forming the
osteoid180. Interestingly, a role of OPN in the lineage decision between adipogenic and osteogenic
differentiation of mouse MSCs was described before38. Blocking OPN function promoted adipogenic
and inhibited osteogenic differentiation. Re-expression of OPN in OPN-/- MSCs restored a normal
balance between adipogenesis and osteogenesis. Furthermore, OPN was shown to inhibit the C/EBP
signaling pathway, which is crucial for the onset of adipogenesis, through the OPN receptor integrin
αv/β1. In consistence with these in vitro results, OPN-/- mice had a higher fat to total body weight ratio
than wildtype littermates. In conclusion, the upregulation of OPN by FGF1 and FGF2 in our hBMSC
in vitro system could be a probable cause or at least a promoter of the inhibition of adipogenesis by
blocking C/EBP signaling and thereby inhibiting the onset of adipogenesis.

Taken together, our in vitro model of adipogenic conversion was further characterized by deploying
quantifying measurements for the first time. An enlarged set of adipogenic marker genes was shown
to be upregulated while lipid droplet formation increased. Meanwhile, the expression of a broadened
number of osteogenic markers like RUNX2, BMP4, COL1A1, and OC decreased by adipogenic con-
version itself. Moreover, our results displayed that FGF1 and FGF2 were potent factors to diminish
the conversion of osteoblastic cells into the adipogenic fate. This could be mediated via the down-
regulation of PPARγ2, omitting its shift of lineage decisions towards adipogenesis at the expense of
osteogenesis. Likewise, OPN upregulation by FGF1 and FGF2 may further relocate the balance of
differentiation by blocking adipogenic onset via the integrin-C/EBP-axis. However, a direct positive
or supportive effect of FGF1 and FGF2 on the expression of marker genes concerning osteogenic in-
duction, like RUNX2, BMP4, and ALP, as well as osteoblastic maturation, like COL1A1, IBSP, OC,
could not be experimentally verified during adipogenesis. Also, the increased expression of the os-
teogenic markers OPN and ANKH must be interpreted carefully since they might rather be related
to an inhibitory or reducing impact concerning bone mineral formation than to an osteogenic lineage
switching itself. Given however that FGF1 and FGF2 seem to be able to ‘homogenize’ the state of
commitment and differentiation, enhance the proliferation of mesenchymal precursors, and may opti-
mize the adipogenic and osteogenic potential (when given in the proliferative phase), their application
during hBMSC expansion in tissue engineering procedures might be considered.
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11.4 Signaling pathways mediating the anti-adipogenic effect

The fact that FGF1 and FGF2 exerted similar effects on adipogenesis indicated that underlying signal-
ing processes were mediated via the same FGF receptor. The more pronounced effects of FGF1 were
most probably a result of the additional supplementation with heparin that coordinated and stabi-
lized the binding to the FGF receptor. Consequently, experiments concerning underlying signaling
pathways focused on FGF1 with the most efficient concentration of 25 ng mL−1. Knowing from pre-
ceding microarray analyses within our group that hBMSCs only expressed FGFR1 and FGFR2 (Dr. Tat-
jana Schilling, personal communication, June 10, 2015), experiments with the potent FGFR1 inhibitor
PD166866181 were performed in order to find the responsible receptor. If FGFR1 was the responsible
receptor, PD166866 addition would rescue the phenotype of suppressed lipid formation.

My results clearly showed that the FGFR1 inhibitor PD166866 was a potent agent to rescue the effects
caused by FGF1 during adipogenic differentiation (Fig. 9.1 A). Yet, PD166866 might as well affect other
receptors apart from FGFR1 including FGFR2 or other members of the receptor tyrosine kinase family.
However, the rather stable expression of FGFR1 during the whole course of adipogenic differentiation
and conversion further indicated that the described signal was predominantly mediated via FGFR1
(Fig. 9.2, 9.3). In contrast, FGFR2 was markedly downregulated (Fig. 9.4, 9.5). In addition to the
inhibitor experiments, differentiation set-ups were performed after deploying small hairpin RNAs
(shRNAs) to knockdown the gene expression of either FGFR1 or FGFR2; they also pointed at FGFR1
to be the responsible receptor (data not shown). Since alternative splicing was shown to give rise to
the FGFR1 isoform IIIc in mesenchymal lineages76–79, we suggest that this receptor variant could be
mainly responsible for the FGF1 signal transduction in our system.

Interestingly, the importance of the FGFR1 has been highlighted before by other studies. The FGF1
effects on adipogenic differentiation found by Widberg et al. were dependent upon signal transduc-
tion by FGFR1155. Moreover, a decrease in FGFR1 expression preceded the significant reduction of
FGF2 expression during adipogenic differentiation of hPAs170. These transcriptional changes coin-
cided with the first appearance of visible lipid droplet formation within the cells clearly pointing at
the crucial role of FGF signaling via FGFR1 for adipogenesis. In summary, we conclude that the FGFR1
is the receptor mainly responsible for mediating the observed anti-adipogenic FGF effects in our study.

However, the rescuing effect of the inhibitor PD166866 was only partial during adipogenic conversion
(Fig. 9.1 C). This coincides with a more decreased FGFR1 expression during adipogenic conversion
compared to differentiation (Fig. 9.2, 9.3, A vs. B), suggesting that the FGF1 signal might be redirected
at least in part over an alternative signaling route under this condition. Moreover, the FGFR3 and
FGFR4 were previously shown to be not expressed in hBMSCs by microarray analyses. Taken together,
we cannot finally answer the question which receptor might be additionally responsible for FGF signal
mediation during adipogenic conversion so far.

Knowing about the responsible receptor at the cell surface, we asked which intracellular downstream
signaling cascades were involved. Therefore, distinctive pathways were chosen based on recent litera-
ture and targeted with selective chemical inhibitors. The different concentrations of the protein kinase
C (PKC) inhibitor Calphostin C did not significantly rescue the FGF1 phenotype (Fig. 9.10 A, C, E).
However, the highest concentration of 500 nmol L−1 markedly decreased adipogenic differentiation it-
self, so that a slight rescuing effect on adipogenic inhibition by FGF1 could not be foreclosed (Fig. 9.10
E). Nevertheless, if PKC would play a major role in mediating the anti-adipogenic FGF function, a res-
cuing effect should be observable even at lower Calphostin C levels (Fig. 9.10 A, C). PKC is a member
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of the serine/threonine protein kinase family playing important roles in the control of various cellular
functions and its involvement in adipogenesis has been reported in other in vitro systems so far. It is
activated via phospholipase C (PLC) γ and its subsequent hydrolysis into inositol triphosphate (IP3)
and diacylglycerol48,90.

When PKCη 182 and PKCε 183 were ectopically expressed in the multipotent murine embryonic fibrob-
last cell line NIH-3T3, these cells could be induced to undergo adipocyte differentiation in response
to adipogenic culture conditions. Furthermore, PKCε protein expression increased during the course
of terminal differentiation in committed 3T3-F442A murine pre-adipocytes and was co-localized with
C/EBPβ, one of the transcription factors critically involved in the initiation of adipogenesis183. In ad-
dition, treatment with PKC inhibitors suppressed the adipogenesis of 3T3-L1 pre-adipocytes184. Taken
together, literature demonstrated a crucial role for PKC signaling in both adipogenic commitment and
pre-adipocyte terminal differentiation. Although PKC did not mediate the anti-adipogenic FGF effect
in our system, my results clearly confirmed that PKC signaling plays a vital role in the adipogenic
differentiation of primary hBMSCs among other signaling cascades.

Experiments concerning c-Jun N-terminal kinase (JNK) signaling clearly revealed that this pathway
was not responsible for the transduction of the FGF signal either (Fig. 9.11 A). Yet, the sole addition
of the JNK inhibitor SP600125 to the adipogenic medium promoted differentiation itself. The JNK
is a downstream effector of the Ras/MAPK pathway, together with i.e. the p38-mitogen activated
protein kinase (p38-MAPK), and the extracellular signal-regulated kinase (ERK)48,88. My results are
in agreement with earlier findings reporting a negative link towards adipogenesis. JNK seemed to
mediate a shift in lineage decisions towards osteogenesis at the expense of adipogenesis185; when
investigating the effect of the widely used bisphosphonate Alendronate, SP600125 addition would
block Alendronate’s pro-osteogenic regulation of BMSC differentiation . Hence, my findings further
underline this negative correlation between JNK signaling and adipogenic differentiation.

When examining the p38-MAPK pathway, no reverting effect on the anti-adipogenic FGF function
was found (Fig. 9.12 A). Nevertheless, adipogenic outcome itself was decreased by the p38-MAPK
inhibitor SB203580. However, when the MAPK p38 is chemically blocked by SB203580, it might
be possible that the signal transduction is redirected over an alternative MAPK signaling route like
ERK1/2 and their upstream kinases MAPK/ERK kinases 1 and 2 (MEK1/2). As a consequence, no
phenotypic rescue of the FGF1 effects could be observed, eventually, and the involvement of p38-
MAPK would be concealed. Thus, in literature, set-ups including inhibitors for these two pathways
exist in combination, even though they are scarce. For this reason, experiments with SB203580 and
the MEK1/2 inhibitor U0126 were performed in combination, which showed no rescue of the FGF
effect, but strongly decreased adipogenic differentiation itself (Fig. 9.13 A). Hence, an involvement of
the p38-MAPK hidden by an alternative signaling route via MEK1/2 was excluded. Consistent with
our findings, suppressing effects on adipogenesis through the combined treatment with SB203580 and
U0126 were described earlier in hMSCs186. Furthermore, our results give additional evidence that p38
and MEK1/2 play a crucial supporting role in hBMSC adipogenesis.

Considering the negative outcome of PKC, JNK, and p38-MAPK inhibitor experiments, the involve-
ment of ERK1/2 signaling was investigated. The present data clearly displayed that the ERK1/2 path-
way was crucial for the intracellular transduction of the FGF1 signal that lead to the negative effects
on adipogenic hBMSC differentiation (Fig. 9.15 A). In contrast, the impact of inhibitor addition during
adipogenic conversion was not significant (Fig. 9.15 C) suggesting that an alternative signaling path-
way was underlying the marked anti-adipogenic effects of FGF1 and FGF2 during conversion. This
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might be linked to the only partial involvement of the FGFR1 during adipogenic conversion discussed
above (Fig. 9.1 C).

In accordance with our findings on differentiation, FGFs are known and potent activators of the
MEK/ERK pathway55. More intriguingly, a negative connection between ERK activation and adi-
pogenic differentiation has been demonstrated before. Kim and colleagues revealed that ERK phos-
phorylation facilitates the well studied inhibition of adipogenesis by the pre-adipocyte factor 1 (Pref-
1)187. By activating ERK, Pref-1 prevented the induction of PPARγ2 gene expression. Similarly, we
observed the inhibition of PPARγ2 by FGF1 and FGF2 in our study, which points at a mutual path-
way for the prevention of adipogenic differentiation. Moreover, ERK phosphorylation was involved
in the effect of sodium butyrate that promoted MSC lineage decisions in favor of osteogenesis while
suppressing adipogenesis188. In line with our findings, JNK and p38 cascades were not responsible.
Another parallel was a marked decrease in PPARγ2 expression.

Even more interesting, ERK facilitated the induction of the transcriptional co-activator with PDZ-
binding motif (TAZ) during FGF2 administration in the murine multipotent mesenchymal cell line
C3H10T1/2189. TAZ is known to inhibit adipocyte differentiation while promoting osteogenesis in
MSCs190. Its nuclear localization was increased by FGF2, enabling the interaction with RUNX2 to
activate RUNX2-mediated gene transcription189. Thus, FGF1 and FGF2 might prevent adipogenic dif-
ferentiation and conversion by inducing TAZ via the ERK1/2 signaling cascade in our system. How-
ever, the previous microarray analysis did not reveal alterations of TAZ expression during conversion
itself (Dr. T. Schilling, personal communication).

In contrast to these studies, a rapid but transient ERK activation during the initial phase of adipogenic
induction seemed to be necessary for adipogenic differentiation in 3T3-L1 pre-adipocytes191,192. This
is in accordance with our findings of a reduced adipogenic differentiation capacity under U0126 ad-
ministration (Fig. 9.15 A). Interestingly, even during the initial phase of adipogenic differentiation,
FGF1 and FGF2 were found to prolong and induce robust ERK phosphorylation156,191. This might
account for the pro-adipogenic effects of FGF1 on pre-adipocyte differentiation, however, the effect on
bone marrow precursors was clearly anti-adipogenic. In summary, our study plainly depicts that
ERK1/2 signaling facilitates the observed effects of FGF1 on adipogenic differentiation. This un-
derlines literature evidence that prolonged ERK activation suppresses adipogenic differentiation and
might be able to shift lineage decisions towards osteogenesis.

11.5 Summary adipogenic differentiation and conversion

Taken together, the culture in the presence of FGF1 and FGF2 strongly prevented adipogenic differ-
entiation and adipogenic conversion of osteogenically pre-differentiated cells. These findings are in
line with earlier studies describing an anti-adipogenic effect when FGF1 and FGF2 were given during
the phase of cell differentiation but not proliferation. The FGF effects preventing adipogenic differ-
entiation were transduced via the FGFR1 and intracellularly mediated by the MEK1/2 and ERK1/2
signaling cascade (Fig. 11.1). An impact of PKC, JNK, and p38-MAPK on FGF signal transduction
was excluded, even though these pathways affected adipogenic hBMSC differentiation itself in a pos-
itive (PKC and p38) or negative manner (JNK). In contrast to differentiation, adipogenic conversion
displayed a markedly decreased involvement of the FGFR1, which might be connected to the involve-
ment of an alternative intracellular signaling pathway since ERK1/2 was not involved in FGF1 signal
transduction.
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Especially the strong downregulation of the adipogenic key transcription factor PPARγ2 is likely to be
the crucial factor in adipogenic prevention by FGF1 and FGF2. As shown in current studies, this down-
regulation also holds the possibility for a lineage switching towards osteogenesis19,20,151–153,174,177, yet
does not necessarily include it193. In line with recent literature, PPARγ2 induction was inhibited by
ERK activation (Fig. 11.1). Moreover, the expression of the early marker C/EBPα was inhibited by
FGF addition. Hence, the positive feedback loop between PPARγ2 and C/EBPα, which normally
drives adipogenesis31, could not be installed. Furthermore, the anti-adipogenic transcription fac-
tor TAZ might as well be induced through ERK activation as was described in murine C3H10T1/2
cells189. In consequence, these processes led to a diminished FABP4 and LPL transcription as well as
lipid formation and finally to a strong inhibition of adipogenesis and adipogenic lineage switching
of pre-differentiated osteoblastic cells. However, the administration of FGF1 and FGF2 did not seem
to be able to initiate osteogenesis when given during adipogenic differentiation and conversion since
several key osteogenic marker genes were not induced. The effects on osteogenic differentiation and
conversion will be discussed in the following chapter.
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Figure 11.1: FGF1 signal transduction during adipogenic differentiation and conversion. The inhibiting effect
on adipogenic differentiation is mediated via the FGF receptor (FGFR) 1. Upon ligand binding,
the tertiary complex is formed from two FGF, two FGFR1, and two heparin molecules. This leads
to FGFR1 dimerization and trans-phosphorylation of tyrosine residues. Subsequently, the adaptor
protein FGFR substrate (FRS) 2α is phosphorylated and recruits the FRS2 complex.
Legend continued on next page.
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Figure 11.1: Legend continued from previous page.
The signal is further transduced via the MEK1/2 and ERK1/2 pathway, which are probably ac-
tivated via Ras/MAPK signaling. Signal transduction during adipogenic conversion seems to be
only partly mediated by FGFR1 while being intracellularly transduced by an alternative signal-
ing route. Nevertheless, the culture in the presence of FGF1/2 results in specific alterations of
adipogenic gene expression with strong inhibition of PPARγ2, C/EBPα, FABP4, and LPL during
both adipogenic differentiation and conversion. Like this, the early adipogenic markers PPARγ2
and C/EBPα are not able to create the positive feedback loop that normally drives the onset of
adipogenesis. Moreover, the subsequent promoter activation of later adipogenic marker genes is
diminished. Consequently, lipogenesis and lipid droplet formation are prevented. Figure in part
adapted from Servier Medical Art (http://www.servier.com/Powerpoint-image-bank).
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12 Impact of FGF1 and FGF2 on the osteogen-
esis of hBMSCs

Considering the anti-adipogenic effect on hBMSC differentiation and conversion on the one hand, we
asked whether the culture in the presence of FGF1 and FGF2 would provide a positive, supporting ef-
fect on osteogenesis on the other hand. Both lineages descend from the same mesenchymal precursor
cells and scientific evidence suggests an inverse relationship between these two cell fates17. Finding a
signaling molecule or cascade to favor osteogenesis at the expense of adipogenesis could aid in revert-
ing the fat accumulation in bone marrow. Moreover, adipogenically pre-differentiated cells might be
used as a source for cells of the osteoblastic lineage to overcome the decreased osteoblast cell number
during osteoporosis and aging. However, although adipogenesis of hBMSCs was strongly prevented
by FGF1 and FGF2, the findings of our study clearly displayed a suppressing effect on osteogenic
outcome.

12.1 Reduction of the ECM mineralization

The extend of osteogenic differentiation was determined by several read-outs. The mineralization of
the extracellular matrix (ECM) formed by the osteoblasts is one of the most reliable, especially in vitro.
Therefore, the calcium quantification assay was introduced, which directly represents the formation
of the bone mineral hydroxyapatite Ca10(PO4)6(OH)2, which makes up to 60% of bone (with bone
matrix proteins and water each constituting another 20%)3. Mineralization is initiated via matrix vesi-
cles secreted by osteoblasts, which contain membrane-associated ALP and PHOSPHO-1, a cytosolic
phosphatase with specificity for phosphoethanolamine and phosphocholine6. These two enzymes
mainly facilitate the mineralization process. The major role of ALP is to hydrolyze the mineralization
inhibitor inorganic pyrophosphate (PPi) to enable mineral precipitation and growth6,180,194. Besides,
this cleavage generates inorganic phosphate (Pi) that is needed for hydroxyapatite formation195,196.
Subsequently, ALP acts as a center for calcium and phosphate deposition leading to the nucleation
and growth of hydroxyapatite crystals197.

When analyzing the mineralization of the ECM during osteogenic differentiation and conversion, the
most interesting finding was a significant reduction by the addition of FGF1 and to a lesser extent
FGF2 (Fig. 8.2, 8.3). This reduction became smaller when differentiation proceeded from day 14 to
day 28 (Fig. 8.2, 8.3, A, B), hinting at a delaying effect. In addition, also the Alizarin red S stainings
displayed a marked reduction in mineralization by FGF1 and FGF2 culture (Fig. 8.1 A, B, ‘ARS’),
yet mineralization discrepancies increased with time, here (A ‘d14’ vs. ‘d28’). Apart from decreased
mineralization, ALPL mRNA expression was significantly repressed (Fig. 8.4, 8.6). Likewise, ALP
enzyme activity was diminished in conversion samples on day 21 by FGF1 and FGF2 (Fig. 8.5 B, 8.7
B). Although a decrease of ALP activity on day 7 of osteogenic differentiation was not observed (Fig.
8.5 A, 8.7 A), histological ALP stainings performed on day 14 displayed a visually reduced enzyme
activity (Fig. 8.1 A, ‘ALP’) suggesting that the decrease in enzyme activity followed the transcrip-
tional downregulation with a delay of several days, thereby being more prominent at the endpoint of
differentiation/conversion.

The smaller effects of FGF2 compared to FGF1 were most likely in part caused by the additional sup-
plementation of heparin with FGF1, yet other distinctions like e.g. a different ligand-receptor affinity
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can not be excluded. As explained in the previous section 11.2, heparin acts as a co-factor for FGFR
binding and activation49. Yet, current literature usually did not include its addition in experiments
featuring FGF2 since it is contained in FCS. However, missing heparin addition might account for the
reduced effect of FGF2 in our set-ups.

In line with my findings, matrix mineralization and ALP expression were also blocked when primary
and immortalized OB1 murine osteoblasts were induced to undergo osteogenic differentiation under
the administration of 10 ng mL−1 FGF1 and heparin in vitro124. Similar results were found in rat fetal
osteoblasts198. Moreover, FGF2 significantly inhibited ALPL gene expression in the murine osteoblast
precursor cell line MC3T3-E1125 and in primary murine osteoblasts126. In agreement, 50 ng mL−1

FGF2 markedly reduced the differentiation and mineralization of the human osteoblast-like osteosar-
coma cell line Saos-2, displayed by a downregulation of ALPL mRNA expression as well as a decrease
of bone nodule formation118. Furthermore, the ALP enzyme activity and the in vitro mineralization
capacity of the matrix vesicles were markedly inhibited.

Similarly, the treatment with 50 ng mL−1 FGF2 over 28 days of osteogenic differentiation markedly
decreased matrix mineralization and ALP activity in human calvarial osteoblastic cells122. In accor-
dance, the inhibition of FGF receptors in hMSCs enhanced matrix calcification and the expression and
activity of ALP induced by BMP2 addition127. Likewise, anti-osteogenic effects were also reported in
primary human osteoblasts, where 10 ng mL−1 FGF2 reduced the expression of ALP and further os-
teoblastic markers in vitro128. Comparably to the current study, osteoblasts were isolated from femoral
trabecular bone tissue from the hip joint or knee.

Unlike these studies demonstrating an inhibition of osteogenic differentiation by FGF1 and FGF2,
others reported a promoting effect of FGF2. Treatment with FGF2 induced ALP mRNA expression in
hBMSC from rib110 and increased ALP activity111 and ALP protein levels in hMSCs under osteogenic
culture conditions112. Besides, murine MSCs treated with FGF2 for two passages (followed by FGF9
treatment during the third passage) displayed an increased mineralization in vitro and were more
successful in forming new bone in vivo when transplanted in immunodeficient mice113. Likewise,
FGF2 co-treatment increased the mineralization of cell cultures from elderly mouse and human bone
when compared to BMP2 administration alone114. Moreover, FGF2 administration promoted calcium
deposition in marrow MSCs115.

However, it is apparent that all of these studies started FGF2 administration already during the pro-
liferative phase. In contrast, in my experimental set-up FGFs were only administered in the course
of differentiation that followed proliferation. Thus, the described pro-osteogenic effects were most
probably a result of an increased proliferation of osteoblastic precursor cells as suggested by the afore-
mentioned findings of Walsh, Kizhner, and Tang et al.110,113,198. In our current study, this effect was
precluded by the distinct experimental set-up, where hBMSCs were grown to post-confluence before
initiating osteogenic differentiation and FGF addition. Therefore, our data clearly depict that FGF1
and FGF2 reduce and arrest the osteogenic differentiation and mineralization of post-confluent hBM-
SCs. In conclusion, the comparison of my results with current literature suggests that the effects of
FGF2 and FGF1 on osteogenic differentiation are dependent on the time point of supplementation,
like during the adipogenic differentiation process.

Taken together, the causal link between the addition of FGF1 and FGF2 and a reduced mineralization
under osteogenic conditions was reported before in murine and human osteoblastic cell lines. Our
findings demonstrated that this link also applies to primary hBMSCs. It was connected to the signif-
icant downregulation of ALPL expression and reduction of enzyme activity. Since ALP is known to

140



12 Impact of FGF1 and FGF2 on the osteogenesis of hBMSCs

cleave the mineralization inhibitor PPi into Pi, the substrate of hydroxyapatite, these data suggest that
the decreased mineralization resulted from increased extracellular PPi levels inhibiting hydroxyap-
atite formation. To further unravel the underlying mechanisms, the expression of additional correlat-
ing marker genes were investigated.

12.2 Upregulation of markers inhibiting ECM mineralization

Bone mineralization is not only linked to mRNA expression and enzyme activity of ALP but also
strongly connected to the function of the ectonucleotide pyrophosphatase/phosphodiesterase 1
(ENPP1), the multiple-pass transmembrane protein inorganic pyrophosphate transport regulator
ANKH, and the secreted phosphoprotein OPN. In short, these factors ectoplasmically synthesize PPi

(ENPP1) and regulate its transport into the extracellular space (ANKH). Here, the mineralization in-
hibitor PPi is cleaved by the ALP enzyme into Pi, one of the substrates for the inorganic bone matrix
component hydroxyapatite. Whereas ALP activity and the presence of Pi facilitate and promote hy-
droxyapatite formation, the presence of PPi and OPN in the extracellular space inhibit it180,199. At the
same time however, OPN is one of the main organic components of bone matrix and acts as a linking
and structural protein in bone tissue.

When analyzing the mRNA expression levels of ANKH, ENPP1, and OPN using qPCR, we found
distinct alterations. ANKH expression was markedly upregulated by FGF1 addition with significant
fold-changes on day 28 of osteogenic conversion (Fig. 8.18). FGF2 administration led to only slight
upregulations with the highest concentration of 25 ng mL−1 (Fig. 8.21). OPN was slightly upregulated
by FGF1 on the later time points of differentiation and conversion (Fig. 8.20). Examining OPN pro-
tein expression using whole cell lysates could not confirm the increased expression (Fig. 8.24). Most
likely, the small upregulations observed on the transcriptional level did not result in an increase of
protein that could be detected by Western blotting. Yet, the performance of this analysis was based on
previous results from a subset of donors, where FGF1 administration led to more pronounced OPN
upregulations. This suggests that this effect occurs donor-dependently. Another reason could be that
this phospho-protein was not detected in the cell lysates because it was secreted into the extracellular
space immediately after its synthesis. In addition, the expression of ENPP1 was downregulated via
FGF1 mainly on day 14 of osteogenic differentiation and on day 21 of conversion, where it reached
significance (Fig. 8.19). FGF2 addition resulted in a slight downregulation of ENPP1 reaching signifi-
cance for day 14 of differentiation (Fig. 8.22).

In agreement with my results, the work of Hatch et al. linked the inhibition of mineralization and
the downregulation of ALP expression by FGF2 to the upregulation of ANK, the homologous gene
of ANKH in mouse, on the mRNA and protein level200–203. Here, 50 ng mL−1 FGF2 was adminis-
tered to the murine pre-osteoblast cell line MC3T3-E1200–202 and murine primary pre-osteoblast cul-
tures203. Likewise, 10 ng mL−1 FGF2 upregulated ANK mRNA expression in the murine osteocyte
cell line MLO-Y4 under mineralizing culture conditions204. Moreover, when treated with 10 ng mL−1

FGF1 plus 5 IU mL−1 heparin or 10 ng mL−1 FGF2 alone, the mRNA and protein expression of human
ANKH and its murine counterpart ANK were induced in human fibroblasts and the mouse embryonic
fibroblast cell line NIH-3T3205.

Apart from the ANKH upregulation, expressional increases of OPN after FGF administration were
described earlier as well. The mRNA and protein expression of OPN was upregulated by FGF1 treat-
ment in rat aortic smooth muscle cells, hinting at a connection to the pathological mineralization dur-
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ing atherosclerosis206. Similarly, OPN expression was increased by FGF1 administration in parallel
to osteogenic culture conditions in rat fetal osteoblasts198. Also, FGF2 promoted OPN transcription
by 16.7-fold in Saos-2 cells207. As shown by the study of Harmey et al., OPN levels were increased
in knockout mice deficient of ALP expression180. Moreover, elevated PPi levels lead to upregulated
OPN expression in wildtype murine osteoblasts. Since the PPi levels in our system are likely to be
increased because of the reduced cleavage by ALP enzyme, this might be the reason underlying the
OPN upregulation.

Whereas my findings clearly depicted an ENPP1 downregulation, literature reported the upregula-
tion of ENPP1 due to FGF1 and FGF2 administration. FGF1 and FGF2 treatment of the osteoblast-like
sarcoma cell lines Saos-2 and U2OS in a concentration of 10 ng mL−1 induced ENPP1 expression and
activity208. Meanwhile, ALP activity was downregulated in accordance with my results. In addition,
FGF2 stimulated ENPP1 expression in murine pre-osteoblasts isolated from calvaria209. Interestingly,
when initially investigating the kinase ENPP1, Oda and colleagues co-purified it with the FGF1 recep-
tor and revealed that it responds to FGF1 stimulation210. In sharp contrast to my findings, also the
studies of Hatch and Kyono mentioned above connected the FGF-driven upregulation of ANKH to
significant increases in ENPP1 expression200–204. However, the ENPP1 upregulation peaked after 12 h
and 24 h and displayed a subsequent decrease, which was already marked after 48 h. This highlights
that there may be fundamental differences between acute regulatory effects of FGFs on direct target
genes and long-term effects depending on a program proceeding over days, following permanent FGF
stimulation. Interestingly, wildtype murine osteoblasts treated with PPi showed a decrease in ENPP1
expression in line with my findings180.

To sum up, the phenotype of reduced mineralization and downregulated ALPL levels was expanded
by distinctive regulations of mineralization marker genes. As ANKH transports PPi into the extra-
cellular space, the ANKH upregulation could further contribute to the elevated PPi levels. Yet, our
finding that pharmacological inhibition of ANKH by Probenecid did not rescue the reduced mineral-
ization phenotype strongly contradicts this hypothesis (Fig. 8.25 B, D). An intriguing explanation is
that the downregulation of ENPP1, the PPi producing enzyme, could override the effects of ANKH
upregulation concerning extracellular PPi levels. Besides, it was described that ENPP1 is capable
of exhibiting phosphatase activity only in the case of reduced ALPL expression and ALP deficiency,
respectively, thereby partly substituting ALP function6. Yet, since both ALP and ENPP1 are downreg-
ulated in our system, this back-up cannot be installed.

Apart from downregulated ALP expression, the upregulation of OPN probably further impeded hy-
droxyapatite formation and mineralization in the respective donors; this can be concluded from the
knockout experiments by Millán and co-workers, where the hypo-mineralization of the skeleton ob-
served in ALP knockout mice was shown to arise from the combined inhibitory effects of PPi and
OPN180. Moreover, we hypothesized if FGF1 and FGF2 would probably alter osteogenic differentia-
tion not only at the relatively late stage of ECM mineralization but also at an earlier time point during
ECM formation and osteogenic commitment . To analyze these earlier stages of osteogenic differenti-
ation, the gene expression changes of further osteogenic markers were examined.

12.3 Downregulation of osteogenic markers for ECM formation

Before the process of matrix mineralization can take place, the ECM is build by osteoblastic cells,
then surrounds and progressively entraps them while it hardens by calcium deposition3. In bone
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tissue, the ECM constitutes of two main components, the inorganic and the organic one. Hydroxya-
patite forms the inorganic part of the bone, meanwhile, the organic part of bone comprises several
collagenous and non-collagenous proteins. COL1A1 is the main organic component. After being
secreted by osteoblasts, it builds fibrils, along which the hydroxyapatite crystals form197. Beyond
that, the integrin-binding sialoprotein (IBSP) is one of the major structural non-collagenous proteins
and has been implicated in the nucleation of hydroxyapatite. Moreover, OC is another structural
non-collagenous protein secreted by osteoblasts. As high OC protein levels are well correlated with
increased bone mineral density (BMD), it is used as a preliminary bio-marker for bone formation.

The organic components of the ECM represent later markers of osteogenic differentiation. Their
mRNA expression was monitored throughout osteogenic differentiation and conversion in the pres-
ence of FGF1 and FGF2. The mRNA expression of OC was downregulated for day 7 of osteogenic
differentiation by FGF1 and depicted slight upregulations in FGF-containing samples for later time
points (Fig. 8.14, 8.17). Regarding FGF effects on OC expression, literature provides multifaceted re-
sults. On the one hand, a downregulation accompanied by inhibited matrix formation due to FGF1
administration was reported in rat fetal osteoblasts198. FGF2 also decreased OC expression among
other osteogenic marker genes in MC3T3-E1 osteoblast-like cells125. On the other hand, upregulating
effects of FGF2 have been reported in the presence of Forskolin211 and in relation to Runx2 protein
acetylation212 in MC3T3-E1 cells as well as in marrow MSCs115. It has to be considered that these stud-
ies administered FGF2 during the proliferative culture phase unlike the current study. The results of
Debiais displayed a transient OC downregulation suggesting that the effects of FGF2 are stage-specific
and may change throughout the course of osteogenic differentiation122. Likewise, our findings on OC
regulation display a tendency towards a stage-specific, yet mild reduction of this organic ECM com-
ponent followed by a slight upregulation in later time points.

When examining the mRNA expression of the other two organic matrix components COL1A1 and
IBSP, the effects of FGF1 and FGF2 were strongly inhibiting throughout all stages of osteogenic dif-
ferentiation and conversion. While the COL1A1 decrease was more significant at day 7 and 21 (Fig.
8.12, 8.15), IBSP downregulation was more pronounced during the later stages of differentiation and
conversion (Fig. 8.13, 8.16). In accordance with my results, FGF2 was found to completely inhibit
the expression of COL1A1 and osteogenic differentiation in primary murine bone cells126. Likewise,
a COL1A1 downregulation via FGF2 was also found in MC3T3-E1 osteoblast-like cells125, the Saos-2
cell line118, and in human osteoblastic cells isolated from the calvaria122. Although some studies re-
ported a positive connection between FGF2 administration and IBSP expression213–216, the study of
Biver and colleagues confirmed a negative effect on the transcription of IBSP among other osteogenic
markers. In consistency with my results, inhibition of FGF receptors enhanced IBSP expression when
experiments were performed with post-confluent hMSCs127.

Taken together, FGF1 and FGF2 strongly reduce the expression of the organic ECM components
COL1A1 and IBSP in hBMSCs, thereby significantly impeding the process of matrix formation. More-
over, OC is regulated time-dependently and to a markedly smaller extent than the other two markers
of ECM formation. Thus in total, osteoid formation is strongly impeded by the culture in the presence
of FGF1 and FGF2.
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12.4 Downregulation of markers initiating osteogenic commitment

Since both ECM formation and mineralization were affected by FGF1 and FGF2 administration, we
asked whether the initial phase of osteogenic commitment and differentiation was altered as well.
Therefore, we analyzed early key marker gene expression of osteogenic differentiation. The tran-
scription factor Runx2 is a master regulator of osteoblast differentiation29,30. This nuclear protein
contains a Runt DNA-binding domain and acts as a scaffold for nucleic acids and regulatory factors
involved in skeletal gene expression. Like this, it regulates the transcription of COL1, ALP, OPN, and
OC217,218. In addition, the BMP family is part of the transforming growth factor-β (TGF-β) superfam-
ily. BMPs are crucial transcription factors required for skeletal development and the maintenance of
adult bone homeostasis inducing osteoblast commitment and differentiation219. Furthermore, BMP
signaling induces the expression of RUNX2 and BMPs, thereby creating a positive feedback loop220.
Interestingly, the early osteogenic markers RUNX2 and BMP4 were both markedly downregulated in
the current study by the administration of FGF1 and FGF2, especially with the highest concentration
of 25 ng mL−1 (Fig. 8.8, 8.9, 8.10, 8.11). .

Although some studies reported a promoting effect of FGF2 on the mRNA expression of RUNX2111,
their experimental set-up differed sharply from the current study. In these studies, FGF2 was adminis-
tered during the proliferative phase that preceded the phase of osteogenic differentiation. The effects
were similar as described in section 12.1, and upregulated RUNX2 transcription was connected to an
increased osteogenic differentiation. Besides, it was stated that FGF2 phosphorylated and thereby ac-
tivated Runx2 on the protein level in MC3T3-E1 pre-osteoblastic cells212. Yet, the authors did not state
if FGF2 was given after reaching confluence like in my study.

However, studies that examined an FGF administration during the differentiation phase alone (equal-
ing my experimental set-up) reported a negative effect on RUNX2 expression and a reduced os-
teogenic differentiation in accordance with my results. Liu et al. published the downregulation of
RUNX2 among other osteogenic markers in Saos-2 cells after FGF2 administration118. Apart from
this, FGF2 was shown to decrease the protein levels of TAZ, which acts as a co-activator of RUNX2
and promotes osteogenic differentiation221. Moreover, as post-translational modification play an im-
portant role in the regulation of Runx2 protein function, the lack of changes in RUNX2 expression
during the earlier phases of osteogenic differentiation and conversion does not necessarily exclude
changes in Runx2 signaling. It has to be taken into account that, in contrast to other studies deploying
FGFs at the proliferative state where it might have enhanced the proliferation of osteoblastic progeni-
tors, the cell proliferation could not be increased in our study since experiments were performed with
post-confluent cells.

In parallel to RUNX2, literature provides evidence for a positive effect of FGF2 on the expression of
BMP2128,222 and BMP receptors (BMPRs)-1A and -244, only when FGF2 was administered during the
expansive phase of cell culture. Similar to my findings, FGF2 was found to significantly reduce gene
expression of BMP2 in MC3T3-E1 osteoblast-like cells125. Moreover, BMP4 transcription was down-
regulated by FGF2 in rat osteoblast cells223. Furthermore, Biver and colleagues discovered a strongly
inhibiting effect of FGF2 on the mRNA expression of BMP2 and BMP4 as well as on the corresponding
receptors BMPR-1A, BMPR-1B, and BMPR-2 during the osteogenic differentiation of bone marrow-
derived hMSCs224. FGF2 also blocked BMPR-1B gene expression, which is normally induced in the
presence of retinoic acid in murine adipose-derived stem cells (mASCs)141. In agreement, the upreg-
ulation of the BMP9 receptors activin A receptor type I and type II (ALK1 and ALK2) was inhibited
by FGF2 in MSCs225. Here, exogenous expression of ALK1 and ALK2 restored osteogenic differenti-
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ation225; likewise, constitutive expression of BMPR-1B counteracted the inhibitory effects of FGF2 on
osteogenic differentiation in mASCs141. Together with my data, these studies indicate a crucial role of
BMP signaling in the implementation of the anti-osteogenic effect of FGF2.

Taken together, our data display that the administration of FGF1 and FGF2 during osteogenic dif-
ferentiation and conversion affected every stage from the initial osteogenic commitment, subsequent
differentiation, and maturation. In short, ECM mineralization was diminished due to the reduction
of the ALP while the mineralization inhibitors ANKH and OPN were upregulated. Moreover, genes
encoding the organic components of the bone matrix COL1A1 and IBSP were markedly downregu-
lated. Finally and most intriguing, already the earliest stage of osteogenic commitment was impeded
by FGF administration, so that RUNX2 and BMP4 expression was markedly reduced. Thereby, the
positive feedback loop between these transcription factors was likely impeded and the activation of
downstream promoters was impaired. Moreover, TAZ expression might be reduced as well as shown
for MC3T3-E1 cells221. To sum up, despite the strong inhibiting effect on adipogenic differentiation
and conversion, both growth factors turned out to also suppress the osteogenic outcome of hBMSCs.
Therefore, we conclude that FGF1 and FGF2 might entrap hBMSCs in a stage prior to commitment and
differentiation. However, the impact on the osteogenic conversion of pre-differentiated adipocytes
also should be taken into account.

12.5 Impact on osteogenic conversion

When examining the effects of osteogenic conversion, we found several alterations on the transcrip-
tional and functional level. Most importantly, the matrix mineralization and ALP activity were highly
significantly increased when osteogenic converted samples were compared to adipogenic pre-differen-
tiated cells (Fig. 8.2, 8.5). These data clearly confirmed that the switch towards the osteogenic fate has
successfully taken place. However and similar to earlier results, lipid droplets did not vanish com-
pletely during the osteogenic conversion process, indicating that not every single cell followed the
path of de-differentiation and lineage switching. Yet, transcriptional alterations further supported the
implementation of osteogenic conversion. ALP mRNA expression was highly significantly upregu-
lated (Fig. 8.4 C, D). RUNX2 and BMP4 transcription was increased as well through osteogenic con-
version, mostly on day 28 and day 21, respectively (Fig. 8.8, 8.9, C, D). Meanwhile, the transcription
of OC and OPN was downregulated (Fig. 8.14, 8.20, C, D), whereas ENPP1 expression was promoted
(Fig. 8.19 C, D).

The concept of osteogenic conversion has been highlighted by several studies and it is intensely dis-
cussed as means to alter the balance between adipogenesis and osteogenesis for the benefit of related
diseases like osteoporosis23,24,34,40–43,46,226,227. The experimental set-up was established and described
in our lab by Schilling et al. first24, based on the work of Song and Tuan23. In line with my findings, the
strong upregulation of the osteoblast marker ALP was reported then24. Nevertheless, OC expression
was also increased in contrast to my results23,24. However, a conversion period of three or four weeks
was used in these set-ups, strongly differing from my experiments deploying a conversion period of
only two weeks. One plausible explanation is that the transcription of the late osteogenic marker OC,
which is involved in the maturation of osteoblasts into osteocytes, was not yet activated at this early
time point.

The transcriptional upregulation of RUNX2 was an important result of the current study since it had
not been described in our in vitro system so far. Interestingly, RUNX2 was shown to be sufficient
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to induce the osteogenic fate change of 3T3-L1 pre-adipocytes41. Following the forced expression
of exogenous RUNX2 using a retroviral vector, pre-adipocytes displayed increased ALP activity and
osteogenic marker gene expression as well as a low-level mineralization. Meanwhile the expression
of adipogenic markers decreased. Besides, several studies described the upregulation of RUNX2 ex-
pression during osteogenic conversion of pre-differentiated adipocytic cells in consistency with my
results34,40,42. Taken together, these data suggest that RUNX2 plays an essential role in the induction
of the osteogenic conversion of adipocytic cells in bone marrow.

Moreover, the important role of BMP signaling was emphasized in other studies before. The over-
expression of BMP receptors in 3T3-F442 pre-adipocytes suppressed further adipogenic differentia-
tion226. Yet, the conversion towards the osteogenic fate was induced and matrix formation as well
as mineralization occurred under retinoic acid administration. Besides, 3T3-L1 pre-adipocytes could
be converted directly into osteoblastic cells when the BMP2 gene was rendered responsive to Wnt3a
via drug-induced epigenetic modifications43. Apart from BMP2, also the ALP gene had to be made
responsive to Wnt3a, which was shown to only stimulate osteoblast differentiation in cells with an
intrinsic osteogenic potential before228. Further studies described the upregulation of ALP expression
during osteogenic conversion34,40,41 while an enhanced ALP activity was reported only by Oki et al.40.
These data underline my findings of increased BMP4 and ALP expression accompanied by enhanced
ALP activity and further support the central role of BMP signaling in osteogenic conversion.

Taken together, our in vitro system was successfully investigated and described concerning a broad-
ened range of expressional markers during osteogenic conversion. Most importantly, the significance
of our system was strengthened by the finding of an enhanced ALP activity and significantly increased
matrix mineralization. In addition, our results were the first to report the upregulation of ENPP1 ex-
pression during osteogenic conversion. Moreover, our data highlighted the important role of RUNX2
and BMP signaling during osteogenic conversion of adipogenically pre-differentiated hBMSCs.

After having investigated the alterations of osteogenic markers taking place through osteogenic con-
version itself, we wanted to address the question if FGF1 and/or FGF2 administration could promote
this process. As FGF1 and FGF2 strongly inhibited adipogenic differentiation and conversion (see
chapter 7) and since FGF1 was reciprocally regulated during the onset of adipogenic and osteogenic
conversion (being upregulated during the osteogenic one)46, we hypothesized that these growth fac-
tors might shift the balance between adipogenesis and osteogenesis in favor of osteogenesis. There-
fore, FGF1 and FGF2 were added to the osteogenic conversion of adipogenically pre-differentiated
hBMSCs when the medium was switched from adipogenic to osteogenic medium until the end of
conversion on day 28.

Interestingly, FGF1 and FGF2 did not promote the osteogenic fate change but reduced it, so that results
of conversion were similar to those of osteogenic differentiation. The matrix mineralization and ALP
activity were decreased by FGF1 and FGF2 administration (Fig. 8.2 C, 8.3 C, 8.5 B, 8.7 B). In line, the
osteogenic marker genes RUNX2, BMP4, ALP, and ENPP1 that were upregulated by the osteogenic
conversion as described above were downregulated by FGF1 and FGF2, reaching or approaching the
levels of the non-converted samples (Fig. 8.8, 8.10, 8.9, 8.11, 8.4, 8.6, 8.19, 8.22, C, D).

To our knowledge, there have been no studies so far investigating the effects of FGF1 or FGF2 in a
set-up where adipogenically pre-differentiated cells were subjected to osteogenic conversion. How-
ever, the study of Xiao et al. found a connection between FGF2 deficiency, reduced osteogenesis and
increased marrow adiposity116. In the knockout (FGF2-/-) mice, BMD was decreased and a greater
accumulation of marrow fat was found in long bones. Additionally, FGF2-/- BMSCs cultured in vitro
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displayed reduced ALP activity and mineralization whereas adipogenic marker genes were upregu-
lated. Unlike my findings, these results would suggest a positive impact of FGF2 on lineage decisions
of mesenchymal precursors of the bone marrow towards osteogenesis at the expense of adipogenesis.
Yet, systemic side effects in the knockout mice could not be excluded and the described observations
might not be a direct effect of FGF2 absence. However, when confluent hBMSC-derived adipocytes
were directly subdued to osteogenic conversion, the effects of FGFs were clearly anti-osteogenic.

Taken together, FGF1 and FGF2 clearly downregulated the central regulators of osteogenic conversion
RUNX2, BMP4, and ALP. This resulted in a strong decrease of ALP activity and matrix mineralization.
These findings further support our conclusion that FGF1 and FGF2 might entrap hBMSCs in a stage
prior to commitment and differentiation.

12.6 Signaling pathways mediating the anti-osteogenic effect

In parallel to adipogenic differentiation and conversion, inhibitor experiments were also carried out
for osteogenic set-ups deploying the same highly selective chemical inhibitors. The FGFR1 inhibitor
PD166866 completely rescued the negative effects of FGF1 on ECM mineralization during osteogenic
differentiation and conversion with high significance (Fig. 9.1 B, D). This suggested that FGFR1 was
the responsible receptor for signal transduction of the anti-osteogenic effect. Moreover, FGFR1 expres-
sion was only slightly downregulated during osteogenic differentiation and conversion (Fig. 9.6, 9.7)
while FGFR2 was strongly downregulated (Fig. 9.8, 9.9). Additionally, FGFR2 downregulation was
further negatively enhanced by FGF1 and FGF2 administration (Fig. 9.8, 9.9). These transcriptional
data also indicated that FGFR1 and not FGFR2 was crucial for signal mediation.

In line with my findings, FGFR1 was also found responsible for signal mediation when FGF1 was
administered to rat aortic smooth muscle cells in vitro, where the subsequent upregulation of OPN
mRNA and protein was attenuated by PD166866206. Moreover, the isoforms of FGFR2 were downreg-
ulated during osteogenic differentiation in mASCs141. In similar, FGFR2 was reported to be expressed
in proliferating osteo-progenitor cells in the fetal mouse cranial suture but was downregulated when
osteogenic differentiation was initiated229. Furthermore, the onset of differentiation was connected
to FGFR1 upregulation but this was reduced after differentiation proceeded, which is again in direct
agreement with my results.

As several studies indicated, FGFR1 and FGFR2 may have distinct roles concerning the differentiation
and proliferation of osteogenic cells, respectively. The conditional FGFR1 deletion in murine osteo-
chondro-progenitor cells increased cell proliferation while it delayed osteogenic differentiation (as
shown by the examination of osteogenic marker genes) and matrix mineralization230. Yet, FGFR1 inac-
tivation accelerated differentiation and mineralization in differentiated osteoblasts. Moreover, FGFR1
deficiency in vivo, either in progenitor cells or in differentiated osteoblasts, resulted in increased bone
mass in adult mice, suggesting that signaling through FGFR1 negatively controls osteoblast matura-
tion and bone formation in vivo230. Furthermore, FGFR1 signaling in osteoblasts might be necessary
to maintain the balance between bone formation and remodeling through a direct effect on the matu-
ration of osteoblasts230.

In marked contrast, the activating FGFR2 mutations causing craniosynostosis in humans were shown
to promote osteoblast differentiation via the upregulation of RUNX2 and osteogenic marker genes95,139.
The concept that constitutive activation of FGFR2 promotes osteoblast gene expression and bone for-
mation is further supported by recent studies featuring FGFR2 mutations in murine231,232 and human
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osteoblasts233,234. Furthermore, the conditional inactivation of FGFR2 in mice caused a reduced bone
density, a severely decreased proliferation of osteo-progenitor cells, and abnormal function of mature
osteoblasts235. Besides, the onset of ossification was delayed in Fgfr2c/ null mice236. In addition,
FGFR2 activity promoted osteogenic differentiation of murine mesenchymal C3H10T1/2 cells237.

In summary, these studies indicate that FGFR1 is responsible for the initiation of the osteogenic differ-
entiation yet negatively regulates the later differentiation state. Conversely, FGFR2 positively controls
osteoblast proliferation and bone formation. Taking into account our results, we conclude that FGFR1
is a key player of osteogenic differentiation in hBMSCs. Our findings display that its activation via
FGF1 (and most likely FGF2) negatively controls osteoblast differentiation of bone marrow precursor
cells as well as subsequent maturation and mineralization. Likewise, the osteogenic conversion of adi-
pogenic cells is impeded. The positive effects of FGF2 administration on bone formation reported by
other studies105–108,116 might probably be a result of FGFR2 activation, leading to increased prolifera-
tion of osteoblast progenitors and thereby indirectly promoting osteoblast differentiation. An increase
of the osteogenic differentiation capacity via generating a higher pool of osteo-progenitors might not
have been possible in our set-up since experiments were carried out with post-confluent monolayers.
Thus, FGF1 and FGF2 administration led to an increased FGFR1 activation and subsequent signal-
ing resulted in reduced osteogenic differentiation. Moreover, it seems likely that the ‘mesenchymal’
subtype of the FGFR1, isoform IIIc, is mainly responsible for signal transduction76–79.

Besides the responsible receptor, we deployed different inhibitors to investigate the crucial intracellu-
lar signaling cascades. The different concentrations of Calphostin C did not rescue the negative FGF1
effect on mineralization (Fig. 9.10 B, D, F). Hence, the PKC signaling cascade had no major role in
the intracellular mediation of the FGF1 signal in our system. Interestingly, the results of Lee et al.
suggested that PKC signaling might be a critical control point for the balance between osteogenesis
and adipogenesis238. When chemically inhibiting or genetically ablating PKCδ in hBMSCs, osteogenic
differentiation was significantly decreased while the adipogenic outcome was induced meanwhile.

However, this connection could not be verified in our system. Although the osteogenic differentia-
tion was reduced by PKC inhibitor addition, the adipogenic outcome was not increased. Besides, PKC
was responsible for the FGF2-induced RUNX2 expression in MC3T3-E1 pre-osteoblastic cells237,239,240.
Again, PKCδ seemed to be one of the key isoforms involved. In addition to the transcriptional upreg-
ulation of RUNX2, DNA-binding and transcriptional activity of the Runx2 protein were increased. In
contrast to PKC, MAPK inhibitors had no effect. These results suggest that the pro-osteogenic effect of
FGF2 that led to increased RUNX2 expression and was most probably mediated via FGFR2 (see above)
is further transduced by PKC signaling, i.e. PCKδ. In sharp contrast, the opposing anti-osteogenic ef-
fect described in the current study were not transduced via the PKC signaling cascade.

Moreover, JNK signaling was not responsible for the transduction of the FGF1 effects either. The
pharmacological inhibitor SP600125 did not alter the osteogenic outcome (Fig. 9.11 B). In contrast to
our findings, the JNK signaling pathway was found to be responsible for the anti-osteogenic effects
mediated by TAZ downregulation caused by FGF2 administration in the osteoblast-like MC3T3-E1
cell line221. As described previously, the TAZ functions as co-activator of RUNX2 and co-repressor
of PPARγ, thereby inducing osteoblast differentiation of mesenchymal precursor cells. The inhibiting
effect of FGF2 on bone mineralization and the TAZ reduction was blocked by a stress-activated protein
kinase (SAPK)/JNK-specific inhibitor in this study. Yet, the anti-osteogenic effects of the current study
based on primary human BMSCs were clearly mediated by an alternative pathway pointing at the
signaling complexity of FGF1 and FGF2.
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Furthermore, the experiments with the inhibitor SB203580 displayed that the p38-MAPK signaling
pathway also did not transduce the FGF1 effects on osteogenic differentiation (Fig. 9.12 B). Addition-
ally, our findings excluded that an involvement of the p38-MAPK was hidden by an alternative sig-
naling route via MEK1/2 and ERK1/2 (Fig. 9.13 B). Yet, the experiments using the MEK1/2 inhibitor
U0126 alone clearly displayed that the ERK1/2 pathway is crucial for the intracellular transduction of
the FGF1 signal that leads to the negative effects on osteogenic hBMSC differentiation and conversion
(Fig. 9.15 B, D).

Recent literature has repeatedly highlighted the involvement of the ERK1/2 pathway in FGF/FGFR
signaling in the course of osteogenesis before, both during pro- and anti-osteogenic effects. Interest-
ingly, ERK1/2 activation by FGF2 was reported to be essential for promoting the cell proliferation
in osteoblast precursor cells241. Moreover, when Xiao et al. described that FGF2 stimulated RUNX2
expression in MC3T3-E1 pre-osteoblastic cells and mouse BMSCs, they found that this induction was
transduced via ERK1/2 phosphorylation212. Accordingly, ERK-MAP kinase was phosphorylated by
activating FGFR2 mutations and resulted in increased transcriptional activity of Runx2, followed by
enhanced osteogenic marker gene expression, as shown in transgenic mice and a human craniosynos-
tosis patient231,233. In line, activating FGFR2 mutations promoted osteogenic differentiation in mes-
enchymal cells via ERK1/2 signaling237. Taken together, the ERK1/2 signaling cascade may probably
transduce the pro-osteogenic effect of FGF2 that is linked to the activation of the FGFR2. However,
apart from this positive impact on bone formation that contradicts our findings, literature also pro-
vides evidence for a connection between ERK1/2 and the anti-osteogenic effects of FGFs on osteo-
genesis. Such connections may, however, be different in vitro and in vivo, given that e.g. mechanical
strain and fluid flow further induce ERK1/2 phosphorylation and consecutive osteogenic differentia-
tion242,243. Hence, it might be possible that FGF1/2 signaling prepares the cells for rapid osteogenic
commitment and differentiation under appropriate conditions such as mechanical strain.

In agreement with my findings, FGF1 administration stimulated OPN mRNA and protein expression
in rat aortic smooth muscle cells206. This transcriptional alteration was transduced via MEK/MAP
kinases. Moreover, FGF2 stimulated the expression of the osteocyte-specific marker dentin matrix
acidic phospho-protein 1 (DMP1) while ERK1/2 inhibition or ablation blocked both basal DMP1 ex-
pression and its FGF2-induced induction204. In line, FGF2 administration inhibited the osteogenic
differentiation of stem cells from human exfoliated deciduous teeth via ERK signaling244. Similarly,
FGF1 inhibited osteoblast differentiation via activating ERK1/2 signaling in the osteoblastic cell lines
OB1 and OB5 as well as in primary mouse calvarial osteoblasts245. Interestingly, the ERK1/2 acti-
vation by FGF2 treatment led to the inhibition of Wnt/β-catenin signaling, which probably caused
the osteogenic differentiation deficiency244, whereas phosphoinositide 3-kinase (PI3K)-Akt signaling,
which was involved in promoting osteoblast differentiation, was induced by Wnt signals and itself
increased the levels of stabilized β-catenin245. These results hint at an involvement of the Wnt/β-
catenin pathway also in our system. Near identical with our results, FGF2 inhibited the osteoblastic
differentiation of hBMSCs as well as the upregulation of BMPs and BMPR via the ERK1/2 signaling
cascade224.

To sum up, several studies described the involvement of ERK1/2 signaling in the anti-osteogenic ef-
fects of FGF1 and FGF2. Our results verified this finding for primary hBMSCs and clearly connected it
to the activation of FGFR1. Besides, the contribution of ERK1/2 to the pro-osteogenic effects caused by
FGFR2 activating mutations highlights the complexity of underlying signaling pathways. Moreover,
it has to be taken into account that the ERK1/2 activation might be time-dependent since an inhibition
of ERK1/2 by FGF2 has been reported in murine MSCs246.
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12.7 Summary osteogenic differentiation and conversion

Taken together, the culture in the presence of FGF1 and FGF2 reduced the osteogenic differentiation
of trabecular hBMSCs as well as the osteogenic conversion of adipogenically pre-differentiated cells.
Interestingly, all stages of osteogenesis were impeded, starting at the initiation of commitment with
downregulated expression of the osteogenic master transcription factor RUNX2 (Fig. 12.1). Its pos-
itive feedback loop with BMP4 was further impaired by the additional downregulation of this early
osteogenic key marker. Most probably, these effects led to the downregulation of the downstream
markers ALP and COL1A1, thereby strongly impeding ECM formation, as COL1A1 is the major ma-
trix protein, and ECM mineralization, since ALP is known to drive hydroxyapatite formation through
the cleavage of the mineralization inhibitor PPi.

Furthermore, the expression of IBSP, another organic matrix component, was markedly downregu-
lated, whereas OC was upregulated only slightly and time-dependently. Moreover, factors known
to negatively control ECM mineralization either by enhancing extracellular PPi levels (ANKH) or by
inhibiting hydroxyapatite formation (OPN) were upregulated. OPN upregulation seemed to be rather
donor-dependently. Yet, as inhibitor experiments with Probenecid revealed, the negative effects of
ANKH upregulation seemed to be overridden by a decreased expression of ENPP1, which is respon-
sible for PPi production.

The effects of FGF1 were transduced via FGFR1 and intracellularly mediated via ERK1/2 signaling, as
were the anti-adipogenic effects described before. Our results underlined that FGFR1 negatively con-
trols osteoblast differentiation of precursor cells as well as subsequent maturation and mineralization.
This is in line with recent literature indicating that the pro-osteogenic effects of FGF2 are mediated
via the activation of the alternative receptor FGFR2. In contrast, FGFR1 was suggested to exhibit
negative effects on osteogenic differentiation97, which was confirmed by our findings. The activa-
tion of ERK1/2 signaling was described to impede osteogenic differentiation before and may involve
inactivation of Wnt/β-catenin signaling as reported for stem cells from human exfoliated deciduous
teeth244. In conclusion, FGF1 and FGF2 did not support osteogenic lineage decisions or fate switching
in our study. They rather entrapped trabecular hBMSCs in a pre-committed state since already the
very earliest markers of commitment and/or differentiation like RUNX2 and PPARγ2 for osteogenic
and adipogenic commitment, respectively, were downregulated. Additionally, the fact that pharma-
cological inhibition of ANKH PPi transport activity could not rescue the anti-mineralizing phenotype
further supports an early phase impairment of osteogenic differentiation that impedes the following
steps of osteogenesis.
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IV Discussion

Figure 12.1: FGF1 signal transduction during osteogenic differentiation and conversion. The reducing effect
on osteogenesis is mediated via the FGF receptor (FGFR) 1. Upon ligand binding, two FGFR1, two
FGF1, and two heparin molecules form the tertiary complex leading to FGFR1 dimerization and
trans-phosphorylation of tyrosine residues. In consequence, the adaptor protein FGFR substrate
(FRS) 2α is phosphorylated and recruits the FRS2 complex. The signal is further transduced via the
MEK1/2 and ERK1/2 pathway, which are probably activated via Ras/MAPK signaling. This re-
sults in specific alterations of osteogenic gene expression with downregulation of the master tran-
scription factor RUNX2 and the early osteogenic markers BMP4 and ALP. This impedes the posi-
tive feedback loop between RUNX2 and BMP4. In addition, the promoter activation of ALP and
COL1A1 via Runx2 is diminished and ALP is markedly downregulated in consequence. Moreover,
the expression of the bone matrix proteins COL1A1 and IBSP is downregulated, impeding the for-
mation of ECM and osteoid. OC is slightly upregulated in a time-dependent way. ANKH expres-
sion is increased, but its effect on ECM mineralization by probably increasing extracellular levels of
the mineralization inhibitor PPi seems to be overridden by the decreased ENPP1 transcription. The
mildly increased OPN expression may further contribute to decreased ECM mineralization. Figure
in part adapted from Servier Medical Art (http://www.servier.com/Powerpoint-image-bank).
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13 Conclusions
When evaluating the results with regard to exercising control on the inverse adipogenic and osteogenic
processes, we conclude from the current study that neither FGF1 nor its subfamily member FGF2
were able to shift hBMSC differentiation or conversion in favor of osteogenesis. They rather inhib-
ited adipogenic and osteogenic differentiation and conversion completely (adipogenic) or at least in
part (osteogenic). In consequence, the benefit for a potential osteoporosis therapy and prevention,
which would be based on preventing the preferential adipogenic differentiation and on increasing
osteoblastogenesis at the costs of adipogenesis, would be limited. The downstream targets of FGF sig-
naling like FGFR1, ERK1/2, and others could not represent a pharmaceutical target for active hBMSC
lineage shifting towards osteogenesis.

However, our study clearly displayed that FGF1 and FGF2 as well as the elucidated downstream
signaling molecules were involved in the highly effective inhibition of the adipogenesis of undiffer-
entiated trabecular hBMSCs and pre-differentiated osteoblastic cells. Hence, these agents could be
applied to potently prevent unwanted adipogenesis in vitro. Moreover, if there may be a stabilizing
effect that both synchronizes and enhances incoming early and late osteogenic signals remains to be
demonstrated. In addition, our results might aid in finding a pharmacological control point to elim-
inate the increased adipogenic differentiation and conversion as potential cause of fat accumulation
and decreased osteoblastogenesis in bone marrow during aging and especially osteoporosis.

Since the earliest genes of adipogenic as well as osteogenic commitment and differentiation were
markedly downregulated by FGF1 and FGF2, we conclude that hBMSCs were entrapped in a state
prior to commitment. As hBMSCs depict a tool for tissue engineering approaches, these agents could
be deployed in vitro to enrich for and maintain a population of osteoblastic progenitor cells at a defined
stage prior to differentiation.
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The current study clearly demonstrated the prevention of adipogenic as well as the reduction of os-
teogenic differentiation and conversion processes and elucidated underlying signaling mechanisms.
The signaling pathway/s underlying the anti-adipogenic effect of FGF1 and FGF2 on adipogenic con-
version could be further investigated by performing additional experiments deploying chemical in-
hibitors. In addition, the connection of the obtained results to the field of Wnt/β-catenin signaling
would be of interest. It is well known that the activation of Wnt/β-catenin is crucial for osteoblastic
differentiation32. Therefore, we would hypothesize that FGF1 and FGF2 might inhibit Wnt signaling,
either by downregulating drivers like Wnt5a or by upregulating pathway inhibitors like members
of the dickkopf (DKK) protein family or the soluble frizzled-related protein 1 (SFRP1). Since qPCR
primers for different members of the Wnt pathway were established during my thesis, it would be
feasible to examine the course of Wnt protein and inhibitor expression throughout osteogenic differ-
entiation and conversion.

Moreover, the impact of exogenous FGF1 and FGF2 administration on the endogenously expressed
amounts of these growth factors could be examined. Previously, Hutley and colleagues found a con-
nection between FGF1 addition and a diminished FGF2 mRNA and protein expression that was crucial
for the observed FGF1 effects on adipogenic hPA differentiation171. Hence, the investigation of the ex-
ogenous expression of FGF1 and FGF2 during adipogenesis and also osteogenesis in our system could
reveal similar impacts, giving insight into the paracrine interplay of FGF signaling. This would be of
particular interest since such connections have not been described for osteogenic differentiation, yet.

Apart from the canonical FGF1 and FGF2, it would be of particular interest to broaden the scope of
the study towards hormonal FGFs like FGF23 and its co-receptor Klotho. FGF23 is secreted mostly
be mature osteoblasts and osteocytes and is known to regulate the systemic mineral metabolism by
inhibiting renal tubular phosphate reabsorption and suppressing circulating vitamin D3 and PTH
levels49. FGF23 was shown to signal via FGFR1(IIIc) after this canonical FGF receptor was directly
converted into the FGF23 receptor by Klotho, which is expressed in the distal tubules of the kidney247.
Linking and expanding our findings towards this hormonal FGF might be of special clinical interest
since elevated serum levels of FGF23 were found in patients with the chronic kidney disease-mineral
and bone disorder (CKD-MBD)248. This disorder increases the risk of fractures by weakening and
thinning of the bone and is a common problem in people with kidney disease affecting almost all
patients receiving dialysis249. Serum FGF23 concentrations were shown to predict mortality not only
among patients receiving dialysis but also among pre-dialysis CKD patients248. In addition, they may
play a critical role in the bone metabolism in these patients via systemic as well as direct effects on
mineralization250.

Interestingly, an impact of FGF23 on lineage fate determination has been shown before in BMSCs from
Klotho deficient mice251. Klotho-/- BMSCs developed fewer osteoblastic but more adipocytic colonies
than wildtype cells, which stands in line with earlier findings linking Klotho mutations to aging and
bone loss252,253. In murine C3H10T1/2 cells, Klotho was weakly expressed and FGF23 affected the
lineage decision dose-dependently251. Moreover, a combination of FGF23 and Klotho reduced the
osteogenic differentiation of MC3T3-E1 cells including matrix mineralization, ALP activity, and os-
teogenic markers254. Similar to my results, these effects were mediated via the FGFR1 and MEK/ERK
signaling. Furthermore, an interplay between the canonical and hormonal FGFs has been established
since FGF23 upregulation increased the gene expression of FGF1 and FGF2255 and FGF23 promoter
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activity was stimulated by FGF1 and FGF2256. In addition, Klotho specifies FGFR1(IIIc) for FGF23
binding, hence impeding the interaction and subsequent signal transduction of this receptor with
other ligands like canonical FGFs. Further analysis could reveal a new connection between FGF23-
Klotho-FGFR1(IIIc) signaling and the FGF1/2-FGFR1-ERK1/2 axis elucidated in the current study,
thereby linking the hormonal FGF23 to the described effects on adipogenic and osteogenic hBMSC
differentiation and conversion.
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