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Abstract

Abstract

Bone Morphogenetic Proteins (BMPS) play a critical role in bone formation. The non-viral
delivery of BMP genes can significantly increase the osteogenic potential of human mesen-
chymal stem cells (hMSCs). The development of non-viral transposon technology, particu-
larly the Sleeping Beauty (SB) transposon system, offers an efficient nuclear integration of

recombinant genes and could revolutionize future clinical trials.

In this study, we utilized the SB transposon system to generate transgenic hMSCs overex-
pressing BMP-6 and BMP-2/6 genes. We analyzed the transfection efficiency and overex-
pression of BMP genes at both the mRNA and protein levels using FACS, RT-PCR, West-
ern blot, and ELISA. We also evaluated the biochemical properties of recombinant BMPs

and their intrinsic capacity for transcriptional activity using a luciferase cell reporter assay.

Furthermore, our goal was to characterize and differentiate these transfected cells with var-
ious other BMP overexpressing hMSCs in distinct tissues, to emphasize our hypothesis that
SB transposon-derived BMP overexpressing hMSCs harbor an enhanced osteogenic ca-
pacity in vitro. Additionally, we sought to determine the biological superiority of recombinant
heterodimeric BMPs over homodimers. To achieve this, we conducted a comparative anal-
ysis of the osteogenic potential of heterodimeric BMP-2/6, BMP-2/7, and BMP-4/7 overex-
pressing hMSCs with homodimeric BMP-2, BMP-4, and BMP-6 in cell culture experiments.

Our in vitro findings revealed that the overexpression of SB-derived BMPs results in hMSCs
exhibiting greater osteogenic potential compared to control hMSCs. Specifically, we found
that the heterodimeric BMPs exhibited superior osteogenic potential and upregulation of
osteogenic markers. Furthermore, results from Western blot indicated that heterodimeric
BMPs showed superiority over homodimers by enhancing BMP signaling pathways. Addi-
tionally, some BMPs effectively influenced the adipogenic potential of h(MSCs compared to

the control.

This study offers an innovative approach for bone regeneration using non-viral delivery of
BMP overexpressing hMSCs, which could potentially offer an effective solution for challeng-

ing conditions.



Zusammenfassung

Zusammenfassung

Knochenmorphogenetische Proteine (BMPs) spielen eine entscheidende Rolle bei der
Knochenbildung. Der nicht-virale Gentransfer von BMP-Genen kann das osteogene
Potenzial humaner mesenchymaler Stammzellen (hMSCs) erheblich steigern. Die
Entwicklung der nicht-viralen Transposontechnologie, insbesondere des Sleeping Beauty
(SB) Transposonsystems, bietet eine effiziente nukleare Integration rekombinanter Gene
und kdnnte zuklnftige klinische Studien revolutionieren. In dieser Studie verwendeten wir
das SB Transposon System, um transgene hMSCs zu generieren, die die Gene BMP-6

und BMP-2/6 Gberexprimieren.

Wir analysierten die Transfektionseffizienz und die Uberexpression von BMP-Genen
sowohl auf mRNA als auch auf Proteinebene mithilfe von Methoden wie FACS, RT-PCR,
Western Blot und ELISA. Aul3erdem haben wir die biochemischen Eigenschaften von
rekombinanten BMPs und deren intrinsische Fahigkeit zur Transkriptionsaktivitat mittels
eines Luciferase Zellreporter Assays bewertet. Unser Ziel war es, diese transfizierten Zellen
mit verschiedenen BMP-uberexprimierenden hMSCs in verschiedenen Geweben zu
charakterisieren und zu differenzieren, um unsere Hypothese zu unterstiitzen, dass SB
Transposon abgeleitete BMP-lUiberexprimierende hMSCs in vitro eine erhdhte osteogene
Kapazitat aufweisen. AuRerdem sollte die biologische Uberlegenheit rekombinanter

heterodimerer BMPs gegentiber Homodimeren bestimmt werden.

Um dieses Ziel zu erreichen, haben wir in Zellkulturexperimenten das osteogene Potenzial
von hMSCs, die heterodimere BMP-2/6, BMP-2/7 und BMP-4/7 Uberexprimieren, mit
hMSCs, die homodimere BMP-2, BMP-4 und BMP-6 Uberexprimieren verglichen. Unsere
in vitro Ergebnisse zeigten, dass die Uberexpression von SB-abgeleiteten BMPs dazu fiihrt,
dass hMSCs ein groReres osteogenes Potenzial besitzen als Kontroll-hMSCs. Wir stellten
fest, dass insbesondere die heterodimeren BMPs ein hdheres osteogenes Potenzial und
eine Hochregulierung osteogener Marker aufweisen. Die Ergebnisse des Western Blot
zeigten zudem, dass heterodimere BMPs Homodimeren uberlegen waren, indem sie die
BMP-Signalwege verstarkten. Darlber hinaus beeinflussten einige BMPs effektiv das

adipogene Potenzial von hMSCs im Vergleich zur Kontrolle.



Zusammenfassung

Diese Studie prasentiert einen neuartigen Ansatz zur Regeneration von Knochen durch
nicht-virale Herstellung von BMP-Uberexprimierenden hMSCs, welche mdglicherweise eine
effektive Losung fur schwerwiegende Bedingungen bieten kann.
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Introduction

Chapter 1

1. Introduction

Fracture healing is a physiologic process that follows a standardized course. However,
approximately 5% to 10% of fractures demonstrate impaired healing, leading to poten-
tial complications such as segmental bone loss, delayed union, or pseudoarthrosis,
resulting in a significant increase in morbidity and mortality (Einhorn, 1996; Calori et
al., 2007; Annamalaia et al., 2019). Osteoporotic fractures are frequently associated
with a complicated healing course, such as immobility, thrombosis, pulmonary embo-
lism, and pneumonia. This places a significant burden on the healthcare system. The
aging population, increasing incidence, and consequent rise in costs of osteoporotic
complications, necessitate the implementation of interventions to mitigate this trend
(Burge et al., 2007; Hernlund et al., 2013; Bocker et al., 2022; Bormann et al., 2023).

The treatment of complicated non-union fractures currently relies on autologous bone
grafts and alternative materials such as metals and ceramics. Historically, various ar-
tificial bone synthesis materials have been utilized for bone reconstruction. However,
certain issues have arisen with their use, including the possible immune response trig-
gered by metallic atoms, which can lead to pathological inflammation. These materials
frequently lack the ability to vascularize and integrate the fracture. Furthermore, the
high stiffness of the materials used in osteosynthesis may result in stress shielding of
the bone, which can cause osteopenia, weakening, and structural failure of the implant
(Konttinen et al., 2s005; Schemitsch, 2017; Koons, Diba and Mikos, 2020).

Autografts derived from the patient’s own body remain the gold standard for the treat-
ment of bone defects, as they provide a powerful source of osteogenic stem cells and
osteoinductive factors essential for bone regeneration (Salgado, Coutinho and Reis,
2004; Rupp et al., 2021; Schmidt, 2021). Despite their efficacy, the shortage of availa-
ble grafting materials and the accompanying local site morbidity remain the major chal-
lenges. Recent advances in regenerative medicine offer promising alternatives to ad-
dress issues related to bone reconstruction (Kneser et al., 2006; Henkel et al., 2013;
Campana et al., 2014; Bohner and Miron, 2019).
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Mesenchymal stem cells (MSCs) harbor immense therapeutic potential within the
realm of orthopedic procedures, particularly in the treatment of osteoporotic fractures,
which primarily affect elderly patients. In such patients, autografts may have lost their
regenerative potential due to the disease itself, a decrease in mesenchymal stem cell
titers, or the onset of cellular senescence (Caplan, 2007; Shekaran and Garcia, 2011;
Liu et al., 2017). A promising therapeutic approach for such situations is the combina-
tion of osteoinductive factors with mesenchymal stem cells. However, without con-
trolled release mechanisms, these factors are generally rapidly released and degraded
in the environment. An improved solution could be genetically modified stem cells, ca-
pable of stably overexpressing these osteoinductive cytokines, which are typically quite
unstable and easily degraded in the environment (Rose, Kucharski and Uludag, 2012;
Koons, Diba and Mikos, 2020).

Genetically modified stem cells are characterized by controlled action and response to
the host tissue environment, leading to ultimate tissue regeneration and replacement.
The Sleeping Beauty transposon system represents a viable option for the delivery of
osteogenic genes into cells. Combined with the advantages of non-viral vectors, this
system, with a lower immunogenicity and safety profile, ensures a sustained release
of osteogenic factors, resulting in prolonged bioactivity and bioavailability and in-
creased efficacy of osteoinduction (Skipper et al., 2013; Kebriaei et al., 2017; Hudecek
and lvics, 2018).

The overexpression of Bone Morphogenetic Proteins (BMPs) has already been shown
to have osteoinductive potential in mesenchymal stem cells. BMP-2 and BMP-7 have
been approved by the FDA for multiple applications to support bone formation (Burkus
et al., 2003; McKay and et al, 2007; Boerckel et al., 2011; Bohner and Miron, 2019).
MSCs overexpressing BMPs could lead to enhanced bone healing and complete bridg-
ing of the bone defect cavity. Together with the multipotential differentiation capacity
of MSCs, BMP overexpressing MSCs are a promising source for bone tissue engineer-

ing applications and cell-based therapies (Luo et al., 2005; Annamalaia et al., 2019).

1.1. Bone composition
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As the rigid body tissue that forms the vertebrate skeleton, bone plays a vital role in
providing mobility, storing minerals, and producing blood cells. It is composed of an
extracellular matrix and specialized cells that are responsible for its production and
maintenance. The bone matrix consists of approximately 35% organic matter and 65%
inorganic components (Kumar et al., 2017). Osteoblasts produce an organic matrix
and control the mineralization process within the matrix (Clarke, 2008). The organic
matrix, or ossein, comprises mainly elastic type | collagen fibers, which provide bone
with its tensile strength, and minor type V collagen fibers (Franz-Odendaal, Hall and
Witten, 2006; Boskey, 2013). Additionally, the organic extracellular matrix includes an
amorphous ground substance containing chondroitin and keratan sulfates and hyalu-
ronic acid, as well as glycoproteins such as osteocalcin, osteopontin, and bone sialo-
protein. The inorganic constituent of bone contributes to its hardness. The major inor-
ganic component of human bone is hydroxyapatite (Caio(PO4)s(OH)2), which gives
bone its hardness and acts as a reservoir for 99% of the body's calcium and 85% of its
phosphorus. In addition, bone harbors notable quantities of bicarbonate, citrate, mag-
nesium, and sodium ions, which contribute to its overall structural integrity. This com-
position gives bone resistance to bending stresses, enabling its role in maintaining
skeletal integrity and supporting physiological functions (Boskey, 2013; Leslie
P.Gartner and James L. Hiatt, 2018; Annamalaia et al., 2019).

The cells found in bone tissues originate from two cell lineages: mesenchymal and hema-
topoietic. Bone tissue contains three major cell types: bone-forming osteoblasts and osteo-
cytes, and bone-resorbing osteoclasts (Buckwalter et al., 1996). Osteoblasts are derived
from immature mesenchymal stem cells. They have a remarkable capacity for sustained
production of bone matrix. This continuous production of bone matrix persists until the os-
teoblasts become embedded in the newly formed matrix and undergo differentiation into
osteocytes (Pittenger et al., 1999; Alhadlaq and Mao, 2004; Franz-Odendaal, Hall and
Witten, 2006). Osteoclasts are multinucleated phagocytic cells that resorb bone to maintain
bone turnover by breaking down old bone tissue (Boyle, Simonet and Lacey, 2003; Kang et
al., 2004). Bone tissue is highly dynamic and has the unique ability to heal and undergo
continuous remodeling through the balanced activity of osteoclasts and osteoblasts. Bone
tissue can also mobilize stored minerals as needed for metabolic demands (Salgado,
Coutinho and Reis, 2004; Henkel et al., 2013).
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1.1.1. Regeneration mechanisms of bone tissue

Bone is formed either by subsequent ossification of cartilage (endochondral ossification) or
by desmal ossification (intramembranous ossification). Endochondral ossification takes
place in long bones where undifferentiated MSCs form a cartilage framework that calcifies
and is eventually replaced by bone. Flat bones such as the skull are formed by desmal
ossification, in which MSCs directly differentiate into osteoblasts and produce osteoid (un-
mineralized bone matrix) that gradually calcifies (Olsen, Reginato and Wang, 2000; Downey
and Siegel, 2006; Berendsen and Olsen, 2015; Salhotra et al., 2020).

In the event of a fracture, the healing process is initiated and involves several stages. It
begins with hematoma formation, followed by inflammation, a fibrovascular phase, bone
formation, and finally bone remodeling (Hollinger and Wong, 1996; Marsell and Einhorn,
2011; Bahney et al., 2019). The hematoma in the fracture gap provides a fibrin mesh and
creates a scaffold for the increased presence of inflammatory cells (Fig. 1). The immune
cells and MSCs are activated and recruited to the site of injury by the release of inflammatory
cytokines and osteogenic substances (Dimitriou et al., 2005; Einhorn and Gerstenfeld,
2015).

MSCs Progenitor ~ Osteoclast
Osteoprogenitors cell precursor

PDGF l @

o TGF-B
FGF
Inﬂamatory G Mature
cells Q Osteocytes Chondrocyte

osteoclast
- o o - ” N .

& P AG
Platelets ) S

Figure 1 Schematic illustration of hematoma organization during fracture heal-
ing.
Fracture healing begins with hematoma formation, followed by differentiation of progenitor

cells into osteoclasts, osteoblasts, and chondrocytes. Modified and adapted from (Kumar et al.,
2017; Tang et al., 2018).
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There are two major types of osteoinductive substances: the peptide molecules, also re-
ferred to as growth factors, and the immunomodulatory cytokines (Einhorn, 1996). Exam-
ples of growth factors include fibroblast growth factors (FGFs), insulin-like growth factors |
and Il (IGF /), transforming growth factor-B (TGF-B), platelet-derived growth factors
(PDGF), and epidermal growth factor (EGF). Osteoinductive cytokines, on the other hand
include interleukin-1, interleukin-6, and tumor necrosis factor-alpha (TNF-a) (Salgado,
Coutinho and Reis, 2004; Shekaran and Garcia, 2011; Henkel et al., 2013).

During the fibrovascular phase, vascular endothelial growth factor (VEGF) and hypoxia in-
ducible factor-1a (HIF-1a) are considered key regulators of vasculogenesis and angiogen-
esis. This process is essential to provide oxygen, nutrients, and cells for bone repair. Several
other growth factors are involved in this phase, including BMPs, PDGF, and FGF. These
factors may also regulate cell proliferation, differentiation, and extracellular matrix synthesis
during fracture repair (Reddi, 1992; Luo, Sun and et al, 2005; Shekaran and Garcia, 2011,
Wang et al., 2014; Huang et al., 2020; Koons, Diba and Mikos, 2020).

The bone formation phase includes both intramembranous and endochondral ossification.
Progenitor cells differentiate into chondroblasts between the fracture ends, resulting in the
formation of a fibrocartilaginous bridging area, a mass of predominantly uncalcified tissue -
called soft callus. This process occurs within the first 7-10 days. This mass consists mainly
of type Il procollagen and proteoglycans. Simultaneously, subperiosteal intramembranous
ossification takes place adjacent to the fracture ends. Eventually, the soft callus is remod-
eled into a hard callus over the course of several weeks (Kraus and Kirker-Head, 2006;
Marsell and Einhorn, 2011; Bahney et al., 2019).

Subsequently, the final phase of bony callus formation, known as bone remodeling occurs,
where the coordinated activity of osteoclasts and osteoblasts fully restores the structure and
shape of the bone (Dimitriou et al., 2005; Bahney et al., 2019; Rather et al., 2019).

1.1.2. Main principles of bone turnover

The process of bone turnover, also known as bone remodeling, is primarily controlled by
the OPG/RANK/RANKL pathway. This pathway involves three cytokines, transmembrane
receptor activator of NF-kB (RANK), RANK ligand (RANKL), and osteoprotegerin (OPG).

RANKL proteins, both soluble and membrane-bound, are secreted by various cell types,

5



Introduction

including osteoblasts. These proteins bind to the transmembrane RANK receptor located

on the surface of osteoclasts and their progenitors. This stimulates osteoclast differentiation,

activation, and survival (Theoleyre et al., 2004; Yamaguchi, 2009; Marsell and Einhorn,

2011; Lacey et al., 2012). OPG, which is also produced by osteoblasts, can inhibit osteo-

clastogenesis and survival by blocking the interaction of RANKL with RANK (Theoleyre et
al., 2004). The RANKL/OPG ratio is the main balancing factor for bone remodeling (Fig. 2).

Several factors influence the RANKL/OPG ratio, including sex hormones, vitamin D, BMPs,

parathyroid hormone (PTH), inflammatory cytokines such as interleukin-6 (IL-6), and gluco-

corticoids. BMPs and sex hormones have a positive effect on RANKL-mediated osteoclast
differentiation (Wu, Chen and Li, 2016; Kumar et al., 2017; Tang et al., 2018).

Osteoblast

M-CSF-

M-C?F !(r?r’:&ts‘RANK/RANKL
receplor interaction

receptor

Osteoclast
precursor

Mature osteoclast

Figure 2 Schematic illustra-
tion of the bone remodel-
ing mechanism.

Paracrine regulation of osteoclast
differentiation, as a primary bone
remodeling mechanism. Stimula-
tion of osteoclastogenesis is medi-
ated by the interaction of RANKL
and M-CSF on the surface of oste-
oblasts with RANK and M-CSF-re-
ceptors on osteoclast precursors.
Osteoblasts also produce osteo-
protegerin (OPG), which blocks
RANK/RANKL interaction and thus
osteoclast maturation. Modified
and adapted from (Kumar et al.,
2017; Tang et al., 2018).
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1.1.3. The role of mesenchymal stem cells (MSCs) in bone re-
generation

MSCs, derived from the mesodermal germ layer, are powerful multipotent progenitor cells
that play a critical role in bone formation and repair. These cells remain undifferentiated until
stimulated to divide and differentiate into one or a few lineages. MSCs are primarily derived
from the cambium layer of the periosteum or bone marrow and reside in the stem cell niche
of bone, which provides an optimal microenvironment for their existence (Buckwalter et al.,
1996; Sell, 2013; Tang et al., 2018).

Essential capacities that characterize MSCs are their ability to differentiate into distinct end-
stage cell types. In addition, MSCs secrete a broad spectrum of bioactive factors that stim-
ulate progenitor cell proliferation, induce angiogenesis, and create a regenerative microen-
vironment within injured tissues (Pittenger et al., 1999; Tsutsumi et al., 2001; Alhadlaq and
Mao, 2004; Caplan, 2007).

When a bone fractures, the integrity of the matrix is disrupted, resulting in hemorrhage. In
response to the acute inflammation of the injury, the migration of MSCs is induced. These
cells differentiate into osteoprogenitors, then into pre-osteoblasts, mature osteoblasts, and
finally into osteocytes (Yoo and Johnstone, 1998; Kraus and Kirker-Head, 2006; Caplan,
2007). This multi-step process is mainly orchestrated by the Runx-2 transcription factor,
which plays a crucial role in the expression of osteoblast-specific genes (Long, 2012). Runx-
2 binds to the promoters of osteogenic genes, such as osteocalcin (OCN), collagen alpha-
1(I) (COL1A1), bone sialoprotein (BSP), and osteopontin (OPN). The transcription factors
Runx-2 and Osterix can be upregulated in progenitor cells upon exposure to osteogenic
growth factors, like BMPs (Ducy et al., 1997; Zhou et al., 2016; Bahney et al., 2019). Mature
osteoblasts produce a non-mineralized bone matrix, osteoid. The enzyme alkaline phos-
phatase (ALP) is critical for the ossification process. It promotes the deposition of collagen
fibrils along with calcium and phosphate, thereby promoting the mineralization of the matrix
(Birmingham et al., 2012; Koons, Diba and Mikos, 2020). Once the osteoid is mineralized,
osteoblasts become trapped in the bone lacunes as osteocytes or undergo apoptosis
(Shekaran and Garcia, 2011).

The diminished number of MSCs as a result of aging is the leading factor responsible for
impaired cell migration, proliferation, and differentiation, resulting in abnormalities in callus

formation at the fracture site (Caplan, 2007). Furthermore, osteoblasts exhibit decreased
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responses to growth factors compared to younger individuals, which ultimately culminates
in reduced bone regeneration rates - the principal pathological factor in low-turnover osteo-
porosis. Low-turnover osteoporosis, sometimes referred to as inactive osteoporosis, is char-
acterized by normal osteoclast activity but inadequate bone formation by osteoblasts. The
elderly population, or individuals with chronic ilinesses (e.g., diabetes mellitus, chronic kid-
ney disease), commonly experience low-turnover osteoporosis. In contrast, high-turnover
osteoporosis is the consequence of accelerated bone resorption by osteoclasts which sur-
passes the osteoblasts’ capacity to generate new bone and also results in a significant loss
of bone mass (Bouillon, 1992; Boskey, A. L. West, 2005; Boskey, 2013; Kumar et al., 2017,
Annamalaia et al., 2019; Hsu, Chen and Chen, 2020).

1.2.1. Bone Morphogenetic Proteins (BMPs) are members of the
TGF- B superfamily

Bone Morphogenetic Proteins (BMPs) are a group of growth factors initially identified for
their osteogenic properties. However, they are now known to have versatile roles in verte-
brate tissues (Urist and McLean, 1965; Bragdon et al., 2011; Wang et al., 2014). BMPs
are members of the transforming growth factor B (TGF-B) superfamily, a large group
of regulatory polypeptides. Nowadays, more than 20 members of the BMP superfamily

are known (Horbelt, Denkis and Knaus, 2012).

Some BMPs, including BMP-2, -4, -6, -7, and -9, are recognized for their osteogenic
capacity (Wang et al., 2014). Diverse studies have demonstrated the significant poten-
tial of recombinant human BMP-2 (rhBMP-2) and rhBMP-7 to promote endochondral
bone formation. They are used in various therapeutic clinical trials such as bone defect
reconstruction in non-union fractures, spinal fusion, open tibial fractures, osteoporotic
fractures, and root canal surgery (as described below) (Friedlaender et al., 2001,
Burkus et al., 2002; McKay and et al, 2007; Ghodadra and Singh, 2008; Kohan et al.,
2013). The off-label use of rhBMP-2 has been shown to improve healing and reduce
morbidity in studies of cleft lip repair, compared to the traditional bone graft-only repair
technique (Allareddy et al., 2012).

The name bone morphogenetic protein is misleading because these proteins engage

in broad biological processes beyond bone formation. In vertebrates, BMPs are ac-
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tively involved in the genesis of almost all organs and tissues (Hogan, 1996). Disrup-
tions in BMP signaling during embryogenesis can cause severe pathological changes
that may be incompatible with life (Yamaguchi, Komori and Suda, 2000; Butler and
Dodd, 2003; Du, Xiao and Yip, 2010; Sell, 2013). In the adult organism, BMPs are
primarily expressed during the early phase of fracture healing (Salgado, Coutinho and
Reis, 2004). Furthermore, BMPs influence the entire panoply of human health condi-
tions such as cancer, osteogenic, cardiovascular, reproductive, renal and pulmonary
diseases (Hogan, 1996; Shimasaki et al., 2004; Horbelt, Denkis and Knaus, 2012).
Mutations in BMP receptors lead to impaired bone formation (Zhao et al., 2002). For
example, the ACVR1 (ALK2) BMP receptor is involved in the pathology of a rare dis-
ease, fibrodysplasia ossificans progressiva (FOP), which is characterized by the for-
mation of heterotopic ossifications (Gannon et al., 1997; Chen, Zhao and Mundy,
2004). A mutation in BMPR1B is associated with brachydactyly type A2 with hypo-
plasia or aplasia of the distal and middle phalanges of the index finger and sometimes
the little finger (Kjaer et al., 2006). In addition to skeletal disorders, primary pulmonary
hypertension develops on the basis of mutations in the BMPRII receptor (Miyazono,

Kamiya and Morikawa, 2010).

The BMPs are divided into numerous subgroups based on their amino acid sequence
similarities, such as BMP-2 and -4, BMP-5 to -8, and BMP-9 and -10 together. For
instance, BMP-2 and BMP-4 share up to 80% homology in their amino acid-specific
sequences, whereas BMP-6 and BMP-7 share 78% homology (Lavery et al., 2008;
Carreira et al., 2014).
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1.2.2. BMP cell signaling pathways

Cell signaling pathways are essential in regulating the function of numerous cellular pro-
cesses, including cell differentiation and proliferation. BMPs exert their signals via two TGF-
B receptors, type | and type Il transmembrane receptors located on the cell surface
(Kawabata, Imamura and Kohei, 1998; Valera et al., 2010). These receptors possess ser-
ine/threonine kinase activity that induces the phosphorylation of downstream cytoplasmic
transcription factors, thereby activating the BMP-canonical (SMAD) and non-canonical
(MAPK/ERK) signaling pathways (Massague, 1998; Chubinskaya et al., 2000; Yamaguchi,
Komori and Suda, 2000; Xiao et al., 2002; Botchkarev, 2003; Kumar et al., 2017).

Different homodimeric BMP ligands exhibit different affinities for each type of receptor. For
instance, BMP-2 and BMP-4 have greater affinity for class | receptors and weaker affinity
for type 1l receptors. While BMP-6 and BMP-7 exhibit greater affinity for type Il receptors
and weaker affinity for type | receptors (Fig. 3). BMP signaling involves three types of type |
receptors (BMPR-IA (ALK-3), BMPR-IB (ALK-6) and ActR-I (ALK-2)) and three types of type
Il receptors (BMPR2, ACVR2A, and ACVR2B) (Botchkarev, 2003; Lavery et al., 2008; Guo
and Wu, 2012; Wang et al., 2014).

After binding to surface receptors, BMPs induce the formation of a heterodimeric complex
composed of type | and type Il receptors. The type Il receptor kinase then phosphorylates
the GS domain of the type | receptor, which in turn phosphorylates SMAD1/5/8 and |-
SMADs, also known as R-SMADs or SMAD6 and SMAD?7 (Fig. 4). SMAD proteins are tran-
scription factors and act as either transcriptional coactivators or corepressors to regulate the
transcription of TGF-f/BMP-dependent genes (Zhu, Kavsak and Abdollah, 1999;
Yamaguchi, Komori and Suda, 2000; Chen, Zhao and Mundy, 2004; Mouillesseaux et al.,
2016). SMAD1/5/8, also known as receptor-regulated SMADs, form a heteromeric complex
with SMADA4. This complex is transported to the nucleus and initiates the transcription of
early BMP-responsive genes (Jonk et al., 1998; Derynck and Zhang, 2003; Massagué,
Seoane and Wotton, 2005; Du, Xiao and Yip, 2010; Bruce and Sapkota, 2012; Horbel,
Denkis and Knaus, 2012). SMADs regulate osteogenic genes, including the distal-less
homeobox 5 (DIx5) gene. This gene activates the Runx2 transcription factor, which is a
critical regulator of osteogenic genes (Lee et al., 2003; Jang et al., 2012). SMADs interact
with a remarkable number of DNA-binding transcription factors. This pathway is also called

canonical and plays a crucial role in BMP signaling.
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I-SMADs negatively impact the phosphorylation of R-SMADs by type | receptors. Addition-
ally, BMP signal transduction is regulated by other intracellular and extracellular molecules
that bind to BMPs or BMP-pathway components, blocking signal transduction, and thereby
decreasing bone formation. More than 15 BMP antagonists have been identified, such as
chordin, sclerostin, noggin, and follistatin (Botchkarev, 2003; Winkler et al., 2003; Song et
al., 2010; Bruce and Sapkota, 2012; Carreira et al., 2014).

Besides the canonical BMP signaling, there is a non-canonical (hon-SMAD) BMP signaling
pathway mediated by mitogen-activated protein kinases (MAPKSs). BMP-induced differenti-
ation of osteoblasts requires MAPK activity, and both BMP and MAPK signaling pathways
are essential for osteogenic gene expression, including OCN (Lai and Cheng, 2002; Xiao
et al., 2002; Miyazono, Kamiya and Morikawa, 2010; Rahman et al., 2015; Miao et al.,
2019).
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Figure 4 Schematic overview of the BMP signaling pathway.

The BMP intracellular signaling cascade involves both canonical (SMAD) and non-canonical (non-
SMAD/MAPK) pathways. BMPs bind to type | and type Il receptors on the cell surface, which can
activate the SMAD and MAPK pathways, including ERK, JNK, and p38. DLX5 and other primary
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osteoblast-related transcription factors, including Osterix and Runx2, are among the downstream
target transcription factors of BMPs. SMAD6 and SMAD7 have the ability to repress signaling by
inhibiting the association between R-SMAD and Co-SMAD, or R-SMAD phosphorylation. Modified
and adapted from (Lavery et al., 2008; Carreira et al., 2014; Sanchez-Duffhues et al., 2020).

MAPKSs represent a family of protein kinases that utilize protein kinases, phospholipases,
transcription factors, and cytoskeletal proteins as substrates (Johnson and Lapadat, 2002).
The MAPK family comprises extracellular signal-regulated kinase (ERK), C-Jun N-terminal
kinase (JNK), and p38 kinase (p38K). These signaling pathways induce a number of tran-
scription factors in the nucleus and stimulate cell growth and differentiation (Favata et al.,
1998; Nawshad et al., 2005; Valera et al., 2010; Cai et al., 2012; Mueller and Nickel, 2012).
The ERK signaling pathway is involved in cell survival, proliferation, and apoptosis. Studies
have also shown that BMPs can stimulate osteoclast differentiation and survival. Through
dose-dependent stimulation of BMPR-IA and BMPR-II receptors on osteoclasts, the
SMAD1/5/8 and ERK pathways are upregulated (Kaneko et al., 2000; Fong et al., 2013;
Lee et al., 2018). Upon phosphorylation by tyrosine kinase receptors or Ras, ERK intrinsi-
cally induces nuclear transcriptional activity of various genes. Mutations in Ras proto-onco-
genes cause persistent activation of ERK1/2 genes. This promotes proliferation and growth
of tumor cells (Johnson and Lapadat, 2002; Kraunz et al., 2005). BMPs, especially BMP-6,
have been shown to activate the ERK and p38K pathways, leading to increased melano-
genesis in skin cells (Rothhammer et al., 2005; Haubold et al., 2010; Singh, Abbas and
Tobin, 2012).

The JNK pathway has been implicated in the regulation of growth and programmed cell
death. P38Ks regulate the production of inflammatory cytokines (Johnson and Lapadat,
2002). After exposure to UV radiation and external stress, the stress-dependent MAPKs
JNK and p38 are upregulated (Sapkota et al., 2007).

1.2.3. Bone Morphogenetic Protein constitution patterns and
relevant differences in signal transduction

BMPs are synthesized as peptide precursors consisting of 400-500 amino acids that un-

dergo posttranslational modification. Each BMP comprises a short signal sequence at the
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N-terminus, a prodomain, and a mature osteoinductive domain at the carboxy-terminal. The
mature domain of each BMP contains a region of seven cysteine amino acids that is highly
conserved among the TGF-3 family of proteins (Fig. 5) (Mueller and Nickel, 2012).

BMPs are synthesized as monomers and form disulfide bonds with other monomers at the
C-terminus between cysteine amino acid sequences, resulting in the formation of homodi-
mers or even heterodimers (Guo and Wu, 2012). These disulfide linkages provide signifi-
cant stability to the mature proteins (dimers). After proteolytic cleavage at the RXXR matu-
ration site, located between the prodomain and the mature region, an active BMP dimer is
released (Hazama et al., 1995; Valera et al., 2010; Mueller and Nickel, 2012).

Signal sequence RXXR C C CCCCC
| | | | |

(— [ ] |
]

1l

TGF-B domain

(— [ ]
| A

ProDomain Mature protein

Precursor protein

Figure 5 General BMP structure.

BMP has a dimeric protein structure linked by disulfide bonds. The protein consists of a signal se-
quence at the N-terminus, followed by a large prodomain and a mature part containing the charac-
teristic cysteine-knot sequence at the C-terminus. Modified and adapted from (Vukicevic et al
2017and Mueller and Nickel 2012).

The co-expression of diverse BMPs in tissues results in the formation of heterodimers com-
posed of two different BMP subunits. BMPs are classified into subfamilies based on their
sequence homology, and class | BMP-2 and BMP-4 can form disulfide linkages with class
Il members, namely BMP-6 or BMP-7 (Khan et al., 2012). While it is widely accepted that
recombinant class I/ll BMP heterodimers exhibit greater specific activity compared to ho-
modimers, heterodimers composed of different BMP family members show increased po-
tential for osteogenic differentiation compared to homodimers of either subunit (Aono and
Hazama M., 1995; Hazama et al., 1995; Kim et al., 2019). For example, the heterodimer
BMP-2/6 consists of one BMP-2 and one BMP-6 subunit, with the BMP-2 subunit having a
higher affinity for the type I receptor, while BMP-6 has a higher affinity for type Il receptors.
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Consequently, heterodimeric BMP induces higher levels of BMP cell signaling pathway mol-
ecules and more effectively stimulates the differentiation of hMSCs (Valera et al., 2010).
Therefore, the biological activity of BMP-2/6 as a heterodimer is increased due to its higher
affinity for both BMP receptors compared to the homodimeric counterparts. The diversity of
BMP receptor affinity within heterodimeric subunits is suggested to be the reason for the
higher efficacy of heterodimeric BMPs (Israel et al., 1996; Guo and Wu, 2012; Miao et al.,
2019).

1.2.4. BMP-induced enhancement of bone extracellular matrix

The BMPs play a crucial role in promoting an environment that facilitates the effective for-
mation and remodeling of the extracellular matrix (ECM). The production of the matrix is a
critical aspect of bone regeneration, as it provides a specific tissue environment and serves
as a reservoir for various essential elements such as growth factors, cytokines, and nutri-
tional elements (Einhorn, 1996; Reddi, 1998; Salgado, Coutinho and Reis, 2004; Harris et
al., 2011; Rather et al., 2019).

BMPs are known to attract MSCs to the fracture site in an autocrine or paracrine manner,
thereby promoting the proliferation and differentiation of progenitor cells into osteoblasts re-
sponsible for bone formation. They modulate the expression of genes involved in the pro-
duction of extracellular matrix proteins through a broad cascade of SMAD and MAPK cellu-
lar signaling. BMPs also enhance collagen production by osteoblasts, which is a major com-
ponent of the ECM. Collagen serves as an early marker of osteogenesis and provides ten-
sile strength and stability to bone. Additionally, BMPs stimulate the synthesis of extracellular
matrix components such as fibronectin, proteoglycans, osteocalcin, and osteopontin, which
help to shape the functional and structural characteristics of bone. BMPs also upregulate
ALP, which facilitates the deposition of hydroxyapatite crystals (Salgado, Coutinho and
Reis, 2004; Horbelt, Denkis and Knaus, 2012; Boskey, 2013; Bahney et al., 2019). Overall,
BMPs enhance ECM production and play a fundamental role in bone regeneration, remod-

eling, and maintenance.
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1.3. Gene therapy in tissue engineering

Advances in cell biology have led to promising developments in bone tissue engineering.
When conventional orthopedic surgery fails to restore function or replace bone, tissue engi-
neering is proposed as an alternative. Gene therapy has proven to be a valuable approach
to address unresolved issues in bone tissue engineering by integrating orthopedic surgical
principles with basic science. This strategy involves the delivery of genetic material specifi-
cally into progenitor cells, such as MSCs, to correct genetic abnormalities or enhance ben-
eficial growth factors and facilitate bone regeneration. Delivery of natural or synthetic target
genes can enhance the efficiency of somatic cell differentiation, leading to the formation of
osteogenic tissue that facilitates bone healing (Salgado, Coutinho and Reis, 2004).

Overexpression of biological factors, particularly BMPs, in genetically modified MSCs has
shown favorable outcomes in several studies (Luo et al., 2005; Loozen et al., 2018). These
MSCs can be administered to targeted anatomical sites, and by overexpressing the gene
of interest, such as BMPs, at appropriate concentrations, they can promote differentiation,

osteoid matrix production, and repair of bone tissue defects (Kim et al., 2018).

Despite the promising potential of gene therapy in bone tissue engineering, several critical
inquiries remain unanswered before human trials can be conducted. The safe and stable
integration of transgenes needs to be established prior to clinical implementation, while eco-
nomic factors must also be considered. However, in the near future, gene therapy may be
effectively used to fill bone defects in a minimally invasive manner (Collon, Gallo and
Lieberman, 2021).

1.3.1. Viral versus non-viral gene delivery systems

Gene transfer can be accomplished using either viral or non-viral delivery systems. Viral
vectors have been widely utilized because of their ability to efficiently deliver genetic material
into cells. About 70% of current gene therapy clinical trials are based on viral delivery sys-
tems (lvics and Izsvak, 2011; Yin et al., 2014; Ghosh et al., 2020; Ahern et al., 2021). The
most common types of viral vectors include adeno-associated viruses (AAVsS), adenovi-
ruses (AVSs), retroviruses (RVSs), lentiviruses (LVs), and herpes simplex viruses (HSVSs). Alt-

hough viral vectors are generally deemed safe and effective in clinical trials, viruses that
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integrate their vectors into the genome, such as retroviruses and lentiviruses, carry the risk
of insertional mutagenesis and subsequent oncogenesis (Skipper et al., 2013). Additionally,
genes derived from viral vectors can undergo transcriptional silencing over time, making
these systems less effective (Ellis, 2005). In contrast, non-integrating viruses, such as ade-
noviruses and herpes viruses, are considered non-oncogenic. Nonetheless, the lack of
chromosomal integration results in genetic cargo being episomal and leads to a gradual loss
of transfected material, particularly in mitotically active cells. Thus, multiple transfections are
required to achieve efficient gene delivery, resulting in cell toxicity and immunogenic re-
sponses (Yin et al., 2014; Kebriaei et al., 2017; Ghosh et al., 2020).

Several disadvantages of viral vector systems, such as carcinogenicity, immunogenicity,
broad tropism, and limited delivery of genetic cargo, make non-viral vectors more desirable.
Non-viral vectors are gaining popularity due to their safety and reduced immunogenicity
(Ivics and Izsvak, 2011; Gantenbein et al., 2020). They are also less expensive and easier
to produce than viral vectors. In addition, certain non-viral vectors may have a greater ca-
pacity to deliver genetic material than viruses. However, due to the short half-life of nucleic
acids in plasma and degradation by endonucleases, physical or carrier-mediated transfec-
tion is required for non-viral delivery (Yin et al., 2014). Transfection can be achieved through
carrier-free methods, including electroporation and microinjection, or with lipophilic carriers,
such as liposomes and lipid nanopatrticles, which provide protection against nucleic acid
degradation and facilitate delivery of negatively charged nucleic acids into cells (Hamann,
Nguyen and Pannier, 2019; Gantenbein et al., 2020). Recent advances in lipid nanopatrticle
delivery systems have demonstrated their potential for gene transfer, as evidenced by their
use in the COVID-19 mRNA vaccines (Pardi and et.al, 2015; Liang et al., 2017; Polack et
al., 2020).

Most non-viral vectors function similarly to other non-integrating viral systems, providing only
short-term, episomal transgene expression. Therefore, the lack of nuclear maintenance of
the genetic cargo makes this therapy ineffective in some cases. The development of trans-
poson technology, which allows for nuclear integration of transgenes, is equipped with non-
viral features and could be a game changer in future clinical trials. Further details on trans-

posons are discussed below.

However, some of these non-viral gene delivery methods are still limited by cytotoxicity of

transfection reagents, electrotoxicity, and disruption of the cell plasma membrane during
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electroporation, heat, pH changes, and oxidative damage from reactive oxygen species

(Kneser et al., 2002; Hamann, Nguyen and Pannier, 2019; Gantenbein et al., 2020).

1.3.2. Transposable elements

Successful gene therapy in tissue engineering requires a robust gene delivery system that
offers long-term, stable gene expression while being safe and less immunogenic. In addi-
tion, clinical trials require cost-effective gene delivery systems that are easy to manufacture.
As a result, various gene delivery systems have been developed and discovered by scien-
tists. Transposable elements have favorable properties that can potentially provide effective
gene therapy in the future, such as lower immunogenicity, safety profile, and simplified pro-
duction (Skipper et al., 2013; Kebriaei et al., 2017; Hudecek and lvics, 2018).

Transposable elements, or transposons, are small primitive, functional DNA elements that
can change their position throughout the genome and have played an enormous role in
adapting and reshaping the genome throughout evolution. Barbara McClintock, a Nobel
Prize-winning cytogeneticist, first discovered the transposable element in 1950 during her
research on maize cytogenetics (McClintock, 1950; Skipper et al., 2013).

Various criteria classify the many types of transposable elements, including their division
into two classes of transposons (Wicker et al., 2007). Class | transposons, also known as
retrotransposons, replicate genetic material and insert it into the genome by reverse tran-
scription of RNA intermediates (Finnegan, 2012; Bourque et al., 2018). On the other hand,
class Il transposons, or DNA transposons, move genetic material using a “cut and paste”
mechanism facilitated by the enzyme transposase (Bourgue et al., 2018). In vertebrates,
the remnants of transposable elements have been deactivated during evolution and are
found as introns or inactivated gene sequences in the genome (Plasterk, Izsvak and Ivics,
1999; Wicker et al., 2007; lvics, Li and Matés, 2009). The Tcl/mariner superfamily, a class

[l transposon system, is the focus of this research.

An autonomous system of DNA transposons encodes a transposase protein. This system
comprises a transposase gene that is flanked by inverted terminal repeats (ITR) at the 5’
and 3’ ends of the transposon. The ITRs are reversed complements of each other and have
a typical length of up to 100 bp (Fig. 6) (Plasterk, I1zsvak and Ivics, 1999).
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Figure 6 Type Il Transposon system.

(A) The autonomous DNA transposon system consists of the transposase gene linked to the inverted
terminal repeats (ITRs). (B) The transposon delivery system consists of two components that form
a bicomponent structure. The gene of interest (GOI) is flanked by the ITRs and the transposase
enzyme is delivered by a separate plasmid. Modified and adapted from (Matés et al., 2009; lvics and
Izsvak, 2011).

For transposition to occur, the transposase gene must undergo transcription and translation
into an active transposase enzyme. Transposase enzymes recognize the 5’and 3"ends of
a transposon and bind to its ITRs. They bring the DNA ends together and cut out the DNA
transposon. The transposase then delivers it to the recipient DNA, cleaves it, and inserts
the transposon into the recipient DNA. Finally, DNA polymerase synthesizes across the
gaps and DNA ligase seals them. After the insertion of the transposon into the DNA, short,
a few nucleotide footprints called direct repeats (DRs) are left in the DNA. The inserted

transposon is bound to the DRs (lvics and Izsvak, 2015; Holstein et al., 2018).

Different gene delivery vectors display distinct tendencies to integrate into DNA. For exam-
ple, retroviruses and lentiviruses integrate within a gene or in the upstream proximity of ac-
tive genes (Hudecek et al., 2017), whereas the PiggyBac transposon from the Tc1l/Mariner
transposon family tends to insert around the transcription start sites of active genes (lvics,
Li and Matés, 2009; Chen et al., 2015). Studies show that the Sleeping Beauty transposon
from the Tcl/mariner transposon superfamily does not target specific transcriptional or non-
transcriptional units for integration. Therefore, the probability of being integrated into non-
transcriptional regions, such as the largest genomic regions, is higher than that of being
integrated into transcriptional regions. Thus, Sleeping Beauty transposon may have a safer

insertion distribution compared to other viral or non-viral integration vectors (lvics, Li and
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Matés, 2009; Holstein et al., 2018). Some transposons show their preferred integration se-
guences, such as PiggyBac, which targets TTAA sequences, and Sleeping Beauty, which
prefers TA dinucleotides (Vigdal et al., 2002; Grabundzija et al., 2010).

Tcl/mariner transposons integrate a single copy of a gene of interest (GOI) into DNA, thus
ensuring stable and long-term transgene expression in target cells (Plasterk, l1zsvak and
Ivics, 1999). Although there is still a risk that the transposons may integrate into an active
genome and cause gene malfunction, according to the two-hit theory of tumor epidemiology,
a single cell requires multiple hits in cancer genes to undergo carcinogenesis. Autonomous
transposon systems with an integrated transposase gene can cause massive transposition
in a genome, leading to genetic instability (Skipper et al., 2013). However, the bicomponent
structure of modern transposable elements and effective control of transposon expression
can reduce these risks and make them a promising gene delivery system for future gene

therapy applications (lvics, Li and Matés, 2009; Hudecek et al., 2017).

1.3.3. The Sleeping Beauty transposon system

The Sleeping Beauty transposon system is a synthetic transposon designed for vertebrates,
including humans, and belongs to the Tcl/mariner superfamily of DNA transposons. This
transposable element was “reawakened” from a salmon genome and named after the pop-
ular fairy tale (Plasterk, Izsvak and Ivics, 1999; Ivics and Izsvak, 2011; Kebriaei et al., 2017).
The SB transposon system operates via a “cut and paste” method. The SB transposon is
characterized by the ability to replace the coding region of a transposase gene with any
DNA sequence. In the SB transposon system, the transposase gene has been separated
from the transposon ITRs (Fig. 7). This modification enables the gene of interest (GOI) to

be linked to the ITRs located within the transposon plasmid (Hudecek and Ivics, 2018).

The ITRs of the SB transposon may extend up to 250 bp in length, with the region respon-
sible for transposase binding positioned within these sequences (lvics and Izsvak, 2015).
For the transposon system to operate, a separate plasmid carrying either the transposase
gene or a transposase-encoding mRNA is required (lvics and Izsvak, 2015; Hudecek et al.,
2017). Following translation, the transposase enzyme binds to the ITRs and “cuts and
pastes” the transposon into the genome in a random manner (Fig. 7). It is observed that the
SB transposons demonstrate a preference for integration into TA dinucleotide sequences,
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which are duplicated on either end of the insertion site (Vigdal et al., 2002; Skipper et al.,
2013). Random insertions of transfected DNA into the genome have the potential to cause
oncogenesis. As mentioned above, the Sleeping Beauty transposon has no statistical pref-
erence for transcription units and therefore displays a significantly low preference for gene
sequences, resulting in a lower risk of oncogenesis compared to integrating viral vectors
(Liu and Visner, 2007; Hudecek et al., 2017).

R TATAMMMMM

Figure 7 Sleeping Beauty transposon gene delivery system.

After delivery of the two-component Sleeping Beauty transposon system into the cell, the trans-
posase is transcribed and translated into an active enzyme, which then binds to the ITRs,
ultimately resulting in the excision of the gene of interest (GOI). Transposon excision is fol-
lowed by random insertion into DNA, specifically into the duplicated TA dinucleotide sequence
flanking the integrated transposon. Modified and adapted from (Matés et al., 2009; lvics and
Izsvak, 2011; Hudecek et al., 2017).

The SB transposon system is typically delivered into target cells using a bicomponent sys-
tem consisting of an artificial transposon containing a transgene flanked by ITRs and a linear
plasmid carrying the transposase (Geurts et al., 2003). Nucleofection is the primary method
for the delivery of SB transposon vectors to primary human cells in ex vivo experiments.
New nucleofection methods and transfection solutions have been developed to improve the

delivery of the SB transposon system (Hudecek et al., 2017; Holstein et al., 2018; Hudecek
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and lvics, 2018). After successful transfection, cells express the genes encoded by the plas-
mid. If the plasmid contains a green fluorescent protein (GFP) gene, it can be utilized to
assess the successful delivery of the plasmid into the cell and nucleus. The fluorescence
intensity signal increases as the number of integrated transposon copies increases
(Holstein et al., 2018).

In summary, the SB transposon enables effective non-viral gene delivery with lower immu-
nogenicity and no limitations in genetic cargo size (Geurts et al., 2003; Hudecek et al., 2017;
Kebriaei et al., 2017). Chromosomal integration allows for sustained and stable gene ex-
pression following transfection, even in rapidly dividing cell generations, with a minimal prob-
ability of transgene silencing. Additionally, it is considered a safer, non-viral approach
(Narayanavari et al., 2017). Thus, the SB transposon system was used in these experi-

ments to generate stem cells that overexpress BMPs.

1.3.4. The differentiation properties of genetically modified
BMP overexpressing hMSCs

The potential use of BMPs to stimulate osteogenesis and promote fracture healing has gen-
erated considerable interest in recent years. MSCs are multipotent cells that can differenti-
ate into various cell types, including bone cells. Nonetheless, their numbers decrease al-

most exponentially with age, presenting a challenge for their therapeutic use (Caplan, 2007).

BMPs are crucial growth factors involved in bone formation. When combined with MSCs,
BMPs can enhance their differentiation potential and improve fracture healing outcomes.
However, due to the short half-life of the protein, the administration of recombinant homodi-
meric BMPs requires supraphysiologic doses. The high cost of recombinant BMPs makes
BMP overexpressing transfected MSCs a more attractive option. Studies have demon-
strated that MSCs that overexpress BMP-2, BMP-6, and BMP-7 exhibit greater osteogenic
potency compared to control cell lines in both in vitro and in vivo animal models (Pelled et
al., 2016; Kim et al., 2018; Hamann, Nguyen and Pannier, 2019). However, the osteogenic
ability of MSCs is higher when overexpressing BMP heterodimers, such as BMP-2/6 and
BMP-2/7, as opposed to homodimeric BMPs (Zhu et al., 2006; Valera et al., 2010; Loozen

et al., 2018). The BMPs may also have the ability to create a vascular trophic environment

21



Introduction

and impact cellular differentiation into other cell lineages, including adipocytes (Yamaguchi,
Komori and Suda, 2000; Kim et al., 2018).

Sleeping Beauty-based gene therapy systems provide stable and prolonged gene expres-
sion, which makes them an ideal candidate for bone tissue engineering. SB-delivery can
bypass the inflammatory response triggered by viral vectors and offer a safer approach for
integrating transgenes into the genome (Liu and Visner, 2007; Hudecek et al., 2017). By
using the SB transposon transposase system, delivery of recombinant BMPs into hMSCs
can lead to the secretion of BMPs above physiological levels. This approach holds the po-

tential to effectively target specific sites and remodel tissue.

1.4. The current treatment methods of FDA approved rhBMPs

Recombinant human Bone Morphogenetic Protein 2 and 7 (rhBMP-2 and rhBMP-7)
have been authorized for clinical use in the induction of bone in spinal fusion (Burkus
et al., 2003), open fractures of long bones, non-unions, and sinus augmentation (Luo
et al., 2005; McKay and et al, 2007; Kanakaris et al., 2008). Interbody fusion is a major
spinal surgery for the treatment of chronic back and leg pain. However, this operation
is associated with a 35% chance of unsuccessful fusion and the formation of pseudo-
arthrosis. Another significant challenge is represented by the donor site (primarily the
iliac crest) morbidity, which includes chronic pain at the harvest site and potential com-
plications such as impaired wound healing and blood loss. Therefore, there must be a
better way to overcome these challenges and enhance the success rate of fusion.

In 2002, the US FDA approved the use of rhBMP-2 for anterior lumbar interbody fusion
(ALIF) at the single level (L4/L5 or L5/S1). A concentration of 1.5 mg/cc of rhBMP-2 was
delivered in liquid form, applied to a type | collagen scaffold (INFUSE®, Medtronic), and
then inserted into a Lumbar Tapered Titanium Cage (LT-CAGE) (McKay and et al, 2007).
The cage is securely fixed to provide enhanced support during the bone formation process,
which is facilitated by the osteoprogenitor cells being stimulated by rhBMP-2, eventually
leading to their differentiation. The fusion success rate in the INFUSE group was 94.5%
compared to 88.7% in the autograft group after 24 months post-surgery. Additionally,
the INFUSE group had a shorter hospital stay and experienced less blood loss during
surgery, which were significant advantages (Burkus et al., 2003).
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Govender and colleagues (2002) conducted a study to evaluate the safety and efficacy
of rhBMP-2 in the treatment of open tibial fractures in 450 patients. The study showed
that rhBMP-2 was superior to the standard treatment in the treatment of open tibial
fractures. Patients treated with rhBMP-2 had a significantly higher rate of successful
healing without hardware failure or the need for secondary intervention (Govender and
et.al, 2002). Following the results of the BESTT study, rhBMP-2 (as INFUSE® bone
graft) was approved by the EMEA in 2002 and by the FDA in 2004 for use in open tibial
fractures with an intramedullary (IM) nail fixation as an alternative to bone grafts (Jones
and et.al, 2006; Ghodadra and Singh, 2008). Cost analysis of open tibial fracture treat-
ment with nail, or nail plus rhBMP-2 indicated significant cost savings per patient with
rhBMP-2 and a reduced need for secondary interventions (Ghodadra and Singh,
2008).

In March 2007, rhBMP-2 was also approved as an alternative to autogenous bone
grafting for sinus augmentation. It was demonstrated that INFUSE® was an effective

autogenous bone graft alternative (McKay and et al, 2007).

In a multicenter, prospective, randomized trial of 33 patients requiring one- or two-level
cervical fusion were compared across two groups: rhBMP-2 and autograft. After a two-
year follow-up, significant improvements in neck disability and arm pain scores were
observed in the group that received fusion with 0.4 mg/cc rhBMP-2/ACS placed in the
CORNERSTONE SR® ring compared to the iliac crest bone autograft group (Baskin
et al., 2003).

In 2001, rhBMP-7 (0.9 mg/cc) was also approved for clinical use in treating non-unions.
Patients treated with rhBMP-7 had a history of previously failed conventional fracture
treatment. Studies indicated a non-significant difference between rhBMP-7 and autol-
ogous bone graft groups. However, the decreased operating time and lack of postop-
erative morbidity at the donor site make rhBMP-7 therapy the more preferred treatment
option. The incidence of infection and osteomyelitis was significantly reduced in the
group treated with rhBMP-7 compared to those who underwent autologous bone graft-
ing (Friedlaender et al., 2001; White et al., 2007; Kanakaris et al., 2008).

However, these benefits are accompanied by risks, particularly when supraphysiolog-
ical dosing and off-label application for inappropriate indications in specific anatomical
regions are employed. Complications, including osteolysis and heterotopic bone for-

mation, are possible risks associated with off-label PLIF and TLIF procedures, where
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epidural leakage of BMP can occur (Carragee, Hurwitz and Weiner, 2011; Fu et al.,
2012; James et al., 2016).

The results of clinical trials have shown the safety and efficacy of rhBMPs in bone
fusion procedures, as recommended by the FDA. The use of rhBMPs yields a greater
fusion rate while reducing operation time and avoiding the side effects associated with

autogenous bone grafting procedures (Baskin et al., 2003; McKay and et al, 2007).
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Chapter 2

2. Aim of the study

The presence of local growth factors, stem cells, and osteoprogenitors is critical to promote
fracture healing. However, in elderly individuals with osteoporotic fractures or other bone
diseases, reduced stem cell numbers, cellular senescence, or diminished differentiation po-
tential often result in delayed fracture healing. To address this issue, the delivery of genet-
ically modified stem cells with enhanced osteogenic potential to the site of the defect may

be beneficial for certain patient groups with high mortality rates.

In this study, we aimed to create transgenic stem cells that stably overexpress BMPs using
a non-viral Sleeping Beauty transposon system. Therefore, we sought to characterize and
differentiate transgenic cells with various other BMP overexpressing hMSCs in osteogenic
and adipogenic tissues and to demonstrate the enhanced osteogenic capacity of SB-trans-
poson-derived BMP overexpressing hMSCs in vitro. Additionally, we aimed to evaluate the

biological superiority of transgenic heterodimeric BMPs over homodimers.
For the experimental verification of this thesis, we have outlined the following tasks:

1. Generate homodimeric rhBMP-6 and heterodimeric rhBMP-2/6 sequences in the
Sleeping Beauty transposon plasmid.

2. Transfect and establish transgenic, non-virally delivered hMSCs that stably overex-
press rhBMPs.

3. Characterize BMP overexpressing cells and analyze of their cellular functionality.

4. Conduct In vitro differentiation of transgenic hMSCs overexpressing BMP-2, -4, -6, -
7,-216, -2/7, and -4/7. Explore the impact of BMP overexpression in transgenic cells
and BMP-mediated biochemical signaling. Investigate the influence of BMP overex-
pression on adjacent stem cells using conditioned medium and co-culture experi-
ments to assess the impact of transgenic hMSCs on the differentiation potential of

surrounding cells.
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Chapter 3

3. Materials & Methods

3.1. Molecular biology Materials

Table 1 Devices

Devices

Manufacturer

4D-Nucleofector™ System

Lonza, Switzerland

Analytical Laboratory Balance / Scales 770

Kern, Balingen

Centrifuge 5415 D

Eppendorf, Germany

Centrifuge 5417R

Eppendorf, Germany

Chemiluminescence detector
Typ ImageQuant LAS 4000 mini

GE Healthcare, Munich

Electric pH-meter

WTW Inolab, Weilheim

ELISA Mini Microplate Reader

Thermo Scientific, USA

FIREBOY safety Bunsen burner

Integra Bioscience

Gel imaging system

Vilber Lourmat, Germany

Gel-electrophoresis system

Peqglab, Erlangen

HERAcell 240 | cell culture Incubator

Thermo Scientific, USA

Incubator for microbiology

Memmert, Schwabach

Laboratory Platform Shaker with Incubator
1000

Heidolph, Schwabach

Laboratory Platform Shaker, Rotamax 120

Heidolph, Schwabach

Laboratory water bath

GFL, Burgwedel

Labscales

Sartorius, Gottingen

Magnetic stirrer

Axon, Kaiserslautern

Micropipette Pipetman Classic

Glison, Middleton

Micropscope Axiovert S100, Axiocam ICc3

Zeiss, Oberkochen

Microscope AxioObserver Z1, AxioCam MRm

Zeiss, Oberkochen

Mini Star Zentrifuge

neolLab, Heidelberg

Nanodrop

Thermo Scientific, USA

Neubauer Counting Chamber

Brand, Wertheim

Peltier Thermal Cycler 200

Bio-Rad, USA

Pipetboy Hirschmann, Eberstadt
Stream Sterilizer H+P Labortechnik
Thermomixer 5436 Eppendorf, Germany

Thermomixer comfort 1,5ml

Eppendorf, Germany

Trans-Blot cell

Bio-Rad, Munich

Trans-Blot Turbo Transfer System

Bio-Rad, Munich
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UV Light - Table Model

Heraeus, Hanau

Vortex Mixer Genie 2

Scientific Industries

Zellculture microscope, Diavert

Leitz, Wetzlar

Zellculture Zentrifuge, Univ. 16R

Hettich, Tuttlingen

Zentrifuge, Jouan BR 4

Thermo Scientific, USA

Table 2 Chemicals

Chemicals and solutions

Manufacturer

Acetic acid Merck, Darmstadt
Ampicillin Roth, karlsruhe
Antibiotic-Antimycotic Gibco, USA

APS Roth, Karlsruhe

Bacto™ Agar is a solidifying agent

BD Diagnostics, USA

Bovine Serum Albumin (BSA)

Roth, Karlsruhe

Bromphenol bue

Merck, Darmstadt

Cellculture Media D-MEM high Glucose

Gibco, USA

Cellculture Media a-MEM high Glucose

Life Technologies, Darmstadt

cOmplete-ULTRA-Mini-Tablets,
Protease-Inhibitor-Cocktail

Roche, Germany

DAPI Sima Aldrich, Taufkirchen
DEPC Thermo Scientific, USA
DMEM high glucose Gibco, USA

DMEM without phenol red Gibco, USA

DNA-Ladder 1 kb New England Biolabs Inc.
Dubecco’s Phosphat- buffered saline PAA, Pasching
ECL-Solution Crescendo Immobilon, USA
ECL-Solution Forte Immobilon, USA

EDTA

Sima Aldrich, Taufkirchen

Ethanol

Merck, Darmstadt

Ethidium bromide

Sima Aldrich, Taufkirchen

Ethidium bromide solution

Sigma-Aldrich, Taufkirchen

Fetal Bovine Serum

Sima Aldrich, Taufkirchen

Formaldehyde Merck, Darmstadt

Gel Loading Dye, Blue (6X) New England BioLabs, Frankfurt
Glycerin Roth, Karlsruhe

Glycerol Sima Aldrich, Taufkirchen

Glycerol molecular biology grade

Promega

HCI

Merck, Darmstadt

HEPES Roth, Karlsruhe

IPTG Sigma-Aldrich

Kanamycin Roth, Karlsruhe

KCI Roth, Karlsruhe

Methanol Emplura, Germany

NACI Carl Roth, Germany
NaDOC Sigma-Aldrich, Taufkirchen
NaF Merck, Darmstadt
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NEB Buffer

New England Biolabs, USA

PhosSTOP

Roche, Germany

Protein Marker V

peqGOLD

Prestained Protein Ladder, (10 to 180 kDa)

MBI Fermentas, St. Leon-Rot

S.0.C. Medium Invitrogen, Darmstadt
SDS Roth, Karlsruhe

Skim Milk Powder Merck, Darmstadt

TEMED Roth, Karlsruhe

Tris-Base Sigma-Aldrich, Taufkirchen
Tris-HCI Sigma-Aldrich, Taufkirchen
Triton X-100 Fluka, Steinheim

Tryptone Becton Dickinson, USA
Tween 20 Sigma-Aldrich, Taufkirchen
Typsin-EDTA (10X) PAA, Pasching

X-GAL Roth, Karlsruhe

-Mercaptoethanol

Sigma-Aldrich, Taufkirchen

Table 3 Cell culture materials

Cell culture materials

Manufacturer

Cell culture plates 6, 25, 48, 96 cm?

Nunb, Wiesbaden

Cell scraper

Sarstedt, Germany

Falcon tube 15 ml

Sarstedt, Germany

Glass slide AAOOOO0102E

Menzel, Braunschweig

Ibidi 8-Well p-Slide

Ibidi, Germany

T-Flask 2, 5, 25, 75, 150, 275 cm?

Nunc, Wiesbaden

Table 4 Kits and enzymes

Kits and enzymes

Manufacturer

BCA protein assay kit

Thermo Scientific, USA

BamHI-HF restriction enzyme

New England Biolabs, USA

BstAPI restriction enzyme

New England Biolabs, USA

BstEI restriction enzyme

New England Biolabs, USA

EcoRI restriction enzyme

New England Biolabs, USA

EcoRI-HF restriction enzyme

New England Biolabs, USA

Hindlll restriction enzyme

New England Biolabs, USA

HotStar HiFidelity Polymerase Kit

Qiagen, Hilden

Ncol-HF restriction enzyme

New England Biolabs, USA

Gel and PCR Clean-up

NEBNext Quick Ligation New England Biolabs, USA
Nhel restriction enzyme New England Biolabs, USA
NucleoSpin Macherey-Nagel, Duren

P2 Primary Cell 4D-Nucleofector X kit

Lonza, Switzerland

pCR 2.1 TOPO™ TA Cloning™ Kit

Thermo Scientific, USA
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Pstl restriction enzyme

New England Biolabs, USA

PureYield™ Plasmid Miniprep System

Promega, USA

Luciferase Assay System

Promega USA

QlAprep Spin Midiprep Kit

Qiagen, Hilden

Quick Ligase (Quick T4 DNA Ligase)

New England Biolabs, USA

Restriction Endonucleases

New England Biolabs, USA

RNAse free DNase

Qiagen, Hilden

Sfil restriction enzyme

New England Biolabs, USA

T4 Rapid Ligation Kit

Thermo Scientific, USA

Xcml restriction enzyme

New England Biolabs, USA

Xhol restriction enzyme

New England Biolabs, USA

Xmnl restriction enzyme

New England Biolabs, USA

Table 5 Antibodies

Antibodies Working Manufacturer
Concentration

Anti-Goat HRP-linked 1:10.000 Rockland, USA

Anti-Rabbit HRP-linked 1:10.000 Cell Signaling, USA

ERK (P44/42 MAP Kinase) 1:1000 Cell Signaling, USA

hBMP-2 1:1000 R&D Systems, USA

hBMP-6 (precursor specific) 1:1000 Cell Signaling, USA

P-38 1:1000 Cell Signaling, USA

Phospho-ERK (P44/43 MAP Kinase) 1:1000 Cell Signaling, USA

Phospho-P-38 1:1000 Cell Signaling, USA

Phpspho-SMAD1/5/9 1:1000 Cell Signaling, USA

SMAD1 1:1000 Cell Signaling, USA

[3-Actin 1:1000 Santa Cruz, USA

Table 6 Primers
Target gene Primer sequence Anneal- | Nmbr. Size | Reference
ing of cy-| (bp)
temp. cles
°C

Adipsin F:5-CAAGCAACAAAGTCCCGAGC-3 56 30 261 (Shen, Glowacki
R:5-CCTGCGTTCAAGTCATCCTC-3 and Zhou, 2011)

ALP F:5-TACAACACCAATGCCCAGGT-3’ 55 30 696 (Potier et al,
R:5-TTCCACCAGCAAGAAGAAGC-3’ 2007)

BMP-2 F:5-CATCCCAGCCCTCTGAC-3 53 11 493 (Wozney et al,
R:5-CTTTCCCACCTGCTTGCA-3 1989)
F:5-AAGCTTCCAGCCCCG-3 Designed for clon-

BMPZ—PZA—6 R:5-CCCGGGGTATCACGC-3 3.3 35 15 inZSIgne oreen

56 35 15
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BMP-6 F:5-AGCGACACCACAAAGAGTTCA-3 60 11 159 (Wang et al,
R:5- GCTGATGCTCCTGTAAGACTTGA-3 2017)
BSP F:5-CTATGGAGAGGACGCCACGCCTGG-3 54 35 587 (Gronthos et al.,
R:5-CATAGCCATCGTAGCCTTGTCCT-3" 2000)
CO|1G1 F:5-AGGGCTCCAACGAGATCGAGATCCG-3" 54 40 223 (Twine et al,
R:5"-TACAGGAAGCAGACAGGGCCAACGTCG-3’ 2016)
G APDH F:5-GGAGCGAGATCCCTCCAAAAT-3 60 30 197 (Suetal., 2018)
R:5-GGCTGTTGTCATACTTCTCATGG-3
hBMP6 F:5- ACTCGAGCATGCCAACTTTGTAC-3’ 60.6 35 23 Designed
PsoXidfor  Hirdll R:5"- AAGCTTCTAGTGGCATCCACAAG-3 for cloning
_PspXIl-for / Hindlll_rev
OCN F:5-CCCTTTCTCCTGTCCGGATG-3 56 37 242 (Murakami et al.,
R:5-GCTGAGCTCTAGGGGAGTCT-3' 2017)
PP AR-y F:5-ATTCTCCTATTGACCCAGAAAGCG-3 55 35 419 (Shen, Glowacki
R:5-AGCTTTATCTCCACAGACACGACATT-3 and Zhou, 2011)
Runx2 F:5-AGGGCATTCTCCGTGGCAGT-3' 55 35 230 (Fuetal., 2016)
R:5-TCTTCACAAATCCTCCCC-a3
Table 7 Vectors
Gene & Vector Size Manufacturer
PENTR223.1-hBMP6 plasmid 4.3 kb Harvard PlasmID, Harvard Medical
School, Boston, MA
puUC 19 2.7 kb Invitrogen, Darmstadt
pCR 2.1 TOPO TA 3.9kb Invitrogen, Darmstadt
pCMV(CAT)T7-SB100 4.7 kb Gift from Zsuzsanna Izsvak Lab, Ger-
many
pSBbi-GP 6.6 kb Eric Kowarz, Plasmid #60511,
Addgene, Cambridge

Table 8 Software

Software

Usage

Adobe lllustrator 2021

Figures

Bioedit 7.2

Molecular biology

Carl Zeiss Axio Vision SE64 Rel

Photo acquisition

Clone Manager 10

Cloning strategies

FlowJo FACS analysis 10

FACS-Analysis

GraphPad Prism 9

Statistics
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ImageJ analysis Software 1.52e Image evaluation

Zen 3.5 (blue edition) Microscopy photos

3.2. Materials and methods used for cloning

The non-viral Sleeping Beauty transposon system was used to generate BMP-6 and
BMP-2/6 overexpressing cells. The following subchapters provide details on the meth-
odologies utilized for plasmid cloning, nucleofection for gene transfer, and transgene

expression analysis.

The pENTR223.1-hBMP6 plasmid was originally obtained from the Harvard PlasmID
at Harvard Medical School in Boston, MA. The hBMP2 gene (Wyeth Research, Cam-
bridge, USA) was already cloned into the entry vector pENTR11 (Invitrogen), which
was readily available at the ExperiMED laboratory. Briefly, the BMP genes were am-
plified, and the ends were modified using PCR before being inserted into the pCR2.1
TOPO plasmid. Subsequently, the homo- and heterodimeric sequences were con-
structed within the pSBbi-GP plasmid. These plasmids were delivered into hMSCs by
nucleofection. The transgene expression was validated through various experiments,

which are described below.

3.2.1. Generation of competent E. coli cells

Competent cells capable of taking up free DNA were prepared and utilized for plasmid
cloning using the calcium chloride method. First, DH5a cells were streaked on an agar
plate and incubated overnight at 37°C. The precultures were then inoculated into 5 ml

of LB medium and shaken overnight at 37°C and 190 rpm.

Next, 750 ul of each preculture was diluted in 50 ml of LB medium and incubated until
the absorbance at 600 nm (ODesoonm) reached 0.6 AU. The cells were harvested, trans-
ferred to sterile, cold falcon tubes and stored on ice. The bacterial cultures were then
centrifuged at 2,000 x g for 7 minutes at 4°C, and the cell pellet was resuspended in
15 ml of ice-cold Tfb | Buffer (30 mM potassium acetate, 10 mM potassium chloride,

50 mM manganese chloride, 15% (v/v) glycerol, pH 5.8 with acetic acid, filter sterilized).
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This was followed by a 10-minute incubation on ice and centrifugation for 5 minutes at
700x g.

To each of these pellets, 2 ml of ice-cold Tfb Il (10 mM MOPS/NaOH, 75 mM calcium
chloride, 10 mM potassium chloride, 15% (v/v) glycerol, pH 6.5 with NaOH, filter steri-
lized) was added and carefully swirled to resuspend the cells in ice water. The suspen-
sion was then divided into 200 pl aliquots in pre-cooled cryotubes and immediately

shock-frozen in liquid nitrogen. Storage took place at -80°C.

For quality control, the new DH5a E. coli cells were transfected with 10 pg of the pUC-

19 plasmid.

3.2.2. Maintenance and storage of DH5a E. coli cells

The bacterial culture plates with desired clones were carefully stored at 4°C and wrapped
in parafilm bands to prevent drying. However, prolonged storage in the refrigerator can lead
to a loss of viability, so glycerol stocks were prepared and stored at -80°C for long-term
preservation. To prepare glycerol stocks, a single colony was cultivated in 3 ml of the ap-
propriate LB selection medium overnight at 37°C and 190 rpm. Then, in sterile 2 ml screw-
top freezer tubes, 0.5 ml of the culture was mixed with 0.5 ml of 80% sterile glycerol using
a pipette. The mixture was then immediately shock frozen in liquid nitrogen and stored at -
80°C for future use.

3.2.3. Transformation of a plasmid into DH5a competent cells

To propagate the plasmid in E. coli cells, 2 pug of plasmid DNA was added to 50 pl of
DH5a E. coli competent cells and incubated on ice for 30 min. The mixture was then
heat shocked at 42°C for 90 seconds and immediately placed back on the ice again.
Next, 500 ul of S.0.C. medium was added and incubated at 37°C for 45 minutes. The
transformed bacteria were selected by plating on agar containing ampicillin or kana-
mycin (100 pg/ml) to select bacteria containing the desired plasmid (antibiotic re-
sistance gene carried on the plasmid) and eliminate non-transfected ones. The plates

were incubated overnight at 37°C to allow the growth of clones.
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3.2.4. Plasmid preparation and restriction digestion

To analyze the clones, several individual colonies were streaked as a pure line and
incubated at 37°C for approximately 8 hours. A portion of this pure line was then culti-
vated in a nutrient solution containing 5 ml of LB medium (prepared by autoclaving a
solution of 900 ml distilled water, 9 g tryptone, 4.5 g yeast extract, and 9 g NaCl, pH
7.3) and 5 pl of ampicillin concentrate (100 pg/ml). The solution was then incubated
overnight at 37°C with shaking at 225 rpm.

The plasmid DNA was extracted from the bacterial solution using the Promega PureY-
ield™ Plasmid Miniprep System, following the manufacturer’s instructions. The DNA
concentration was determined using a Nanodrop spectrophotometer at a wavelength
of 260 nm (ODz2s0). To perform restriction enzyme digestion, 500 ng of the plasmid DNA
was incubated with 2 U of the appropriate enzyme in the presence of 1x buffer (NEB,
Schwalbach) at 37°C for 1 hour. The resulting DNA fragments were analyzed by gel

electrophoresis. All enzymes used are listed in Table 4.

3.2.5. Gel electrophoresis

Gel electrophoresis is a technique used to separate and subsequently identify DNA frag-
ments based on their length. A 0.5% agarose gel was used to analyze the digested plas-
mids, while a 2% agarose gel was used for plasmid excision and purification of DNA frag-
ments from the gel. The detection and extraction of PCR products are described in chapter
3.2.6.

To facilitate visualization during electrophoresis, 4 ul of 6x blue dye (NEB, Schwalbach) was
added to 20 pl of digested solution. In addition, to make the DNA visible under UV light,
ethidium bromide (6 pul/100 ml, from a 10 mg/ml stock) was added to the liquid gel due
to its fluorescent property. The bands were observed under UV light at 254 nm for
analytical samples and 366 nm for preparative ones. A DNA ladder was included in
each run to estimate the fragment length. 1x TAE buffer (1:10 dilution of TAE Buffer
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48.5 g Tris, 11.4 ml acetic acid and 100 ml of 0.5 M EDTA pH 8) was used as the

running buffer.

Electrophoresis was performed at 120 V for approximately 50 minutes. After electrophore-

sis, the desired clones were selected for use in subsequent cloning steps.

3.2.6. DNA extraction from gel

To generate the destination vector, one of the essential steps was to extract the DNA
from a gel. Therefore, the digested plasmid DNA or PCR product was run on a 2%
agarose gel containing ethidium bromide, and the target fragment was excised. The
use of ethidium bromide facilitated the visualization of the DNA bands under 366 nm
UV light. Next, the DNA was purified using the NucleoSpin Gel and PCR Clean-up Kkit,
according to the manufacturer's protocol. The cleaned-up DNA was eluted into 15 pl
of elution buffer (from the PCR Clean-up kit) and analyzed for quality using a Nanodrop
spectrophotometer. The DNA was considered pure with an Azeor2s0 ratio of ~1.8 and

was utilized for subsequent experiments.

3.2.7. Polymerase Chain Reaction (PCR)

The polymerase chain reaction (PCR) is a widely employed technique used to amplify
a specific DNA sequence. This process involves repeated cycles of heating and cool-
ing to meld the DNA and facilitate enzyme-driven replication. We used the HotStar HiFi-
delity PCR Kit (Qiagen). For our cloning strategies, the specific PCR primers were syn-

thesized by Eurofins MWG Operon.

PCR mix for preparative analysis:

1. Template DNA 100-200 ng

2. 5x HotStar HiFidelity PCR Buffer 0ul
(contains dNTPs and 7.5 mM MgSOQa)

4. Primer for. (10 pM/ul) 5ul

5. Primer rev. (10 pM/ul) 5ul

6. HotStar HiFidelity 1l
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DNA Polymerase (2.5 units/ul)
7. PCR water

Total: 50 pl

All PCR solutions were stored in 0.2 ml PCR tubes and kept on ice. A DNA-free nega-
tive control sample was included in the PCR to ensure quality control. In the negative
sample, PCR water was utilized instead of template DNA. A standard PCR program
was used with an individual annealing temperature for each primer pair to facilitate
primer hybridization to the DNA strand. The elongation temperature was set at
72°C. The primer annealing temperature for cloning the BMP-6 gene was set at
60.6°C, while that for the BMP2-P2A-BMP6 construct primer was set at 53.3°C. Each

program was run for a total of 35 cycles.

Standard PCR-program:

X Cycles
94°C — 94°C X°C 72°C — 72°C — 8°C
10 min 30sec |30sec | 1min 10 min

The PCR products were stored long-term at -20°C or the products were directly mixed with

6x Blue Dye gel loading buffer for analysis by gel electrophoresis (as described in 3.2.6.).

3.2.8. cDNA synthesis

To synthesize complementary DNA (cDNA), we used the First Strand cDNA Synthesis Kit
for RT-PCR (Roche), along with the thermocycler (Peqgstar 2x, Peglabs Germany). The
RNA was denatured as described below. Next, 7 ul of cDNA synthesis mix was added to
the denatured RNA and cDNA synthesis was performed by running the designated program

on the thermocycler.

RNA denaturation mix:

1. RNA1pg Denaturation for 10 minutes at 65°C—»

2. Random Hexamer Primer 2 pl Storage at 8°C
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3. RNAse free H20

Total: 13 pl

cDNA synthesis mix:

1. Reaction buffer 4 pl
2. RNAse inhibitor 0.5 ul
3. dNTPs (10 mM) 2 Wl
4. Reverse transcriptase 0.5 pl

7 ul mix was added to denatured RNA and run with the following program:

10 min 25°C
60 min 50°C
5 min 85°C

— > Storage at 8°C

3.2.9. Semi-quantitative PCR

All cDNA samples were diluted 1:10 using DNAse-free water and kept chilled on ice.
For semi-quantitative reverse transcription, we used the Fast Start Taq DNA Polymer-
ase Kit (Roche). The primers and their annealing temperatures are listed in Table 6.
These primers were prepared and diluted to a concentration of 10 pmol/ul and stored
at -20°C for future use.

RT-PCR mix and program:

1. 10xPCR-Buffer 2u
2. dNTP Mix (10 mM) 0.4 ul
3. Primer forward o5 ul
4. Primer reverse 0.5 ul
5. H.O 15.4 pl

Vortex the PCR tube and add

6. Taq polymerase 0.2u
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Total volume of 19 pl
7. cDNA 1pl
Total volume of 20 ul

The optimal number of PCR cycles and annealing temperature for amplification of a
specific MRNA were determined for each primer (Table 6). For normalization, the
GAPDH gene was selected as a reference housekeeping gene. After reverse tran-
scription, the PCR products were analyzed by gel electrophoresis on a 2% agarose gel
containing EtBr. The photos were acquired. Quantification of PCR results was per-

formed using ImageJ, an open-source image analysis software platform.

3.2.10. Cloning in TOPO TA plasmid

The next steps in the cloning of recombinant plasmids involved the utilization of the
pPCR 2.1 TOPO TA cloning kit (Invitrogen, Darmstadt). TOPO-Cloning, also known as
DNA topoisomerase cloning, is a method of DNA cloning that does not require a ligase
enzyme and is highly efficient. The selection process involved kanamycin and ampicil-
lin resistance genes and the Lac operon, which facilitates blue/white screening. The 3’
overhangs allow for efficient ligation with HotStar HiFidelity DNA Polymerase-amplified

PCR products that also have 3’ overhangs.

Gene insertion site/
Sequences for restricion enzymes

pCR-TOPO

\

Figure 8 pCR 2.1 TOPO TA. Modified and adapted from www.Thermofisher.com.
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The TOPO TA plasmid is covalently bound to topoisomerase |, which is an enzyme
that can alter the amount of supercoiling in DNA molecules. Topoisomerase | breaks
DNA strands by alternately breaking and resealing the sugar-phosphate backbone. In
this case, topoisomerase | specifically recognizes the sequence 5" -(C/T)CCTT-3" and
covalently binds to the phosphate group attached to the 3" thymidine, cleaves one DNA
strand and relieves the supercoiling. The vector is simply mixed with the PCR product,
and the linearized vector readily ligates adenine and thymine DNA sequences with

compatible ends in a few minutes at room temperature (Fig. 9).

3~ AAGGG -5 room temperature .
o0 PO I GO s . o |
7 3- GGGAA'S 3-AAGGG -5

3- GGGAA-S @

Figure 9 TOPO TA Cloning.

Following ligation, the topoisomerase is released. Modified and adapted from www.Ther-
mofisher.com.

3.2.11. Blue-white screening of clones

To identify the clones containing the recombinant pCR-TOPO-hBMP6 plasmid, we em-
ployed a blue/white colony screening protocol from Gold Biotechnology. The TOPO-
TA plasmid contains a lac operon that expresses the enzyme B-galactosidase (Fig.
11). In this screening method, 120 pl (20 mg/ml) 5-bromo-4-chloro-3-indolyl-B-D-ga-
lactopyranoside (X-gal) was added to an ampicillin-agar plate as a chromogenic sub-
strate. Additionally, 40 pl of 200 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) was
added as an inducer to activate the B-galactosidase gene. In the absence of a new
gene insertion, the LacZ gene remains uncut. However, in the presence of IPTG, the
B-galactosidase enzyme is upregulated, and it hydrolyses X-gal to an insoluble blue
pigment. Consequently, the colonies with an intact LacZ gene appear blue because
they still have an intact Lac operon that produces (-galactosidase, which is required
for lactose digestion. In contrast, the recombinant colonies appear white, allowing easy
identification of the correct clones (Fig. 10).
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Figure 10 Agar AXI-Plate for blue-white
screening.

Insert within

LacZ a
—>» White colonies

—— 3 Blue colonies
No insert

Culture with X-gal+IPTG

Figure 11 A schematic representation of atypical blue-white screening.

Modified and adapted from www.sigmaaldrich.com.

3.2.12. Ligation of plasmid DNA with T4 ligase

To enable easy ligation, the gene fragment and the vector were digested with the same
restriction enzymes, resulting in complementary overhangs. To ligate the gene DNA with a
linearized plasmid, the plasmid ends and gene ends were restricted with enzymes and then
ligated using T4 DNA ligase. Therefore, 20 pl of volume containing 0.5 pg of vector DNA
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combined with a 3-fold molar excess of insert DNA, 2 ul of 10 x T4 DNA ligase buffer, 1 pl
of T4 DNA ligase and nuclease-free H.O were incubated overnight at 4°C. The reaction was
stopped by heat inactivation of the ligase at 65°C for 10 min.

The ligated destination plasmid construct was subsequently transfected into DH5a E. coli

competent cells (3.2.3.).

3.2.13. DNA Sequencing

DNA sequencing was performed by Eurofins MWG Operon (Ebersberg, Germany).
Therefore, 15 ul of the sample, with a concentration of 50-100 ng/ul was requested.
Our own sequencing primers were designed (Table 6). Sequencing up to 1,100 bases

was possible. The sequences were analyzed using the BioEdit program.

3.2.14. Large-scale plasmid DNA isolation (Midiprep)

The desired clone was cultivated overnight in 100 ml of LB medium with 100 pg/ml
ampicillin and incubated on a shaker at 37°C. The propagated plasmid was then ex-
tracted and purified using the QIAprep Spin Midiprep System. The DNA concentration
was measured using Nanodrop. The Azeor2s0 ratio of ~1.8 DNA was qualified as pure
and used for the following experiments. The resulting recombinant plasmid DNA was
stored at -20°C.

3.3. Cell culture

3.3.1. Human mesenchymal stem cells (hMSCs)

Our experiments were performed using the SCP1 cell line. This is a well-established, im-
mortalized human bone marrow-derived mesenchymal stem line described by Bocker et al.
2008 (Bocker et al., 2008). SCP1 stands for Single Cell Picked Clone 1 and represents

hTERT-transduced cells successfully introduced via lentiviruses.
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Normally, cells undergo cellular senescence as they replicate due to the gradual shortening
of telomeres, which are tandem repeat sequences located at the ends of chromosomes
(Kim et al., 1994; Liu et al., 2017). However, the introduction of the human telomerase en-
zyme can prevent telomere shortening and allow indefinite cellular division, leading to the
development of an immortalized cell line. This phenomenon is also observed in some tumor
cells (Bodnar et al., 1998; Smith, Hocking and Isik, 2004). Therefore, the SCP1 cell line was
extensively evaluated to exclude its potential for neoplastic transformation and no evidence
of tumorigenesis was found (Bdcker et al., 2008).

Immortalized cells such as SCP1 are a valuable research resource due to their ability to
grow and differentiate without limitations. This makes them particularly useful in experiments
where limited proliferation can lead to incomplete results and variations in different pheno-

types and genotypes.

3.3.2. Cultivation of hMSCs and cell culture media

To maintain sterility throughout the work with hMSCs, a laminar airflow cabinet was used
and all instruments and supplies were sterile. Prior to work, all surfaces were thoroughly
cleaned with 80% ethanol to minimize the risk of contamination.

The hMSC cell lines were cultured in a humidified incubator (Hera cell 240, ThermoFisher
Scientific) at 37°C with 95% humidity and 5% CO2. The standard culture medium used in
our experiments consisted of DMEM (Gibco), 10% FBS (Sigma), and 1% penicillin and

streptomycin (Biochrom), in order to prevent the contamination of the cell culture.

The cells were cultivated in a cell culture flask (Nunc) with the appropriate amount of cell
culture media and incubated in a humidified incubator. The medium was changed one day
later and subsequently every two to three days until the cells reached 70-80% confluence
of the surface area, indicating that the cells were ready for passage. The propagation pro-

cess was monitored daily by an optical microscope.

3.3.3. Passaging cells, quantifying cell numbers and expansion
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To maintain and expand hMSCs during the log phase, the surface of the T-flask was
covered up to 80% prior to cell passage. All supplies were sterilized and prepared as
described above. The cell culture medium was warmed to 37°C and the trypsin solution
was prepared. Therefore, in a 50 ml Falcon tube, 36 ml of sterile PBS (Gibco) was
mixed with 4 ml of 10x trypsin (Trypsin-EDTA Gibco).

Using a sterile pipette, the medium was carefully removed from the adherent cells, and
the cells were rinsed with PBS. The cell sheets were then covered with 1x trypsin
solution as a cell dissociation reagent. The T-flask was incubated at 37°C in an incu-
bator for 5 minutes. A double amount of warm cell culture medium was added, and the
cell clumps were carefully broken up by repeated pipetting. The cell suspension was
transferred into a falcon tube and centrifuged at 500 x g for 5 minutes to remove the
trypsin reagent and wash the cells, ensuring their viability, minimizing the potential for
enzymatic degradation, and to provide a clean environment for further culture experi-
ments. The medium was removed from the well-formed pellet, and the pellet was re-
suspended in prewarmed growth medium. From a homogeneous solution of single

cells, a small sample was removed for cell counting.

Cell counting was performed using trypan blue (Lonza) vital staining. The dye was well
mixed with the cell suspension in a 1:1 ratio. A Neubauer counting chamber was then
used to count the cells. After evaluation of all four chambers, the number of cells was
divided by 2 (due to dilution with trypan blue) and multiplied by 10 to calculate the

number of cells per milliliter.

For further cell expansion, cells were seeded into a new T-flask (Nunc). The number
of cells seeded in the T-flask and the volume of cell culture media were determined

after manufacturer’s instructions. The seeded cells were incubated again at 37°C.

3.3.4. Freezing (cryoconservation) and storage of cells

Cryoconservation of h(MSCs is critical to maintain healthy and viable cells. Prior to cryo-
conservation, the cells were in the logarithmic growth phase. The freezing medium was
made with growth medium (DMEM+1% P/S+10% FBS) by adding 10% DMSO (DMSO,
AppliChem) and 10% FBS and stored at 4°C.

42



Materials & Methods

After the cells were trypsinized, counted and centrifuged, an appropriate amount of
freezing medium was added to the cell pellet. The ratio of cells to freezing medium was
approximately 1 million cells per milliliter, and 1 ml of cell suspension was aliquoted
into each cryogenic, pre-labeled vial. The vials were placed on dry ice and then trans-

ferred to liquid nitrogen for long-term storage.

3.3.5. Thawing hMSC samples

Thawing is a stressful process for the cells and must be done quickly to minimize po-
tential damage. The presence of toxic DMSO in the freezing medium further highlights
the importance of careful handling. The work with a liquid nitrogen tank was done ac-
cording to our work safety policy with the appropriate personal protective equipment
(PPE).

To begin the thawing process, the cryogenic vial was placed on dry ice and quickly
transferred to a 37°C water bath where it was agitated with gentle shaking. After thaw-
ing, the vial was cleaned with 80% ethanol and opened in a hood. The contents were
then transferred into a 15 ml Falcon tube (Sarstedt, Germany), supplemented with pre-
warmed cell culture media, and centrifuged at 500x g for 5 minutes. The supernatant
was carefully removed, and the cell pellet was resuspended in media, the volume de-

pending on the number of cells and the size of the T-flask used for cell seeding.

3.3.6. Nucleofection of hMSCs and early transfection events in
cell microscopy

Nucleofection is an electroporation-based technique that allows the efficient transfer of ge-
netic material (DNA/RNA) into the nucleus of cells by creating pores in the cell membrane
and increasing its permeability using electrophoretic forces (Gantenbein et al., 2020). The
efficiency of transfection depends on the cell culture and methods used, and typically gene
expression can be observed after 4 hours of the procedure. However, nucleofection has
been known to cause high cell toxicity (Kneser et al., 2002; Wu and Yuan, 2011; Hamann,
Nguyen and Pannier, 2019). To overcome this issue, modern nucleofection methods and

buffers have been developed and improved. Therefore, we have used the 4D-Nucleofector
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X Unit system from Lonza along with the P2 Primary Cell 4D-Nucleofector X kit for the nu-

cleofection process.

To perform nucleofection, cells were first resuspended in 20 pl nucleofection buffer contain-
ing supplemented nucleofector solution. The cell suspension was mixed with 0.6 pg DNA
of the Sleeping Beauty plasmid and the transposase plasmid pPCMV(CAT)T7-SB100 in a
3:1 ratio and transferred to a 16-well Nucleocuvette column (Lonza). The Nucleocuvettes
were covered with a lid and transferred to the 4D nucleofector (program CM-138, Lonza)
for nucleofection. After nucleofection, prewarmed media was added to the Nucleocuvettes
and the cells were transferred to a T-flask and incubated overnight at 37°C. Simultaneously,
the transfected cells were treated with 2 pg/ul of puromycin (Sigma Aldrich) for one week to
eliminate non-transfected cells. After 24 hours, the media was changed, and the cells were
observed daily for GFP expression under a fluorescent microscope (Axio Observer Z1 from

Carl Zeiss).

3.3.7. Fluorescence-activated cell sorting (FACS)

After nucleofection and puromycin selection, the transfected cells were prepared for
sorting of cell populations according to their GFP expression levels using fluorescence-
activated cell sorting (FACS). In FACS, a laser beam is used to scatter light from a
single cell at all angles, and the optics detect fluorescent signals and convert cellular
structures into light signals. The forward scatter (FSC) describes the cell size, while
the side scatter (SSC) indicates the fluorescence signal, cell granularity, and structural
complexity. These signals are plotted on two-dimensional scatter plots. At least 10,000
cells were sorted per treatment, and SCP1 cells were used as a negative control for
evaluating cellular background autofluorescence. After flow cytometric analysis, the
cell droplets were separated into different samples according to their fluorescence in-

tensity.

The FACS medium was prepared with DMEM without phenol red (Gibco), 10% FBS,
1% P/S, and 1% antibiotic-antimycotic solution (Gibco). 1 million cells were resus-
pended in 0.3 ml FACS solution and stored on ice and transported to the FACS facility.
After sorting, the cells were seeded in a 225 ml T-flask with cell culture medium con-
taining 1% antibiotic-antimycotic. FACS sorting was performed at the core facility of
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the Dr. von Hauner Children’s Hospital, Department of Pediatrics, University Hospital,

Ludwig-Maximilians University, Munich, Germany.

3.4. RNA Isolation

3.4.1. Isolation of total RNA from cell culture

To determine transgene transcription at the mRNA level, RNA was isolated from cells
using the RNeasy Mini kit (Qiagen) according to the manufacturer’s instructions. For

safety reasons, the work was done under a fume hood and with appropriate PPE.

Prior to RNA isolation, 300,000 cells per cell clone were seeded in a T25-flask and
cultivated for three days. On the third day, the cells were washed with PBS. 350 pl of
RLT buffer containing 1% B-mercaptoethanol (Sigma-Aldrich) was added to the T25-
flask to ensure uniform distribution over the cell sheet. Cells were detached from the
bottom of the flask using a cell scraper and the cell pellet was dissolved by pipetting.
The solution was then transferred to a sterile 1.5 ml tube (Eppendorf, Germany) and
stored on ice. RNA isolation was performed according to the manufacturer’s protocol,

including the optional DNase digestion step on the column.

After isolation, the RNA pellet was resuspended in 30 ul DEPC H20 and the RNA
concentration was measured in ng/ul and purity was determined spectrophotometri-
cally using a Nanodrop (Nanodrop 2000 spectrophotometer, Thermo Scientific) at Azso

and Azso/280. The isolated RNA was stored at -20°C until further use.

3.4.2. RNA isolation using QlAzol lysis reagent

This method was used for hMSCs that were stimulated for 21 days to differentiate into
the osteogenic lineage. Due to the formation of calcium phosphate deposits, the cells
are difficult to lyse. Therefore, from the positive control samples, the RNA was isolated
using QIAzol lysis reagent (Qiagen, Germany) following the manufacturer’'s instruc-
tions. Briefly, the cell monolayer was covered with the QIAzol lysis reagent, and the
cells were detached using a cell scraper. The samples were homogenized, transferred

into tubes, and stored at room temperature for five minutes. Chloroform was added
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and vortexed vigorously for 15 seconds. The samples were stored for three min at
room temperature and centrifuged at 12,000 x g for 15 min at 4°C. Three color phases
were separated in the samples. The upper, colorless phase containing RNA was trans-
ferred to a new tube, isopropanol was added, and the samples were resuspended.
After incubation at room temperature for 10 min and centrifugation at 4°C for 10 min,
the supernatant was removed and the colorless RNA pellet was resuspended with 75%
ethanol. The tubes were centrifuged at 7,500 x g at 4°C for 5 min, the supernatant was
removed from the pellet, and the pellets were air-dried. After drying the pellets from

ethanol, the pellets were resuspended in 70 pl of RNase-free water and stored on ice.

3.5. Luciferase reporter assay

Luciferase is a class of oxidative enzymes that efficiently convert energy into light. One
of the well-known luciferase enzymes is the luciferase firefly, which involves the follow-

ing reaction:

Mg?2
Luciferin + Oz + ATP = Oxyluciferin + CO2 + AMP + PPi + light

The luciferase protein does not undergo post-translational modification, resulting in
rapid and reliable results. The luciferase reporter cells allow to evaluate where the
recombinant BMPs activate the BMP response pathway at the gene level. Compared
to other assays such as ELISA, the luciferase reporter assay can detect the total bio-
logically active BMP isoforms in samples (Smith and Trempe, 2000; Logeart-

Avramoglou et al., 2005; Herrera and Inman, 2009).

In our experiment, we used HepG1BRA BMP-reporter cells, which were kindly pro-
vided by Prof. Daniel Rifkin from NYU. The HepG1BRA cells were stably transfected
with a vector consisting of an Id-1-derived enhancer recognized as a BRE-promoter.
BMP-Response Element (BRE) acts as a promoter and is activated by R-SMADs and
SMAD4 complexes. In this construct, the Id-1-derived enhancer is fused to a luciferase
gene. The activated BRE itself activates luciferase transcription and thus translation
(Zilberberg et al., 2007).

We seeded 1x10* HepG2BRA cells in a 96-well plate (Nunc, Wiesbaden) and let the

cells recover and grow overnight. Our standard cell culture medium (described above)
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was used as the growth medium. The next day, the cells were washed with PBS and
incubated for 16 hours with cell culture supernatants obtained from the cultures of
SCP1-BMP2-GFP-h, SCP1-BMP4-GFP-h, SCP1-BMP6-GFP, SCP1-BMP7-GFP-h,
SCP1-BMP2/6-GFP-h, SCP1-BMP2/7-GFP-h, SCP1-BMP-4/7-GFP-h, and SCP1-
GFP-h cells. The supernatants were collected for our experiments, as for the luciferase
cell reporter assay and ELISA, by seeding 300,000 cells per cell line in T25-flasks.
After 3 days, the cell supernatants were collected, centrifuged at 4°C at 10,000x g for
5 min, and stored at -20°C for a short time for the future experiments. For this assay,

we chose black plates with transparent bottoms (Corning Costar plate).

After 16 hours, the cells were washed with PBS and lysed with 20 pl of 1x reporter lysis
buffer (Luciferase Assay System, Promega USA). The 96-well plate was sealed with
foil to protect the samples and stored at -20°C for one hour. The microplate detection
system (Safire 2, Tecan Switzerland) was prepared for the experiment. Before the
measurements, 100 ul of luciferase assay reagent (containing luciferin as luciferase
substrate) was added to each sample and rapidly mixed by pipetting. Luciferase cata-
lyzed the reaction, and the emitted light was measured. At least 6 measurements of
each sample were done. All experiments were performed at least twice, with three
independent wells per condition.

3.6. Protein analysis techniques

3.6.1. ELISA for BMP-2 and BMP-6

Enzyme-linked Immunosorbent assay (ELISA) is a widely used biochemical technique
for the detection and quantification of specific proteins within a sample. We used Quan-
tikine ELISA hBMP2-Immoassay and DuoSet ELISA hBMP-6 (R&D Systems, USA) for
our samples. The procedures were performed according to the manufacturer’s instruc-
tions. Briefly, the supernatants were prepared and stored at -20°C as described above
in chapter 3.5. The samples were the supernatants of SCP1-BMP2-GFPh, SCP1-
BMP2/6-GFPh, SCP1-GFPh, and rhBMP-2 which served as the positive control for the
BMP-2 ELISA. Similarly, SCP1-BMP6-GFP, SCP1-BMP2/6-GFPh, SCP1-GFPh, and
rhBMP6 served as the positive control for the BMP-6 ELISA. The samples were thawed
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on ice, diluted 1:10 and 1:100, and used immediately. All reagents were brought to
room temperature, microplate strips were prepared, and all standards, samples, and
negative and positive controls (rhBMP-2, rhBMP-6) were applied in duplicate.

After completing all protocol steps, the optical density of each well was measured at
450 nm, and wavelength correction was acquired at 550 nm using a microplate reader
(Multiscan FC, Thermo Scientific). The concentration of BMP in the samples was de-
termined based on the standard curve. During the procedure, an antibody binding to
the bone morphogenetic protein epitopes converted a substrate into a colored product,

which allowed us to quantify the amount of BMPs in the samples.

3.6.2. Preparation of cell lysates from cell culture

1x1068 cells per cell line were seeded in T75-flasks and cultivated until reaching conflu-
ence. T-flasks were then washed with ice-cold PBS, and cell lysates were prepared
using RIPA-Buffer.

RIPA-Lysis-Buffer:

Stock solution Working concentration Amount
10% SDS 0.1% SDS 2.5ml
Powder NaDOC 1% NaDOC 25¢g
100% Triton X-100 1% Triton X-100 25ml
1 M Tris-base pH 8.2 50 mM Tris pH 8.2 12.5ml
5 M NaCl 150 mM NacCl 7.5ml
0,5MEDTApH8.0 10 mM EDTA 5ml

1 M NaF 20 mM NaF 5ml
Filled up to 250 ml with H20 and stored at 4°C for max. 6 months.

Because SDS and NaF are toxic, the procedures were done under a fume hood with
appropriate PPE. RIPA buffer was prepared by dissolving one tablet of protease and
phosphatase inhibitors (Roche, Germany) and stored on ice. After washing the cells,
500 ul of RIPA-Buffer was added to the T75 flask. The cells were scraped with a cell

scraper, transferred to pre-cooled Eppendorf tubes, and incubated on ice for 30
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minutes. The lysates were homogenized by sonication for 5 seconds and incubated
again on ice for 30 minutes. After centrifugation at 10,000 % g at 4°C in a pre-cooled
centrifuge, the supernatants were carefully transferred to new tubes and stored on ice.

3.6.3. BCA-Assay

The total protein concentration of the samples was determined using the bicinchoninic
acid assay. This assay measures protein concentration based on changes in sample
color detected at 562 nm. The concentration of the samples is determined using a
standard curve. For our experiment, Micro BCA Protein assay kit (Thermo Scientific,
USA) was used for each sample, following the manufacturer’s protocol.

Briefly, a total volume of 120 ul of working reagents was used for each sample. As per
the protocol, an assay standard of 2 mg/ml BSA was diluted in RIPA-lysis buffer. The
supernatant samples were diluted 1:10. 120 ul of each standard and sample was pi-
petted in triplicate into a 96-well ELISA plate (96-well plates, Nunc). Then, 120 pul of
the prepared working solution was added, mixed on a shaker for 30 seconds at room
temperature, covered with sealing tape, and incubated at 37°C for one hour. After the
plate was cooled, the protein concentration was determined based on the standard
curve at 562 nm in an ELISA microplate reader (ELISA Microplate Reader (Multiskan
FC, Thermo Scientific, USA). This allowed for an accurate determination of the total

protein concentration in each sample.

3.6.4. Sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE)

SDS-PAGE is a method used to separate proteins according to their molecular weight
on a polyacrylamide gel. In this technique, proteins are denatured and negatively
charged with SDS. During electrophoresis, the negatively charged proteins move to-

ward the positively charged anode, thus getting separated according to their size. A
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protein ladder is used to measure the molecular weight of each protein. For our exper-

iments, we prepared a resolving gel with a reagent concentration of 12% and a thick-

ness of 1.5 mm.

Resolving gel for SDS-PAGE:

Reagents Vol | Resolving gel 1.5 mm (10 ml)
H20 ml | 2.05
30% Acrylamide mix ml | 4
1 M Tris (pH8,8) ml | 3.75
10% SDS u | 100
10% APS u | 100
TMED i 4
Stacking gel for SDS-PAGE:
Reagents Vol | Stacking gel (1 gel 2.5 ml)
H20 ml | 1.72
30% Acrylamide mix pl | 415
1 M Tris (pH 6.8) pul | 315
10% SDS | 125
10% APS i 25
TMED u |25

The resolving gel was poured first between the glass plates, to polymerize and solidify.

Deionized H20 was carefully added to ensure the level surface of polyacrylamide gel once

it was polymerized. Afterward, the stacking gel was carefully poured on top of the solidified

resolving gel. An appropriate comb was inserted to create sample wells. The gel cassettes

were prepared in a casual manner. After the gels were solidified, they were inserted into the

clamping frame of the electrode assembly and placed in a mini tank. The tank was filled with

1 x running buffer.

10x Running Buffer

Tris-base 25mM TrispH 8.3 | 30.28¢
Glycine 0.192 M Glycine 14413 ¢
SDS 0.1% SDS 10g
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H20 Up to 1,000 mi

The protein concentration was previously measured using a BCA assay, as described
earlier. A total of 35 pg of the protein sample was mixed with 4x Laemmli loading buffer
containing B-mercaptoethanol (3-ME). 3-ME is a reducing agent used to reduce disul-
fide bonds and homogenize protein samples to obtain well-defined bands. However, it
is important to note that B-ME may disrupt the disulfide bonds of BMP proteins, alter
protein structure, and make it difficult for some antibodies to recognize the original
protein epitopes. Therefore, whether 3-ME was added, depended on the manufac-

turer’s instructions for a specific antibody.

4x Laemmli Buffer + 3-Mercaptoethanol

Tris-HCI 50 mM 2 mlfrom 1 M Tris-HCI pH 6.8
Glycerol 10% 4 ml from 99%

SDS 2.5% 1g

Bromophenol blue 0.0005% 20 mg

B-Mercaptoethanol 7.5% 3ml

H20 Up to 10 ml

The samples were boiled at 100°C for 5 minutes, centrifuged, and stored on ice. The
samples and protein ladder were loaded in the desired order, and SDS-PAGE was
then conducted at a constant voltage of 100 V for approximately 1.5 hours.

3.6.5. Western blot

Protein immunoblotting, also known as Western blot, is a reliable method for confirming
the presence of specific proteins in a sample. It involves several steps, including SDS-
PAGE. After proteins are separated by molecular weight, they are transferred from the
gel to a membrane by a process called electroblotting. Blotting was performed using the
Trans-Blot Turbo Transfer System (Bio-RAD). Blotting buffer was prepared and stored at
4°C.

10x Blotting Buffer:
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Reagent Working concentration
Tris-base 250 mM 25 mM

Glycine 1.92 M 125 mM

H20 uptollpHB8.3

1x Blotting Buffer:

Reagent Working concentration
10x blotting buffer 10%

Methanol 1.92 M 20%

H20 up to 2 | and stored at 4°C

The PVDF membrane was cut to the required size, soaked in methanol for 10 min, and

washed briefly with distilled H20. Gels, PVDF membranes, and filter papers were equil-

ibrated in 1 x blotting buffer. The gel sandwich was assembled. Therefore, the gel was

placed on a filter paper soaked in transfer buffer, followed by the membrane on top of

the gel, and then another paper on top of the membrane. The sandwich was placed in

a transfer cassette. The blotting program was run at 25 V, 1.0 A for 30 min. The blotted

membranes were labeled, washed with TBST twice, and placed in blocking solution in

5% BSA for 1 hour at room temperature. Depending on the manufacturer's instructions

for specific antibodies, some membranes were blocked in 5% skim milk.

10x TBS:
Reagent Working concentration
0.65 M Tris-Base 799
1.5 M NaCl 87.7 ¢
H20 uptollandpH 7.4

Wash Buffer (TBS-Tween?20):

Reagent Working concentration
1MTrispH7.4 65 mM

NaCl 150 mM

Tween 20 0.05%

H20 upto2l
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Blocking Solution:
5% skimmilk  5gin 100 ml TBST

5% BSA 59in 100 ml TBST

Following the blocking step, the membranes were briefly rinsed with wash buffer, cov-
ered with a primary antibody (Table 5) diluted 1:1,000 in blocking solution, and stored

on a shaker overnight at 4°C.

The next day, the membrane was washed three times and covered with secondary
antibody (depending on the primary antibody) diluted 1:10,000 and stored at room tem-
perature for one hour. After three additional washes each for five min, the protein side
of the membrane was covered with ECL-solution forte (Immobilon, USA). The second-
ary antibody was oxidized with a chemiluminescent substrate, and the resulting chem-
iluminescence was detected using a Chemiluminescence detector (ImageQuant LAS
4000 mini, GE Healthcare, Munich).

As an internal control for protein loading, the housekeeping protein B-actin was de-
tected on the same membrane. Therefore, the membrane was washed and stripped to
remove all immunohistochemical precipitates. The membrane was incubated in a strip-

ping buffer and heated at 50°C for 10 min.

Stripping Buffer:

Reagent concentration
2-Mercaptoethanol 3.57 ml

SDS 10% 100 mi
TRIS1MpHG6.8 31.3ml

H20 Up to 500 mi

Afterward, the membrane was washed with TBST and stored in blocking solution for
one hour. The primary antibody was added at a dilution of 1:1,000, and the membranes
were stored at 4°C overnight. As a reference protein to normalize our protein of inter-
est, we used B-actin. The membranes were then treated with ECL-solution crescendo
(Immobilon, USA) and chemiluminescence was measured using a chemiluminescence

detector.
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3.7. Cell culture experimental techniques

This chapter describes methods for cell culture experiments, as well as osteogenic and
adipogenic differentiation techniques that have been applied to BMP overexpressing
hMSCs. Experiments were performed on the cell lines, which included SCP1-BMP-2-
GFPh, SCP1-BMP-4-GFPh, SCP1-BMP-6-GFP, SCP1-BMP-2/6-GFPh, SCP1-BMP-
2/7-GFPh, SCP1-BMP-4/7-GFPh, and SCP1-BMP-GFPh. The differentiation of the
cells into adipogenic and osteogenic lineages was performed in co-cultures with
hMSCs up to passage 6 from a single donor (male, 67 years old). Therefore, in addition
to analyzing the BMP overexpressing hMSCs, we also observed their paracrine influ-

ence on the surrounding cells, as this may occur in vivo tissues.

3.7.1. Fixation of human mesenchymal stem cells and DAPI
staining of nuclei

For GFP expression analysis, 1,000 transfected cells per well were seeded in an Ibidi
8-Well u-Slide (Ibidi, Germany) and covered with 300 pl of cell culture medium. After
two days, the cells were washed with 300 pl of PBS and fixed with 4% PFA for 10
minutes at room temperature. After washing, PBS was gently aspirated, and 300 pl of
a working solution of a 4’,6-diamidino-2-phenylindole (DAPI) dye was added. DAPI is
a nuclear dye that binds to double-stranded DNA in fixed cells, producing blue fluores-
cence that can be detected using a blue filter. The working concentration for the dye

was 1 pg/ml.

The slides were stored in the dark at room temperature for 15 min. The cells were then
washed with PBS and fresh PBS was added to the slides to prevent drying. The images
were acquired using a fluorescent microscope (Axio Observer Z1 from Carl Zeiss, Ger-

many).

3.7.2. Osteogenic differentiation

To initiate osteogenic differentiation, 20,000 cells were seeded in 24-well plates, with

a 1.1 ratio of BMP overexpressing SCP1 to primary hMSCs. All transfected cell lines
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were seeded in triplets, for both positive (stimulated) and negative (unstimulated) con-
trols. During the first two days, the cells were cultured in a standard cell culture medium
(DMEM+10%FBS+1%P/S). The cells had reached 80% confluence by 48 hours, and
osteogenic differentiation was initiated by replacing the standard culture medium with
an induction medium. The negative controls received the standard cell culture medium
throughout the experiment. The medium was changed every third day, and the hMSCs
followed the standard osteogenic differentiation protocol, which typically lasted 21

days.

Osteogenic induction media:

Reagent Concentration in | Concentration

stock solution in OD-medium

DMEM high glucose (Sigma)

FBS (Sigma) 100% 10%
Pen/Strep (Gibco) 10,000 1U/ml 40 IU/ml
Dexamethasone (Sigma) 50 uM 100 nM
B-glycerophosphate (Sigma) 1.66 M 10 mM
L-ascorbic acid (Sigma) 12.5 mM 50 puM

3.7.3. Alizarin red S staining

Following 21 days of culture, the stimulated cells exhibited microscopic changes indic-
ative of osteogenic differentiation. To confirm the findings, Alizarin red S staining (ARS)
was utilized, which is an effective method for detecting calcium deposits. The Alizarin
red S quantification assay is a sensitive technique that allows for the quantification of

extracted dye from the cell monolayer.

To perform the ARS staining, the wells for the positive and negative controls were
washed twice with PBS and fixed in 4% PFA for 15 minutes at room temperature.
Afterward, the layers of cells were washed with dH20 and incubated with 500 pl 40 mM
ARS for 20 min. To prepare 40 mM ARS, 685 mg of the ARS dye (Sigma) was resus-
pended in 40 ml dH20, and the pH was adjusted to 4.1. The solution was then filled to
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a total volume of 50 ml and filtered to remove any dye precipitates and clear the solu-
tion. Following several washes, the cell layer was covered with water to prevent the

cells from drying out and visualized under a microscope.

3.7.4. Quantification of Alizarin Red S staining

After acquisition of images from the stained wells, a quantitative analysis of the ARS
staining was performed. Therefore, the optical density of the stained samples was
measured and quantified using the pre-established ARS standard curve, which serves
as a reference curve. The concentration of calcium deposits in the samples was deter-

mined by comparing the OD values of the samples to the standard curve.

To create a standard curve, 40 mM ARS staining stock solution was diluted with acetic
acid to obtain a 2 mM ARS solution. The 2 mM ARS solution was further diluted ac-
cording to the steps as demonstrated in Figure 12. Each absorbance value was assigned
a specific concentration of ARS. The absorbance of the standard represents the blank of
the measurement. The absorbance and concentration were plotted against each other in a

point diagram.

40ul AR

400yl 400pl 400l 400pl 400pl 400pl
2m 1mi sooi 250i nsi 62,Si 3'“' Bla
7604l \ ] ] /
acetic acid 400yl acetic acid
15ul AR
2mM AR
400yl 400pl 400l 400y 400yl 400pl
30 1sui 7,5i 3,75* 1,88i ﬁ 0,47 Bla
985yl X /
acetic acid 400yl acetic acid

Figure 12 Alizarin red S staining dilution steps for standard.
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To determine the OD of stained samples, the bound ARS dye was dissolved with 300
pl of 10% acetic acid in dH20 for 30 minutes at RT. The cells were scraped from the
bottom of the wells and the suspension was transferred into a 1.5 ml tube and vortexed
vigorously. The tubes were heated to 85°C for 10 minutes and sealed with parafilm to
prevent evaporation. The samples were then stored on ice for five minutes and centri-
fuged at 14,000x rpm for 15 minutes at RT. 200 pl of the supernatant was transferred
into new Eppendorf tubes to which 75 pl of 3% ammonium hydroxide was added to
neutralize the pH between 4.1 and 4.5. Due to the high concentration of ARS, all sam-
ples were diluted 1:10 and 1:20. Subsequently, 50 pl of all samples and standards
were applied in triplicate to a 96-well plate. The optical density was measured at 405
nm using a microplate reader (ELISA Mini Microplate Reader, Thermo Scientific,

Schwerte).

3.7.5. Adipogenic differentiation

To investigate the adipogenic differentiation potential of the cells, the same seeding
conditions as for osteogenic differentiation were used, with 20,000 cells per 24-well and a
1:1 ratio of transfected BMP overexpressing SCP1 and primary hMSCs. Triplicate wells
were used for both stimulated and unstimulated controls. Once the cells reached
confluence, adipogenic differentiation was induced by replacing the standard culture
medium with an adipogenic induction medium. After five days, the induction medium was
changed to maintenance medium for two days before stimulation for another five days. The
stimulated cells were treated in this manner for 14 days. The control cells were also treated
with standard cell culture medium for 14 days and the medium was changed every third day

throughout the experiment.

Adipogenic induction medium:

Reagent Concentration Concentration

in stock solution in AD-medium

DMEM high glucose (Sigma)

FBS (Sigma) 100% 10%
Pen/Strep (Gibco) 10,000 1U/ml 40 IU/ml
Dexamethasone (Sigma) 50 uM 1uM
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Indomethacin (R&D Systems) 50 mM 0.2 mM
Insulin (Sigma) 10 mg/ml 0.1 mg/ml
IBMX (Sigma) 500 mM 1mM

Adipogenic maintenance medium:

Reagent Concentration Concentration

in stock solution in AD-medium

DMEM high glucose (Sigma)

FBS (Sigma) 100% 10%
Pen/Strep (Gibco) 10,000 1U/ml 40 IU/ml
Insulin (Sigma) 10 mg/ml 0.1 mg/ml

3.7.6. Bodipy staining and fluorescence microscopy

After 14 days of stimulation, microscopic morphological changes were observed in the stim-
ulated cells. To visualize lipid droplets, cells in the 24-well plate were washed and fixed with
4% PFA, following the same protocol as described in chapter 3.7.1. Bodipy 493/503 (Invi-
trogen, USA) staining was used to visualize lipid droplets. Bodipy is a fluorescent dye that
reacts with peroxidized polyunsaturated fatty acids in lipids. Its fluorescent property in the
green range of the spectrum allows its application in fluorescence microscopy (Drummen
etal., 2002; Spangenburg et al., 2011).

The staining procedure was performed according to the manufacturer’s instructions. Briefly,
fixed cells were washed three times with PBS and incubated with 5 mM Bodipy diluted in
dH20 for 15 minutes at room temperature. The cell layers were then washed three times
with dH20 and covered with PBS to prevent drying. The fluorescence signal (485/520 nm)
emitted by Bodipy-stained lipid droplets was measured. The relative area occupied by lipid

droplets and their fluorescence intensity were quantified using ImageJ.

3.8. Statistics
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In this thesis, the data were analyzed and visualized using GraphPad Prism9 (USA). All
results are presented as mean * standard deviation (SD) for normally distributed data. To
compare more than two groups, ANOVA was used. Specifically, one-way analysis of vari-
ance (ANOVA) was used to determine the significance of the mean of each data point com-
pared to controls. For non-normal distributions Kruskal-Wallis test was applied. To identify
which sample groups showed statistically significant differences from the control group, we
performed post hoc statistical analysis using Dunnett’s multiple comparison test. The results
were considered statistically significant (marked with an asterisk *) with the probability of
error below 5% (* p<=0.05).

3.9. Software

For sequence alignment, sequence editing, and molecular biological data analysis the Bi-
oedit 7.2 program was used. DNA sequences were designed and analyzed with Clone Man-
ager 10. The images were evaluated with the NIH ImageJ analysis software 1.52e. The
FACS material was demonstrated in FlowJo FACS analysis 10. The fluorescence micro-
scope images were processed using ZEN 3.5 software (Carl Zeiss) and then arranged in
figures with Adobe lllustrator (version 26.0). The reference management software Mendeley
1.19.8. was used to manage the references.
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Chapter 4

4.1. Results

In this thesis, BMP-6 and BMP-2/6 expressing plasmids were created in the Sleeping
Beauty transposon vector to deliver BMP-6 and BMP-2/6 overexpressing hMSCs.
Cells transfected with an empty vector containing only the eGFP gene were used as a
negative control. Furthermore, our aim was to characterize these cells with other BMP-
2,-4,-7,-2/7, and -4/7 overexpressing hMSCs and to differentiate them into bone and
fat tissues. We also aimed to investigate the in vitro osteogenic capacity exhibited by
hMSCs overexpressing BMPs derived from the SB-transposon system and to compare

the biological superiority of transgenic heterodimeric BMPs with homodimers.

4.1.1. Cloning of pSBbi-GP-hBMP6

The hBMP-6 gene was inserted into a pre-constructed pENTR223.1 plasmid, creating a
“Gateway Entry Clone”. This technology facilitated the propagation and cloning of the
hBMP-6 gene and allowed the simultaneous transfer of this hBMP-6 fragment into destina-

tion vectors while maintaining the reading frame.

To insert the hBMP-6 gene (1,587 bp) from pENTR223.1 into the destination pSBbi-
GP plasmid, the gene was amplified by PCR, and 5' Hindlll and 3' PspXI overhangs
were inserted at the ends of the gene. The resulting PCR product was ligated to the

3'-T-overhangs of the pCR2.1-TOPO plasmid and screened by blue-white selection.

As described above, the Sleeping Beauty gene delivery system comprises two plasmids:
one carrying the gene of interest (GOI), and the other delivering the transposase enzyme
(Ivics and Izsvak, 2015). The pSBbi-GP SB-plasmid is known for its robust, constitutive ex-
pression, with vector ITR sequences linked to the multiple cloning sites (MCS). The eGFP
gene is separated by the P2A self-cleaving peptide from the puromycin selection marker

(Eric Kowarz, Loscher and Marschalek, 2015).
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The pSBbi-GP plasmid was digested with Hindlll and PspXI restriction enzymes. Sim-
ilarly, hBMP-6 was excised from pCR2.1-TOPO using Hindlll and PspXI restriction en-
zymes. Therefore, hBMP-6 exhibited the same digested sites as the pSBbi-GP vector
for cloning purposes and was ligated into the linearized plasmid using T4 ligase (Fig.
13). The resulting pSBbi-GP-hBMP6 plasmid was transfected into DH5a E. coli competent
cells and plated on agar plates. The correct clones were identified by restriction digestion
using BamHI, Xcml, Xhol, and Xmnl restriction enzymes. The desired clone was verified by

sequencing.
PCR Product hBMP6
! Hindlll
Hindlll PspXI
Ligation
pCR2.1-TOPO
hBMP6 PspXI
pCR2.1-TOPO

Restriction with
Hindlll and PspXI
and ligation

ol
R

pSBbi-GP
hBMP6

Hindlll

pPSBbI-GP PspXI

Figure 13 Schematic representation of the cloning of the hBMP-6 gene into the
pSBbi-GP-plasmid.

4.1.2. pSBbi-GP-hBMP2-P2A-hBMP6 heterodimer construct

In order to create the heterodimeric pSBbi-GP-hBMP2-P2A-hBMP6 construct, the following
steps were performed. First, the BMP2-P2A-BMP6 oligo was generated and 5° Smal and
3" Hindlll overhangs were inserted during PCR. The product was then ligated with the

pCR2.1-TOPO plasmid (Fig. 14).
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The pSBbi-GP-hBMP2 plasmid was previously designed in our laboratory by the working
group of Dr. V. Schonitzer and was used in the cloning steps. The pSBbi-GP-hBMP2 and
pCR2.1-TOPO-P2A plasmids were propagated in DH5a E. coli competent cells. The clones
were selected and tested with restriction digest using BamHI-HF and Sphl-HF enzymes.
After DNA sequencing, high-quality DNA from selected clones was extracted on a large

scale using the midi-prep system.

Next, the pSBhi-GP-hBMP2 plasmid and pCR2.1-TOPO-P2A sequence were digested with
Smal and Hindlll restriction enzymes. The resulting DNA fragments were purified from the
gel and then ligated. The generated pSBbi-GP-hBMP2-P2A plasmid was identified by re-
striction digestions using Hindlll, Xcml, BamHI-HF, and Sphl-HF enzymes. Midi-Prep was

performed. The cleaned-up plasmid was ready for the next cloning steps.

To create the heterodimeric pSBbi-GP-hBMP2-P2A-hBMP6 plasmid, the pSBbi-GP-
hBMP2-P2A and pSBbi-GP-hBMP6 plasmids were cleaved with Hindlll and Xcml en-
zymes. The linearized pSBbi-GP-hBMP2-P2A plasmid and the BMP6-fragment were li-
gated (Fig. 14). The resulting clones were then analyzed using BamHI-HF, Sacl, Xcml,
EcoRI-HF, and Ncol-HF enzymes to identify the correct one, which was then sent for DNA

sequencing to confirm its accuracy.

Once the correct heterodimeric plasmid was verified, high-quality plasmid DNA was ex-
tracted on a larger scale using the midi-prep system and subsequently cleaned up for use

in further experiments.

62



Results

PCR Product P2A

Hindill Xem!— smal

y
y
/
!
!

HindII_I Hindlll

Ligation
~Xeml

‘ §ma|

e
~Smal

P

pCR2.1-TOPO

oA pSBbi-GP-

hBMP2
pCR2.1-TOPO

Restriction with
Hir(\jdll_ll and Smal
and ligation Hindil

il Hindlll

Zna ‘ A

PSBbi-GP-
hBMP2-P2A

pSBbI-GP- Xeml

hBMP&

Restriction with
Hindlll and Xcml
and ligation

nw%

pSBbi-GP-
hBMP2-P2A-hBMP6

w\\%‘\

Figure 14 Cloning strategy of the pSBbi-GP-hBMP2-P2A-hBMP6 heterodimer
plasmid.

4.1.3. eGFP-Expression and FACS

The pSBbi-GP plasmid is a robust vector belonging to the Sleeping Beauty transposon sys-
tem family (Eric Kowarz, Léscher and Marschalek, 2015). This vector contains an integrated
eGFP gene, allowing for successful transfection detection by early fluorescence micros-
copy. Initial fluorescence microscopy of nucleofected cell populations revealed inhomoge-
neous eGFP expression, indicating that some cells did not integrate the vector. To select
hMSCs with integrated vectors, cells were treated with puromycin (as described in the meth-
ods) and underwent two weeks of selection. Afterward, FACS was used to sort cells based

on eGFP expression.
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Cells were sorted into two subpopulations, designated as eGFP high- and low-expressing
subpopulations, except for BMP-6 overexpressing hMSCs. The BMP-6 overexpressing lin-
eage appeared to have only one cell population with nearly the same eGFP expression
pattern (Fig. 15). Also here, the intensity of eGFP expression was referred to as an indicator
of successful transfection (Chalfie et al., 1994). A higher intensity of eGFP fluorescence was
assumed to be desirable, and it was hypothesized that cells with higher eGFP expression
might produce more BMPs. Fluorescence microscopy of each new cell line after sorting

showed relatively homogeneous eGFP expression, suggesting successful integration of the

vector.
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Figure 15 Fluorescence-activated cell sorting of transgenic SCP1 cells.

The flow cytometry analysis of transgenic SCP1-BMP6-GFP, SCP1-BMP2/6-GFP, SCP1-GFP, and
negative control hMSCs cells, reveals distinct populations of cells expressing varying levels of eGFP.
In the SCP1-BMP2/6-GFP and SCP1-GFP groups, cells were located higher on the GFP-axis, indi-
cating a stronger GFP signal. Whereas in the SCP1-BMP6 group, the cells were located lower on
the GFP-axis but still above the negative control baseline, indicating weaker eGFP signals. The anal-
ysis gates were set with reference to the negative control hMSCs, resulting in a purity of all eGFP
overexpressing cells.
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To visualize the differences in eGFP overexpression following FACS sorting, fluorescence
images of the sorted transgenic cells were taken (AxioObserver Z1, Zeiss). However, the
weak eGFP signal in the eGFP-low subpopulations made it challenging to orient and identify
cells during fluorescence microscopy. To address this issue, the cells were fixed with 4%
paraformaldehyde (PFA) and stained with DAPI to visualize their nuclei. The blue fluores-
cence emitted by DAPI in the ultraviolet range of the light spectrum facilitated the iden-
tification of cells. To ensure direct comparison, all images were taken with identical bright-

ness and contrast adjustments.

As mentioned earlier, this project also included cell culture experiments with additional BMP
overexpressing SCP1 cells, which were generated by Dr. V. Schonitzer's team. Conse-
guently, these experiments aimed to compare homo- and heterodimeric BMP overexpress-
ing cells based on different cellular characteristics. The eGFP fluorescence of all these cell

lines was also compared along with other upcoming features, as shown below.
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Figure 16 Visualization of differences in eGFP-overexpression levels of trans-
genic hMSC cell lines after fluorescence-activated cell sorting.

(A-H) GFP-high cells exhibited stronger green fluorescence. (A"-H") GFP-low cells with weak, almost
invisible green fluorescence. C° BMP-6 overexpressing transgenic cell line did not show variable
GFP expressing subpopulations during FACS. Therefore, SB-generated BMP-6 overexpressing
hMSCs yielded only the same GFP expression pattern. Cell nuclei were stained with DAPI for orien-
tation during image acquisition. Calibration bars correspond to 50 pm.
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4.1.4. SB-transposon derived homo- and heterodimeric hMSCs
effectively overexpress BMPs at the mRNA levels

To confirm the successful overexpression of BMPs, we conducted an analysis of BMP tran-
scription at the mRNA level in homo- and heterodimer cells. It was interesting to demon-
strate changes in gene expression levels, especially compared to the control cell line
(SCP1-GFPh). mRNA was extracted from the SCP1-BMP6-GFP, SCP1-BMP2/6-GFPh,
and SCP1-GFPh cells, as well as the SCP1-BMP2-GFPh cells (generated by Dr. V.
Schonitzer's team) to serve as a reference for BMP-2 mRNA.

Semi-quantitative RT-PCR was utilized to demonstrate the transfection efficiency of trans-
genic hMSCs at the mRNA level. BMP-6 RT-PCR showed that the SCP1-BMP2/6-GFPh
cells produced a greater quantity of BMP-6 mRNA than the SCP1-BMP6-GFP cells (Fig.
17). No BMP-6 mRNA was detected in the SCP1-GFP cell line. All samples were normal-
ized to the housekeeping gene GAPDH. Therefore, the expression of BMP-2 mRNA was
found to be higher in homodimer cells compared to heterodimers (Fig. 18). An increased
expression of endogenous BMP-2 mRNA was observed in control SCP1 hMSCs. Also here,

the results were normalized using GAPDH as a reference.
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Figure 17 Semi-quantitative RT-PCR for BMP-6.

The semi-quantitative RT-PCR for BMP-6 showed relatively low expression of the BMP-6 mRNA in
SCP1-BMP-6-GFP cells when compared to SCP1-BMP2/6-GFPh. The results were normalized with
GAPDH.
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Figure 18 Semi-quantitative RT-PCR for BMP-2.

The BMP-2 mRNA is expressed at a higher level in homo- rather than in heterodimer cells. An ele-
vated endogenous BMP-2 mRNA expression was observed in the control SCP1-GFPh. The results
were normalized with GAPDH.

4.2. Western blot analysis of BMP-2 and BMP-6 in transfected
cells

To demonstrate the successful translation of BMP-2 and BMP-6 proteins in transfected
cells, Western blot (WB) and ELISA analyses were performed, using the SCP1-GFPh cell
line as a control. For the WB cell lysates were prepared and run on SDS-PAGE under non-
reduced conditions (Mueller and Nickel, 2012). We tested different amounts of optimal
protein loading (not demonstrated here) for our experiments and ultimately chose 35
pg of protein lysate.

In Western blot analysis, the BMP-6 antibody detected immunoreactive bands corre-
sponding to the hBMP-6 precursor at the expected molecular weight of 55-65 kDa (Fig.
19). As a loading control, the housekeeping protein 3-actin (43 kDa) was detected in
all cell lines, ensuring equal protein loading across samples. We found that BMP-6
precursor was present in both SCP1-BMP6-GFP and SCP1-BMP2/6-GFPh overex-

pressing cells, while no BMP-6 was detected in the control SCP1-GFPh cells.

Western blot for BMP-2 revealed increased BMP-2 (18 kDa) levels in the SCP1-BMP2-
GFPh cells compared to the SCP1-BMP2/6-GFPh cells, consistent with the RT-PCR
results. WB also showed increased basal BMP-2 production in the control cell line. Overall,
our results confirm the successful overexpression of BMP-2 and BMP-6 in both homo- and

heterodimeric cell types.
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Figure 19 Western blot of BMP-6 and BMP-2.

A. The cell lysates of SCP1-BMP6-GFP, SCP1-BMP2/6-GFPh, and SCP1-GFPh were analyzed for
BMP-6 expression (55-65 kDa). The results were normalized to [3-actin protein (43 kDa) intensity
and reported as relative protein expression compared to SCP1-GFPh. Band intensities were meas-
ured using the NIH ImageJ software. BMP-6 expression was higher in the SCP1-BMP6-GFP and
SCP1-BMP2/6-GFPh cells compared to the SCP1-GFPh cells (mean + SD; n=2 independent exper-
iments).

B. The cell lysates of SCP1-BMP2-GFPh, SCP1-BMP2/6-GFPh, and SCP1-GFPh were analyzed
for BMP-2 expression (18 kDa). BMP-2 results are normalized to 3-actin (43 kDa) protein intensity
and reported as relative protein expression compared to the control cell line (SCP1-GFPh) (mean £
SD; n=2 independent experiments). BMP-2 expression was increased in SCP1-BMP2-GFPh cells
when compared to SCP1-GFPh cells. The experiment also showed increased basal BMP-2 produc-
tion in the control cell line.

4.3. BMP-6 and BMP-2 ELISA

To validate the RT-PCR and Western blot results and to quantify the concentration of re-
combinant BMP proteins, we performed an enzyme-linked immunosorbent assay (ELISA)
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using supernatants prepared as previously described. The results were measured in ng/mi
and normalized to a cell count of 1 million to determine the effective BMP production per

cell population.

The findings showed that SCP1-BMP2-GFPh cells produced 215 ng, while SCP1-
BMP2/6-GFPh cells produced 31 ng BMP-2 per million cells. Whereas SCP1-BMP6-
GFP produced only 3.6 ng BMP-6, while SCP1-BMP2/6-GFPh produced 300 ng BMP-
6 per million cells. The endogenous BMP-2 and BMP-6 levels of the control superna-
tants were below the detection limit of the assay. These results are consistent with
those obtained by RT-PCR and WB for BMP-6 and BMP-2.

To exclude the possibility of cross-reactivity between BMP proteins during immunode-
tection, especially in heterodimeric hMSC lines, 250 pg/ml rhBMP-2 in the BMP-6
ELISA and 500 pg/ml of rhBMP-6 in the BMP-2 ELISA were run as controls. Although
the ELISAs did not detect any cross-reactivity of BMPs at these concentrations, it still
needs to be precisely clarified whether higher concentrations of BMP-2 or BMP-6 could

affect the assays.
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Figure 20 BMP-6 ELISA.

This assay evaluates the supernatants from the SCP1-BMP6-GFP, SCP1-BMP2/6-GFPh, and
SCP1-GFPh cells. SCP1-BMP2/6-GFPh cells produced 300 ng BMP-6, while SCP1-BMP6-
GFP cells produced only 3.6 ng BMP-6 per million cells. The SCP1-BMP2/6-GFPh cells pro-
duced almost 100 times more BMP-6 per million cells than the SCP1-BMP6-GFP cells. No
endogenous BMP-6 protein production was detected in SCP1-GFPh cells.

70



Results

N

al

o
]

200

150

100

BMP-2 in ng per 10° cells
(o))
o
1

0_
QL&
m’OQ \(dé‘ \/,c§<
&Y <
X Q;\Q §

Q¥ oy
O <
&

Figure 21 BMP-2 ELISA.

This assay evaluates the supernatants from the SCP1-BMP2-GFPh, SCP1-BMP2/6-GFPh,
and SCP1-GFPh cells. SCP1-BMP2-GFPh cells produced 215 ng, while SCP1-BMP2/6-GFPh
cells produced 31 ng of BMP-2 per million cells. SCP1-BMP2-GFPh homodimer cells express
more BMP-2 protein than the heterodimer cell line. ELISA could not detect endogenous BMP-
2 protein production in SCP1-GFPh cells.

4.4. BMPs are biologically active and induce luciferase lumines-
cence activity in BMP-responsive reporter cells

The luciferase cell reporter assay is an effective method for determining the bioactivity
of recombinant BMPs following transcription, translation, and post-translational pro-
cessing (Zilberberg et al., 2007). Specifically, the assay measures the stimulation of
the BRE (ld-1 promoter) by recombinant BMPs, thereby providing information regard-
ing the biological activity of BMPs on the gene level. Compared to other assays that
measure total BMP levels, such as Western blot or ELISA, the luciferase cell reporter

assay provides primarily information about the transcriptional activity of BMPs.

The background luciferase level in the control sample (SCP1-GFPh) corresponds to 1, and
the results are expressed in relative luciferase units (RLU). As demonstrated in Figure 22
the supernatants of SCP1-BMP2/6-GFPh could induce nearly 4 times stronger luciferase
activity compared to the supernatants of SCP1-BMP-6-GFP. Therefore, this assay confirms
that recombinant BMPs are biologically active in transgenic cell supernatants and can in-

duce luciferase activity.
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Figure 22 Luciferase Assay.

The data demonstrate that BMPs stimulate luciferase production in HepG2BRE cells over a
range of concentrations in an isoform-specific manner. The background luciferase level in the
control sample (SCP1-GFPh) is equivalent to 1. The results are presented with £+ SEM. Each
representative experiment was performed in triplicate. At least two separate experiments were
conducted (n=2).

4.5. BMP overexpression in hMSCs enhances BMP cell signal-
ing pathways compared to control in Western blot analysis

In this thesis, we investigated BMP cell signaling pathways in all BMP overexpressing cell
lines using Western blot analysis. The cells subjected to analysis included SCP1-BMP2-
GFPh, SCP1-BMP4-GFPh, SCP1-BMP6-GFP, SCP1-BMP7-GFPh, SCP1-BMP2/6-
GFPh, SCP1-BMP2/7-GFPh, SCP1-BMP4/7-GFPh, and SCP1-GFPh. A total of 35 ug of
protein was loaded on the gel for each sample.

The BMP signal is primarily mediated by two canonical SMAD and non-canonical MAP-
kinase pathways (Mueller and Nickel, 2012). BMP overexpressing transfected cells were

analyzed for autocrine upregulation of these canonical and non-canonical pathways.

BMP overexpression results in autoactivation of BMP receptors, which in turn leads to the
recruitment and phosphorylation of SMAD1/5/8 (receptor-regulated SMADs, R-SMADs). R-
SMADs form a complex with SMAD4, which then activates BMP target genes in the nu-
cleus. Additionally, BMPs phosphorylate non-canonical signaling pathways, such as MAP-
kinases, leading to their activation (Jonk et al., 1998; Zhu, Kavsak and Abdollah, 1999; Von
Bubnoff and Cho, 2001; Miyazono, Kamiya and Morikawa, 2010; Huang et al., 2020).
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To detect the effect of BMPs on the phosphorylation of these pathways, we used antibodies
against phosphorylated (active) and total forms of SMADs (SMAD1/5/8(9)), ERK, and p-38
proteins in Western blot analysis and calculated the ratio. The expected size of the blotted
proteins was 58-60 kDa for p-SMAD1/5/9 and SMAD1, 42 kDa for p-EKR and ERK, and 43
kDa for p-p-38 and p-38.

As expected, BMP overexpressing cells generally activated BMP cell signaling pathways
compared to control SCP1-GFPh. All BMP overexpressing cells phosphorylated higher lev-
els of SMAD1/5/9 than SCP1-GFPh. BMP-2, BMP-4, BMP-2/6, and BMP-2/7 overex-
pressing cells exhibited the highest levels of SMAD1/5/9 activation. Furthermore, BMP-
4, BMP-7, and BMP-4/7 showed an increase in p-ERK levels, indicating their influence
on this specific pathway. The highest levels of p-38 activation were observed in SCP1-
BMP-2/6-GFPh cells, while the lowest levels of p-38 activation were observed in cells
that overexpressed SCP1-BMP2-GFPh and SCP1-BMP7-GFPh.

The results suggest that the BMP overexpressing cells have generally upregulated biologi-
cal properties that may be responsible for the observed enhanced activation of SMAD-de-
pendent and SMAD-independent signaling pathways. The WB experimental reports con-

firmed the influence of BMP overexpression on BMP signaling pathways in our cells.
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Figure 23 BMP-mediated activation of canonical (SMAD) and non-canonical
BMP signhaling pathways.

The cell lysates of SCP1-BMP2-GFPh, SCP1-BMP4-GFPh, SCP1-BMP6-GFP, SCP1-BMP7-
GFPh, SCP1-BMP2/6-GFPh, SCP1-BMP2/7-GFPh, SCP1-BMP-4/7-GFPh, and SCP1-GFPh
were immunoblotted using antibodies for phosphorylated (active) and total forms of cell signal-
ing proteins. As anticipated, cell lines overexpressing BMP exhibited overall activation of BMP
signaling compared to control SCP1-GFPh cells. SMAD1/5/9 phosphorylation levels were no-
tably higher in BMP-overexpressing cells, with BMP-2, BMP-4, BMP-2/6, and BMP-2/7 cells
showing the highest levels of activation. Additionally, BMP-4, BMP-7, and BMP-4/7 cells ex-
hibited increased ERK activation, suggesting their influence on this pathway. In contrast,
SCP1-BMP2-GFPh and SCP1-BMP-7-GFPh cells showed the lowest p-38 activation, while
cells overexpressing BMP-2/6 displayed the highest levels of phosphorylated p-38.

4.6. hMSCs overexpressing BMP heterodimer showed greater
osteogenic differentiation potency in Alizarin Red S stain-

ing
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The transfected cells were stimulated in osteogenic medium for 21 days. At the end,
osteogenesis was confirmed by Alizarin Red S staining (ARS), which visualizes cal-
cium-rich deposits produced by differentiated cells (Fig. 24). The negative controls,
which were not stimulated showed no evidence of osteogenesis. The ARS concentra-

tions were quantified using the protocol as described previously (s. 3.7.4.).

The results of this experiment demonstrated increased osteogenic potential in all BMP-over-
expressing cell lines compared to control cells. In particular, BMP-4/7 showed significantly
enhanced osteogenic differentiation compared to the control. In general, cells overexpress-

ing heterodimeric BMPs reached higher ARS concentrations than the homodimers.
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Figure 24 Representation of Alizarin Red S staining (ARS) and the subsequent
guantification of osteogenic differentiation.

A. (A-H) Representative qualitative Alizarin red S staining images for calcium deposition on
day 21. (A"-H") Unstimulated negative controls demonstrated the absence of calcium deposi-
tions. Microscopic analysis of osteogenic differentiation. (A”"-H"") Microscopic images of
ARS-stained cells. Calibration bars correspond to 200 pm.

B. Transfected SCP1 were cultured in osteogenic medium for 21 days. Alizarin red S staining was
performed to detect mineral deposition. For quantitative analysis, the absorbance was measured at
405 nm following destaining with 10% acetic acid. The highest concentration of ARS was achieved
by the heterodimeric recombinant BMPs, followed by BMP-7. All BMP overexpressing cells demon-
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strated a higher degree of osteoinduction than the control cell line (SCP1-GFPh). BMP-4/7 overex-
pressing cells exhibited the highest and statistically significant accumulation of calcium-rich deposits
compared to the control. The negative controls (unstimulated) did not show calcium depositions and
were negative on staining (no graphical demonstration). The experimental values are expressed as
mean &SEM. (r=3, n=3). Significance levels: ** equals p<0.01, ns: not significant.

4.7. Upregulation of early and late osteogenic markers

To investigate the transcription factors involved in osteogenesis, we analyzed osteogenic
differentiation markers. The osteogenic differentiation of hMSCs is characterized by a slow
mineralization phase lasting 7 days, followed by a rapid mineralization phase lasting ap-
proximately 10 days, leading to the development of mature osteoblasts (Gregory et al.,
2004). In the presence of dexamethasone, ascorbic acid, and B-glycerophosphate,
hMSCs undergo a gradual differentiation process. Initially, they differentiate into oste-
oprogenitor cells, and subsequently into pre-osteoblasts and osteocytes (Id Boufker et
al., 2010), which are enclosed by the calcified bone matrix and are no longer capable
of undergoing division. Dexamethasone promotes cell proliferation and differentiation,
while ascorbic acid has been shown to increase alkaline phosphatase activity and sup-
port osteocalcin production (Langenbach and Handschel, 2013).

For RNA isolation, the transfected hMSC clones (SCP1-BMP2-GFPh, SCP1-BMP4-
GFPh, SCP1-BMP6-GFP, SCP1-BMP2/6-GFPh, SCP1-BMP2/7-GFPh, SCP1-
BMP4/7-GFPh, and SCP1-GFPh) and donor hMSCs were seeded in a 1:1 ratio. Upon
reaching confluence, osteogenic differentiation was initiated using osteogenic
differentiation media (as described in chapter 3.7.2). At days 3 and 21, RNA was
isolated from both stimulated and negative control samples to determine the
upregulation of early osteogenic markers.

To evaluate the expression levels of osteogenic markers during differentiation, we meas-
ured the relative mMRNA levels of Runx2, OCN, ALP, BSP, and Col1a1 using GAPDH as a
loading control (Fig. 25). In our experiment, BMP overexpressing cells generally exhibited
higher expression levels of osteogenic markers compared to control cells, with a tendency
for heterodimer cells to show greater overexpression than homodimer ones. Unstimulated
negative control cells did not exhibit any results, indicating that there was no transcriptional
upregulation of osteogenic markers (data not represented).
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The expression level of Runx2 showed an increase from day 3 to day 21 in all BMP over-
expressing cells, with the highest levels observed in BMP-2, -7, -2/7, and -4/7 overexpress-
ing cells. However, BMP-6 overexpressing cells exhibited the least increase in Runx2 ex-

pression.

As an early marker of osteogenesis, ALP exhibited a notable upregulation even at day 3 in
all BMP-overexpressing cells, compared to the control. Furthermore, ALP levels increased
markedly at day 21 in all BMP overexpressing cells with BMP-7, -2/6, -2/7, and -4/7 demon-

strating the highest levels.

Compared to day 3, an increase in BSP and OCN expression was evident at day 21 across
all BMP overexpressing cells, with BMP-7, -2/7, -2/6, and -4/7 showing the highest levels.

In contrast, control cells showed the lowest levels of these mRNA upregulation.

The expression of Col1a1 was considerably low and even undetectable in BMP-2, -4, and
-6 overexpressing and control cells during the initial stages of differentiation (D3). However,
it exhibited a striking upregulation in the late phase of differentiation (day 21) across all cell
lines, including the control. The highest levels were observed in BMP-2/7 and BMP-4/7

overexpressing cells.

In conclusion, the overexpression of BMPs has been demonstrated to enhance the tran-
scription of Runx2, OCN, ALP, BSP, and Col1a1, with heterodimer combinations such as
BMP-2/7 and BMP-4/7 were found to induce the highest expression levels, particularly dur-

ing the later stages of osteogenic differentiation.
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Figure 25 RT-PCR for osteogenic markers.

The relative expression levels of osteogenic differentiation-related genes (Runx2, OCN, ALP,
BSP, and Col1a1) were determined by semiquantitative PCR. All stimulated and unstimulated
cell lines (negative controls not shown in the figure) were tested at days 3 and 21 throughout
the osteogenic differentiation process. BMP overexpression was found to be positively corre-
lated with the enhanced transcription of these osteogenic markers. In particular, the heterodi-
mer combinations of BMP-2/7 and BMP-4/7 were found to induce the highest expression lev-
els, especially during the late stage of osteogenic differentiation. The control cells had a dimin-
ished response to osteogenic induction compared to other BMP overexpressing cells. The data
was normalized to the loading control, GAPDH. The Col1a1 levels were undetectable in BMP-
2, -4, and -6 overexpressing and control cells at day 3. Consequently, the Col1a1 values at
day 3 were not normalized to the control but only to GAPDH, and therefore the graph is de-
picted with a dashed x-axis.
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Marker | Timepoint | BMP- | BMP- | BMP- | BMP- | BMP- | BMP- | BMP- | Mock
2 4 6 7 2/6 2/7 4/7

Runx4 | D3 + + + + + + + +
D21 ++ ++ + ++ ++ o+ ++ +

ALP D3 ++ ++ + ++ ++ ++++ ++++ +
D21 ++ ++ ++ ++ ++ FH++ ++ +

Col1a1 | D3 - - _ + + + + i}
D21 ++ ++ ++ ++ ++ +H++ o+ ++

BSP D3 + + + + + + + +
D21 ++ e e +++ o HHHE | +

OCN D3 + + + + + ++ ++ +
D21 ++ + + +++ ++ +++ +++ +

Table 9 relative expression levels of the osteogenic markers.

This table demonstrates the relative expression levels of the osteogenic markers at both day 3 and
day 21, illustrating the trends observed in our experiments. “-“ indicates no significant expression.
“+” indicates low expression. “++” moderate expression. “+++” high expression. “++++” very high
expression.

4.8. BMP overexpressing and control cells showed comparable
adipogenic differentiation, with significant enhancement in
BMP-6 and BMP-2/6 overexpressing cells

The adipogenic differentiation of the stimulated cells was evidenced by the formation of lipid
vacuoles and the upregulation of adipogenic markers. The formation of lipid droplets was
demonstrated by Bodipy 493/503 staining, as the differentiated cells had taken it up (Fig.
26). Bodipy was detected using a fluorescence microscope (Zeiss). The unstimulated cells
(negative control) showed no Bodipy staining. The signal intensity of the images was ad-
justed to eliminate background noise. Therefore, the brightness and contrast settings were
modified to remove the influence of non-specific background signals and artifacts that did
not represent the actual lipid droplets, thereby improving the clarity and accuracy of the
observed results. Lipid droplets were analyzed in the open-source image analysis software
platform ImageJ. Lipid droplet area was measured according to the protocol described by
Adomshick et al. 2020 (Adomshick, Pu and Veiga-Lopez, 2020).
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The results indicate that BMP-2, BMP-6, BMP-2/6, and BMP-4/7 overexpressing hMSCs
stimulated in an adipogenic medium, exhibited significantly stronger BODIPY 493/503 stain-
ing of lipid droplets than control cells. However, the control cells showed higher adipogenic

potential compared to BMP-7 and BMP-4/7 overexpressing cells.

| BMP-2 | | BMP-4 | | BMP-6 | | BMP-7

| | BoDIPY 4935503 |

phase-contrast

BMP-2/6 | | BMP-2/7 [ BMP-4/7 | | Mock

| | BoDIPY 493i503

phase-contrast

Figure 26 Representation of adipogenic differentiation in the presence of BMP
overexpressing and control cell lines.

Fluorescence microscopy was performed on stimulated and unstimulated cells (negative con-
trols) on day 14. (A-H) BODIPY 493/503 staining of adipogenic differentiated cells. (A"-H")
Images show the same differentiated cells on day 14, but under phase-contrast microscopy.
(A""-H") Unstimulated negative controls showed no lipid droplet formation and BODIPY up-
take. Calibration bars correspond to 100 pm.
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Figure 27 Quantitative measurements of lipid area.

Quantification of stained cells revealed statistically significant differences in Bodipy stained
lipid droplet area between BMP-2, BMP-6, BMP-2/6, and BMP-4/7 overexpressing cells com-
pared to control cells (r=3, n=3). Data represent the mean & SEM. Significance levels: *equals
p=<0.05, ** equals p<0.01, *** equals p<0.001, *** equals p<0.0001, ns: not significant.

4.9. BMP-6 and BMP-2/6 overexpressing hMSCs showed the
strongest upregulation of adipogenic markers among the
BMP overexpressing hMSC lines

For RNA isolation, the transfected hMSC clones (SCP1-BMP2-GFPh, SCP1-BMP4-
GFPh, SCP1-BMP6-GFP, SCP1-BMP2/6-GFPh, SCP1-BMP2/7-GFPh, SCP1-
BMP4/7-GFPh, and SCP1-GFPh) and donor hMSCs were seeded at a 1:1 ratio. Once
the cells had reached confluence, the adipogenic stimulation was initiated (as de-
scribed in chapter 3.7.5.). The adipogenic differentiation markers, PPAR-y and adipsin,
were assessed by semi-quantitative PCR to provide detailed quantitative measurements.
Therefore, the stimulated and negative control cells were checked on days 3 and 14 (neg-
ative control data not represented).

The results of the semi-quantitative PCR showed that the BMP-6 and BMP-2/6 overex-
pressing cells exhibited the strongest upregulation of PPAR-y. It is noteworthy that no
expression of PPAR-y was observed on day 3 in any of the samples. Adipsin had the
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strongest signal stimulated by BMP-4, BMP-6, and BMP-2/6 overexpressing cells on
day 21. Both markers were also remarkably upregulated in control cells. Interestingly,
cells overexpressing BMP-7 displayed the least pronounced upregulation of adipogenic
markers, even when compared to control cells.
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Figure 28 RT-PCR for adipogenic markers.

Adipogenic differentiation was further confirmed by semi-quantitative RT-PCR analysis of the
adipogenic markers (PPAR-y and adipsin). At the beginning of the induction (D3), PPAR-y was
undetectable, compared to adipsin (D3). The cells overexpressing BMP-6 and BMP-2/6
demonstrated the highest upregulation of PPAR-y, whereas the cells overexpressing BMP-4,
BMP-6, and BMP-2/6 stimulated adipsin. Expression of both markers was notably upregulated
in control cells. Interestingly, BMP-7 overexpressing cells showed the least upregulation of
adipogenic markers, even compared to control cells. The results of negative controls (unstim-
ulated) are not represented.
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Marker Timepoint | BMP- | BMP- | BMP- | BMP- | BMP- | BMP- | BMP- | Mock
2 4 6 7 2/6 2/7 ar7
PPAR-y | D3 - - - - - - - -
D14 ++ ++ +++ + +++ ++ ++ ++
Adipsin | D3 + + + - + + - +
D14 ++ +++ +++ + +++ ++ + ++

Table 10 relative expression levels of the adipogenic markers.

This table demonstrates the relative expression levels of the adipogenic markers at both day 3 and

day 14, illustrating the trends observed in our experiments.

indicates no significant expression.

“+” indicates low expression. “++” moderate expression. “+++” high expression. “++++” very high

expression.
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Chapter 5

5. Discussion

The proper amount of hMSCs and their preserved osteogenic capacity play a crucial
role in bone regeneration and thus in fracture healing. The generation of non-virally
delivered homo- and heterodimeric BMP overexpressing hMSCs and the understand-
ing of their upregulated biological capacities in in vitro experiments could be crucial to
develop an effective future treatment plan for impaired bone regeneration-related dis-
eases. The aim of this study was to generate non-virally delivered bone morphogenetic
protein (BMP) 6 and 2/6 and characterize them along with BMP-2, BMP-4, BMP-7,
BMP-2/7 and BMP-4/7 overexpressing hMSCs. Therefore, these cells were generated
and investigated in in vitro experiments to uncover their novel upregulated character-

istics and related osteogenic potential.

The discussion chapter provides support for our hypothesis that heterodimeric BMP
overexpressing hMSCs, delivered by a Sleeping Beauty transposon system, possess
enhanced osteogenic capacity and biological superiority over homodimers in vitro, and
may effectively address bone regeneration problems in the future. In addition, this
chapter highlights the overall key findings in single discussion topics from the results,
interprets the data, relates correlations to and contrasts with the existing literature,
acknowledges study limitations, and provides recommendations for implementation
and future research. In order to emphasize the significance of this work, the discussion
chapter is structured around our overarching theoretical framework, around which this

study revolved.

5.1. Heterodimeric BMP overexpressing hMSCs, a game-
changer in the bone regeneration field

Bone morphogenetic proteins are osteogenic cytokines that effectively induce bone
formation in a dose-dependent manner (Urist and McLean, 1965; Wang et al., 1990).

BMPs influence endochondral ossification by stimulating MSCs. BMP-2, BMP-4, BMP-
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6, and BMP-7 have been proven to effectively induce bone formation in in vitro and
animal models (Peng et al., 2002; Hue H. Luu and et al., 2007; Samee et al., 2008;
Zhou et al., 2016). While recombinant homodimeric BMPs produced by transfected
mammalian cells have been demonstrated to stimulate new bone formation, heterodi-
meric BMPs appear to be even more potent (Aono and Hazama M., 1995; Zhao et al.,
2005; Zhu et al., 2006; Isaacs et al., 2010; Valera et al., 2010).

In our experiments, we generally observed a higher rate of extracellular matrix (ECM)
mineralization during the osteogenic differentiation of transgenic hMSCs overexpress-
ing BMP heterodimers. The cells were fixed with formalin and stained using Alizarin
Red S (ARS) dye, which forms a bright red complex with calcium deposits and allows
for the visual detection of mineralization. This was followed by the extraction of the dye
and subsequent quantitative analysis of the alizarin red S-calcium complex via colori-
metric assay (Gregory et al., 2004). hMSCs overexpressing heterodimers showed cal-
cium deposition levels that were almost two times higher than those observed with
homodimers. Compared to the control, heterodimeric BMPs induced mineralization
levels that were approximately three to four times higher. This difference provides fur-
ther support for the idea that hMSCs overexpressing heterodimer BMPs exhibit a
greater functional response than homodimers, as described in previous studies (Zhu
et al., 2004, Isaacs et al., 2010; Miao et al., 2019).

Our analysis revealed that the transgenic cells did not always produce high levels of
heterodimeric BMPs compared to homodimers, e.g., SCP1-BMP2-GFPh produced al-
most seven times more BMP-2 than SCP1-BMP2/6-GFPh, whereas SCP1-BMP6-GFP
produced almost 100 times less BMP-6 than SCP1-BMP2/6-GFPh. Despite the lower
concentration of certain BMPs in heterodimers (discussed below), in vitro osteogenic
differentiation remained higher for heterodimers compared to homodimers. This leads
to the conclusion that the heterodimeric BMPs have stronger biological activity than
the homodimers, which matches those observed in earlier studies (Aono and Hazama
M., 1995; Israel et al., 1996; Zhu et al., 2004; Zhao et al., 2005; Guo and Wu, 2012).

Nowadays, rhBMP-2 at 1.5 mg/cc (INFUSE®, Medtronic) and rhBMP-7 at 0.9 mg/cc
(OP-1; Stryker Corporation) have been approved by the U.S. FDA for anterior lumbar
interbody fusion (ALIF), open tibial fractures with intramedullary nail fixation, and sinus
augmentation. Large studies confirm the effectiveness of rhBMP-2 compared to bone
autografts in bone formation and fusion surgeries (Friedlaender et al., 2001; Baskin et
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al., 2003; Burkus et al., 2003; McKay and et al, 2007; Ghodadra and Singh, 2008;
Kanakaris et al., 2008; Simmonds, Mark C. and et al., 2013). However, it is important
to acknowledge that despite the effectiveness of therapy through the external delivery
of these proteins, there remains a large group of patients with reduced numbers of
circulating hMSCs and decreased osteogenic potential of the cells due to disease or
cellular senescence (Caplan, 2007). Besides this, due to the short half-life of BMPs in
situ, excess amounts of rhBMPs are required to maintain the therapeutic effect for as
long as bone formation needs, which contributes to the high cost of treatment
(Ghodadra and Singh, 2008; Sun et al., 2012).

Thus, rhBMP therapy is FDA-approved, well-established, and safe for various surgical
procedures. However, there are diverse unsolved bone defect pathologies and unin-
vestigated fields for BMPs. The enhanced osteogenic potency of BMP overexpressing
hMSCs offers a potential solution to critical challenges and may become a novel strat-
egy in the complex field of bone regeneration. Furthermore, BMP heterodimers with
greater osteogenic potential than homodimers, combined with an effective and robust
SB-transposon gene delivery system, may become a game-changer for BMPs in this
field. This could reduce the high costs associated with commercialized rhBMPs, while
simultaneously increasing the profit from multipotent hMSCs.

5.2. Bone formation features induced by heterodimers through
non-viral gene delivery of BMP-2/6, BMP-2/7, and BMP-4/7

As highlighted in the Introduction chapter, genetically modified stem cells may offer a supe-
rior alternative to the protein application of osteoinductive factors. The stable long-term over-
expression of osteoinductive cytokines, combined with the powerful regenerative potential
of MSCs, can overcome problems such as the short half-life of proteins or local cellular

senescence (Dimitriou et al., 2005; Luo et al., 2005).

However, to evaluate the osteoinductive capacity, the initial focus was to identify the osteo-
genic differentiation potential of hMSCs in cell culture experiments and the upregulation of
osteogenic markers at the gene level (Chen et al., 1998; Luo, Sun and et al, 2005; Zhuang
et al., 2015). In our assays, osteogenesis was stimulated in all seven BMP overexpressing

cell lines, as well as in control cells. To identify the osteogenic influence of BMPs at the gene
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level, the mMRNAs of early and late osteogenic marker mRNAs were evaluated by RT-PCR

analysis.

Bone homeostasis is regulated by the integrated action of osteoblasts, osteocytes, and os-
teoclasts. The maturation of hMSCs into osteoblasts is a crucial step in bone growth, ho-
meostasis, regeneration, and osseointegration of bone implants (Buckwalter et al., 1996;
Sun et al., 2012). Various key factors regulate the differentiation of hMSCs into osteoblasts,
including Runt-related transcription factor 2 (RUNX2), which acts as a transcriptional regu-
lator and is crucial for osteoblast differentiation (Botchkarev, 2003; Yang et al., 2003;
Phimphilai et al., 2006). BMPs transmit their osteogenic responses through DIx5, leading to
the upregulation of OSX and RUNX2 transcription factors (Long, 2012; Hegarty, Sullivan
and O’'Keeffe, 2017; Rather et al., 2019). DIX5 is a crucial signaling molecule that links BMPs
to downstream osteogenic factors and together with RUNX2, stimulates osteogenic mark-
ers (Lee et al., 2003; Jang et al., 2012). Our data showed that Runx2 was upregulated in
BMP overexpressing hMSCs on day 21 after osteogenic stimulation compared to the con-
trol, with the most pronounced increase in the heterodimeric BMP-2/7 overexpressing
hMSCs.

Upon stimulation by BMPs, precursor cells differentiate into osteoblasts, which produce sev-
eral other early and late bone-related marker proteins, including type | collagen (COL I),
osteocalcin (OCN), alkaline phosphatase (ALP), osteopontin (OPN), and bone sialoprotein
(BSP) (Dimitriou et al., 2005; Cho, Cho and Kim, 2009; Id Boufker et al., 2010; Carreira et
al., 2014). ALP and OCN specifically serve as markers for bone turnover and osteoblast
activity. As a membrane-bound enzyme, ALP is essential for preparing the bone matrix for
mineralization (Birmingham et al., 2012), and cells overexpressing ALP are primed for min-
eralization (Hazama et al., 1995; Yoo and Johnstone, 1998; Chen, Deng and Li, 2012).

In our experiment, ALP mRNA levels were generally upregulated in BMP overexpressing
cells compared to the control, with the highest levels observed in cells overexpressing BMP-
7,-216,-2/7, and -4/7. ALP is typically considered as an early marker and its expression was
also notably high at day 3 in our experiments, particularly in cells overexpressing BMP het-
erodimers. Among all the BMP overexpressing hMSCs, ALP levels remained consistently
higher than in the control cells. This result aligns with the ARS staining findings, which indi-

cate higher mineralization in these cells.
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Type | collagen is a significant component of the non-mineralized bone matrix, essential for
bone formation. According to the literature, RUNX2 does not directly influence Col expres-
sion (Hamidouche et al., 2008; Langenbach and Handschel, 2013). As previously de-
scribed, following stimulation with BMP heterodimer, Coll exhibits a reciprocal increase
(Sun et al., 2012). In our study, the levels of Colla1 mRNA reached the highest amounts
on day 21 with the highest expression occurring in response to BMP-2/7 and BMP-4/7 stim-
ulation. Although Colla1 expression was also increased in control cells, this increase did

not surpass the mMRNA amounts expressed due to homodimer stimulation.

Non-collagenous bone extracellular matrix (ECM) proteins, OPN, OCN, and BSP, are
widely used as standard markers for assessing osteogenic differentiation (Chen, Deng and
Li, 2012; Granéli et al., 2014). The study conducted by Xiao et al. (2002) revealed that
MAPK (non-SMAD BMP pathway) could play an important role in ECM production and
BMP-induced osteogenesis (Xiao et al., 2002). In RT-PCR analysis, BSP and OCN mRNA
expression reached their highest levels in BMP-7, -2/7, -2/6, and -4/7 overexpressing cells.
In contrast, control cells did not show any noticeable increase in these markers when com-

pared to BMP overexpressing cells.

To this end, our experiments showed that transgenic hMSCs overexpressing BMPs gener-
ally exhibited a tendency to upregulate osteogenic marker mRNAs when compared to con-
trol cells. However, some hMSCs overexpressing heterodimeric BMPs reached the highest
values. Overall, our findings suggest that transgenic hMSCs overexpressing BMP heterodi-
mers could be a promising approach to enhance bone regeneration.

5.3. Non-viral gene delivery with Sleeping Beauty transposon
transposase system

This report demonstrates how non-viral delivery of BMP genes can efficiently stimulate os-
teogenesis in human mesenchymal stem cells (hMSCs) in vitro. We investigated the char-
acteristics that enable us to surpass the viral gene delivery barriers that hinder specific
stages of transgenic therapy in bone tissue engineering. Our results show that the SB-trans-
poson system efficiently cuts and pastes BMP genes into the genome. Thanks to a robust

plasmid system, this system enables low-cost and simplified propagation in high quantities
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and quality. The integration efficiency of the gene of interest (GOI) was evaluated by as-
sessing the expression of the transposon-inserted eGFP gene immediately after transfec-
tion (lvics, Li and Matés, 2009; Ivics and Izsvak, 2015; Narayanavari et al., 2017).

The importance of the size of the GOI, different electroporation methods, and electro-
poration buffers in gene delivery is well studied, yet there is a need for better understanding.
Doubtlessly, the negatively charged DNA on its own presents a challenge in penetrating cell
membranes. It requires the use of gene delivery techniques, such as viral delivery vectors,
lipid nanoparticles, or vector electroporation (Yin et al., 2014; Gantenbein et al., 2020). A
non-viral gene delivery method, such as electroporation of plasmids, despite its high effi-
ciency, exhibits high electro- and cytotoxicity, which can lead to cell death and, thus, low
efficiency of gene delivery (Kneser et al., 2002; Hamann, Nguyen and Pannier, 2019;
Gantenbein et al., 2020). This study shows that SCP1 hMSCs were effectively transfected

using the SB-transposon transposase system and the 4D-Nucleofector from Lonza.

Our research demonstrates that the SB-transposon system can generate high levels of
BMP-6 and BMP-2/6 while maintaining high cell viability. Successful overexpression of BMP
MRNA was confirmed by RT-PCR analysis. In particular, SCP1-BMP2/6-GFPh cells gen-
erated higher amounts of BMP-6 mRNA than SCP1-BMP6-GFP homodimeric cells, while
the overexpression of BMP-2 mRNA was greater in SCP1-BMP2-GFPh cells compared to
heterodimeric SCP1-BMP2/6-GFPh cells. Western blot and ELISA, two immunoassay tech-
niques, were used to detect and quantify the translation of BMP proteins produced by our
cells. The results aligned with those of RT-PCR, SCP1-BMP2/6-GFPh cells delivering the
highest amounts of BMP-6 and SCP1-BMP2-GFPh cells delivering the highest amount of
BMP-2. The amount of BMPs produced by the cells during 3 days in the cell culture media
was quantified by ELISA. Therefore, SCP1-BMP6-GFP cells produced 3.7 ng of BMP-6 per
106 cells, whereas SCP1-BMP2/6-GFPh cells produced 31 ng of BMP-2 per 108 cells and
311 ng of BMP-6 per 10° cells after a single transfection. The efficiency of BMP production,
especially in GFP-high hMSCs, surpasses levels previously described in the literature. For
example, in previous research by Loozen, non-virally delivered BMP overexpressing cells
could only accumulate up to 16 ng of BMP-2 and BMP-6 per 10° cells in cell culture super-
natant following 2-3 days of cultivation in cell culture medium (Loozen et al., 2018).

As shown by RT-PCR and Western blot and measured using ELISA, the SCP1-BMP2/6-
GFPh has yielded nearly 10 times more BMP-6 compared to BMP-2. This discrepancy
could potentially be attributed to the fact that the order in which genes are arranged within
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a polycistronic system can impact their expression levels. This phenomenon of position-
dependent gene expression results in lower expression of the downstream gene compared
to the upstream gene, leading to unequal protein production (Kawai et al., 2006, 2009;
Feichtinger et al., 2014).

The robust delivery of genes and stable gene expression without the disadvantages of viral-
vector systems, such as the propensity for carcinogenesis, immunogenicity, the limited de-
livery mass of genetic material, and broad tropism, are of great benefit (Rose, Kucharski
and Uludag, 2012; Skipper et al., 2013; Ghosh et al., 2020). However, it remains essential
to improve the delivery of BMP constructs to target cells and tissues to fully realize the clin-
ical potential of Sleeping Beauty technology in the field of bone regeneration (lvics and
Izsvak, 2015; Hudecek et al., 2017).

In summary, the Sleeping Beauty transposon transposase system offers excellent proper-
ties to navigate the hurdles for efficient gene delivery (lvics, Li and Matés, 2009; Holstein et
al., 2018), without targeting the coding regions or the upstream proximity of the gene like
retro- or lentiviruses. It inserts the GOI randomly, with a higher probability of integration into
the large, non-transcriptional region of the genome (Hudecek et al., 2017). This system
demonstrates effectiveness in introducing BMPs as a therapeutic strategy in hMSCs to in-

crease their osteogenic potential.

5.4. Signaling mechanism of recombinant BMPs: A compara-
tive analysis of homodimeric and heterodimeric BMPs

BMPs, as members of the TGF-3 superfamily, utilize the type | and type Il TGF-( receptors
to initiate both the canonical (SMAD) and non-canonical (MAPK/ERK) cell signal pathways
(Von Bubnoff and Cho, 2001; Yue and Mulder, 2001; Lai and Cheng, 2002; Xiao et al.,
2002). Distinct BMPs reveal a specific affinity for these receptors. BMP-2 and BMP-4 work
preferably on type | receptors, whereas BMP-6 and BMP-7 on type |l receptors (Miyazono,
Kamiya and Morikawa, 2010). One of the theories explaining the increased biological activ-
ity of heterodimeric BMPs can be attributed to their affinity for binding to both receptors due
to their heterodimeric structure. Therefore, the collective activation of TGF-B receptors, a
stable ligand-receptor complex, and the enhanced signaling results in the upregulation of

BMP signaling pathways (Aono and Hazama M., 1995; Zhao et al., 2005; Isaacs et al.,
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2010; Valera et al., 2010; Morimoto et al., 2015; Nickel and Mueller, 2019; Gipson et al.,
2020).

An effective investigation of BMP biological activity can be performed by using BMP reporter
cells. These cells are transfected with a BRE from the Id-1 promoter, which is fused to a
luciferase reporter gene, and are subsequently employed for a BMP rapid assay. Following
the activation of the Id-1 promoter by BMPs, the expression of the luciferase reporter gene
is induced. The relative luciferase units (RLU) are then measured using a luminometer
(Zilberberg et al., 2007). In contrast to the ELISA assay, this method only measures the
biological activity of BMPs after they induce a reporter gene, but not the total concentration
of BMPs present (Herrera and Inman, 2009).

Our study aimed to demonstrate that recombinant homodimeric BMP-6 and heterodimeric
BMP-2/6 were biologically active and effectively induced the luciferase gene. The data sug-
gests that the supernatants of SCP1-BMP2/6-GFPh could induce nearly four times stronger
luciferase activity compared to the supernatants of SCP1-BMP6-GFP. One possible expla-
nation for the lower luciferase activity in BMP-6 supernatants could be attributed to the lower
amounts of BMP-6 (only 3.6 ng BMP-6 per 10° cells) in the cell supernatants compared to
BMP-2/6 (31 ng BMP-2 and 300 ng BMP-6 per 10° cells). Also, it has been reported that
HepG2BRA BMP-reporter cells do not react equally to varying concentrations of BMPs. For
example, in experiments from Zilberberg et al. (2007) was shown that BMP-2 reached 1
RLU of luciferase activity in the cell lysates at a concentration of 1 nM and BMP-6 at 1.2 nM.
BMP-2 was thus identified as one of the most potent stimulators (Zilberberg et al., 2007).
Therefore, this BMP reporter cell assay would probably still not be precise enough to com-
pare the biological superiority of homo- and heterodimeric BMP activities. However, it can
be assumed that BMP-6 and BMP-2/6 derived by the SB-transposon system in hMSCs, are
biologically active and can effectively stimulate BRE when compared to the control SCP1-
GFPh cells.

We also investigated whether there was a significant upregulation of BMP SMAD and non-
SMAD pathways between BMP homo- and heterodimers. Western blot analysis of BMP
overexpressing cells revealed an overall enhancement in phosphorylated p38, ERK, and
SMAD proteins compared to the control. In addition, BMP-2 and BMP-2/7 induced the high-
est levels of phosphorylation in the BMP-SMAD signaling pathway, while BMP-4, BMP-7,
and BMP-4/7 more potently activated non-SMAD signaling pathways such as ERK.

91



Discussion

Previous research has reported that the BMP-4 protein induces the upregulation of the
MAPK/ERK pathway. BMP-4 induces dose-dependent upregulation of the MEK-ERK 1/2
pathway during vasculogenesis (Zhou et al., 2007; Hu et al., 2017). Our WB findings are
consistent with these observations, indicating that BMP-4 overexpression leads to the phos-
phorylation of ERK proteins. Furthermore, the overexpression of the heterodimeric BMP-
2/7 has been demonstrated to markedly activate SMAD signaling, leading to robust SMAD
phosphorylation, as previously described (Koh, Zhao and et.al, 2008). Importantly, our study
shows that BMP-2/7 overexpression also upregulates Runx2, and there is evidence of sim-
ilar expression trends of Runx2 mRNA in RT-PCR and SMAD in Western blot analysis. Our
results are consistent with those previously described that the SMAD-Runx2 axis is critical

for skeletal development (Yan et al., 2018).

The results demonstrate that all h(MSC lineages overexpressing BMPs showed significantly
higher efficiency in both the BMP reporter cell assay and WB analysis of cell signaling path-
ways when compared to the control. However, the results of this experiment did not clearly
confirm the dominance of heterodimeric BMPs over homodimers. Nevertheless, BMPs in-
fluence even more signaling pathways and interact with various signaling molecules, mak-
ing it difficult to estimate the exact route by which heterodimeric BMPs increase the cell
biological activity (Valera et al., 2010; Gipson et al., 2020).

5.5. Role of BMPs in hMSC differentiation and specification
towards adipocyte lineages

The differentiation of mesenchymal progenitors into adipocytes is influenced by a number
of cytokines, including BMPs. Peroxisome proliferator-activated receptor gamma (PPAR-y),
a transcriptional factor, is of critical importance for the differentiation of adipocytes, insulin
sensitivity, and overall metabolism (Lefterova et al., 2014). BMPs have pleiotropic effects,
that extend beyond their osteogenic potential, and they can affect the induction of PPAR-y
and other cytokines that are involved in adipogenesis (James et al., 2016). Adipogenic dif-
ferentiation is closely associated with the BMPR-IA isoform of the BMP-receptor family
(Chen et al., 1998; Yamaguchi, Komori and Suda, 2000). The inhibition of BMPR-IA signal-
ing suppresses PPAR-y expression, suggesting that PPAR-y may serve as a downstream

signaling molecule of BMPs during the process of adipogenic differentiation (Wang et al.,
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1993; Chen et al., 1998; Yamaguchi, Komori and Suda, 2000; Schulz and Tseng, 2009;
Carreira et al., 2014).

In this study, we investigated the impact of recombinant BMP overexpression on adipogen-
esis in hMSCs. Our findings indicate that h(MSCs overexpressing BMP-6 and BMP-2/6 ac-
cumulated significantly more lipid droplets compared to the control. Additionally, these cells
exhibited the highest levels of PPAR-y on day 14. Moreover, the overexpression of BMP-4,
BMP-6, and BMP-2/6 led to the highest levels of Adipsin upregulation based on semi-quan-
titative RT-PCR analysis. Previous studies demonstrated that BMP-2 and BMP-4 can effec-
tively promote white adipogenesis (Tseng et al., 2008). BMP-2 is known to induce PPAR-y
expression in a dose-dependent manner, but high doses of BMP-2 lead to bone formation
and antagonize adipogenesis through the BMP-2 Wnt regulator (Chen et al., 1998; James
et al., 2016; Shen et al., 2016). In a study conducted by Wang (1993), it was found that
treatment of mouse MSCs with BMP-2 at 100 ng/ml yielded approximately twice as many
fat colonies as those without BMP-2 (Wang et al., 1993). In our quantitative analysis of lipid
area, we demonstrated a significant increase in the accumulation of lipid droplets in SCP1-

BMP2-GFPh cells compared to control.

In the literature, BMP-4 is known to induce a shift from brown to white adipogenesis, support
cells' commitment to preadipocytes, promote lipid storage, and act as a suppressor of lipol-
ysis (Tang, Otto and Lane, 2004; Elsen et al., 2014; Modica et al., 2016). In our experiments,
BMP-4 showed prominent upregulation of Adipsin in RT-PCR and enhanced accumulation
of stained lipid droplet area, but the data did not reach statistical significance when com-

pared to the control.

The adipogenic potential of BMP-6 has been less extensively studied than that of BMP-2,-
4, and -7. Previous studies by Schreiber (2017) have shown that BMP-6 signaling effectively
upregulates the expression of PPAR-y and, therefore, the GLUT4 transporter and several
other genes involved in lipid metabolism (Schreiber et al., 2017). In our experiments, the
upregulation of BMP-6 expression led to overly enhanced white fat adipogenesis. Specifi-
cally, we observed that the BMP-2/6 heterodimer significantly enhanced lipid accumulation
in hMSCs. As previously discussed, heterodimeric cells overexpressed 300 ng of BMP-6
per 106 cells, whereas homodimeric cells produced 3.6 ng BMP-6 per 10° cells. Additionally,
SCP1-BMP2/6-GFPh produced BMP-2 at a lower concentration (31 ng per 106 cells).
Therefore, BMP-6 may potentially positively influence white fat adipogenesis. However,
BMP-6 in higher doses, accompanied by BMP-2 in heterodimers, might have induced
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stronger downstream effects in maturing adipocytes and therefore has stronger adipogenic

potential.

Furthermore, BMP-7 and BMP-2/7 showed the lowest adipogenic potential. The levels of
PPAR-y observed in these cell lines were also the lowest. It is already well known that BMP-
7 promotes the formation of brown adipose tissue and does not influence the differentiation
of white adipose tissue (Tseng et al., 2008; Boon et al., 2011; Elsen et al., 2014). Therefore,
systemic administration of BMP-7 has been demonstrated to increase energy expenditure,
reduce fat accumulation, and may potentially reverse the effects of obesity (Townsend et
al., 2012). In our experiments, BMP-7 overexpressing cells demonstrated the weakest adi-

pogenic potential, even when compared to the control cells.

In summary, the process of adipogenesis is complex and involves the interaction of hMSCs
with various signaling molecules. Some BMPs, especially BMP-6 and BMP-2/6, have been
shown to effectively enhance adipocyte formation and adipocyte marker upregulation
(Wang et al., 1993) in the presence of an adipocyte-promoting medium. This enhancement
occurs through increased cell metabolism and overexpression of adipogenic transcription
factors. With regard to bone tissue, BMP-7 and BMP-2/7 are particularly interesting, as they

have stimulated osteogenic potential without promoting adipogenesis of stem cells.
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Chapter 6

6. Conclusion and Outlook

Taken together, our study shows that hMSCs overexpressing BMPs exhibit enhanced os-
teogenic properties compared to the control. Notably, heterodimeric BMPs, including BMP-
2/6, BMP-2/7, and BMP-4/7, resulted in even greater osteogenic potential. In contrast, adi-
pogenesis showed an increase only in some BMP overexpressing cells compared to the
control. Both luciferase cell reporter assays and Western blot analysis confirmed the biolog-
ical activity of these BMPs, demonstrating stronger signaling and phosphorylation in BMP-

overexpressing cells.

In general, the results of the study provide evidence of the feasibility of generating hMSC
lineages that overexpress high-level biologically active BMPs through a non-viral Sleeping
Beauty transposon system. Here we provide the initial evidence and steps for the potential
utilization of SB-derived BMP overexpressing hMSCs, which have the potential to be em-

ployed in a broader clinical setting.

Cell-based gene therapy is a promising and emerging trend that could establish a new ap-
proach for unsolved bone defect burdens. hMSCs can be easily prepared from a donor and
quickly and inexpensively converted with the SB-transposon system into osteogenic, BMP
overexpressing cells. Future research should include the following procedure to verify our

hypothesis in vivo:

1. Non-viral gene therapeutics encounter a major challenge as they move from the labora-
tory to the clinical settings, largely due to well-recognized limitations associated with the
transfection process. While our experiments have demonstrated the effectiveness of elec-
troporation in transfecting human mesenchymal stem cells (hMSCs) with SB transposon
transposase plasmids, the method remains a source of stress and electrotoxicity for the
cells. It is crucial to improve the feasibility and efficacy of transfection to ensure cell survival
during non-viral gene delivery. Consequently, there is an urgent necessity to address this

critical requirement.
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2. While the SB transposon system offers numerous benefits, it requires several technolog-
ical upgrades before being utilized in clinical settings. One significant limitation of this system
is the lack of targeted integration into the genome and the uncontrolled number of inserted
copies. As previously mentioned, the system integrates the gene of interest randomly, with-
out targeting specific sites. Although the ratio of transposon-transposase plasmids could
theoretically balance the number of integrated transgenic copies, it is still impossible to
tightly regulate the exact number of integrated genes. Hence, precise control over the inte-
gration process is not achievable. Therefore, future medicine would greatly benefit from a

system that allows for safe integration and controlled expression of genes.

3. One hypothesis suggests that heterodimeric bone morphogenetic proteins (BMPS) may
exhibit superior biological properties compared to homodimers, due to the complex upreg-
ulation and binding characteristics of BMP receptors. Therefore, BMP overexpression
should result in an autocrine upregulation of various BMP receptors. It would be intriguing
to investigate the hypothesis of whether receptor upregulation is indeed the root of the bio-
logical superiority of heterodimers. Studying the expression patterns of different BMP recep-

tors has the potential to yield valuable insights into this mechanism.

4. The ultimate goal of bone tissue engineering research is to successfully translate in vitro
systems into clinical practice. It is therefore essential to test the results in vivo models. We
optimized and conducted the in vitro generation of homo- and heterodimeric BMP con-
structs in hMSCs using a non-viral SB transposon system and characterized the BMP over-
expressing cells, which showed superiority of heterodimeric BMPs over homodimers. The
subsequent in vivo experiments are expected to produce similar or even more favorable
outcomes in the repair of skeletal defects in animal models. It would be valuable to evaluate
the outcomes using bone scans and ex vivo analysis with the aim of demonstrating the
potential of heterodimeric BMP overexpressing hMSCs to enhance bone regeneration,
compared to the control. This could represent a significant advancement in the treatment of

challenging conditions and move us closer to the ultimate goal of clinical translation.
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Appendix

1. Plasmid chart of pENTR223.1-HBMP6.
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AfIII (1150)

(3065) Xbal XemlI (1287)

SaclI (1385
(2949) EcoRV e )

BgIII (1526)

PshAI (1668)

(2518) SbfI — ]
(2475) Bsal ~
(2392) FspI - FspAl PfIFI - Tth111TI (1921)

(2388) PmIiI Bsu36I (2018)

(2321) BsmBI - Esp3I EcoRI (2044)
(2315) Stul* Dral (2082)

2. Plasmid chart of pSBbi-GP (Kowarz et al., 2015).

HineIl - Hpal (31)
PshAT (144)
P PsiI (189)
g _Pwull (301}
- SphI (351)
—— BbsI (354)
— BGH-rev (537 .. 554)

(6190 .. 6208) Amp-R
(6120) Scal \..
(so10) Pvul =

al  (568)
(5812) Asel HindIII (ss&)

(788)
(794)

““EF1a-F  (ss1..881)
- BbwCI [1101)

(ss40) AhdI “

NgoMIV (1302)
- Nael (1304)
~ Fsel (1306)

— BfuAl - BspMI (147g)

(5163) AlwWNI

pSBbI-GP
6640 bp

(4888 .. 4907) pBR3220ri-F

" Agel (1328)
(4637 .. 4654) L4440 T

" PmIl (2253)
(4354) KfII - PpuMI
(#328) PAIMI Afel (z281)

(4244 . 4263) rbglobpA-R ’ .
(4125 .. 4124) Bglob-pA-R Accl  (2459)
{4042) EcoRI g
(3997) Dralll /
(3953) Csil - SexAl *

(3922 .. 3342) Puro-F

\,
EGFP-N (2688 .. 2709)

(3881) BsSHIT \\ A\
(3818) BsmBI - Esp3I N \
(3560) BSEEIL \\ EXFP-R (2040 .. 2088)
(3542) RsrII A
(3482) BSIWI EGFP-C (3296 .. 3317)

Puro-R (3426 .. 3445)
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