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1.1 Bone

Bone is a well-designed organ system that has valuable functions. Besides 
providing structural support for the body, it also permits locomotion, participates 
in the homeostasis of minerals, and is involved in endocrine metabolism. The 
functions of bone are dependent on the integrated processes of mechanical 
stimuli sensed by bone cells, molecular signals from the systemic environment, 
and highly vascularized networks for efficient transportation. Based on various 
signals and functional needs, bone has a built-in ability to maintain bone 
mass throughout life known as “remodeling”. The process of remodeling is 
maintained by a balance between bone resorption activated by osteoclasts, and 
bone formation regulated by osteoblasts, which are derived from bone marrow 
mesenchymal stromal cells (BMSCs).

1.2  Characteristics of mesenchymal stromal cells (MSCs)

MSCs were first described in 1970 with characteristics such as plastic adherence, 
colony formation capability, and non-hematopoietic origin [1]. During their 
differentiation, cells are influenced by a number of internal and external 
factors in specific developmental pathways that guide the lineage formation to 
osteoblasts, adipocytes, chondrocytes, and other cell types [2]. The acronym of 
MSCs has received different interpretations such as “mesenchymal stem cells’’, 
‘‘mesenchymal progenitor cells” and “mesenchymal stromal cells’’. The original 
name of “mesenchymal stem cells” was challenged because of the lack of evidence 
on its self-renewal property [3, 4]. As a result, the term “mesenchymal progenitor 
cells” was proposed by James Dennis, with emphasis on ‘progenitor’ rather than 
‘stem’ [5]. Being the newly accepted term, “Mesenchymal stromal cells” usually 
stand for a heterogeneous population of cells in the absence of hematopoietic 
cells and endothelial cells. These features were historically described from in 
vitro cultures using expanded cells, provoking the question to what extent the 
in vitro environment could represent the in vivo situation, as exemplified by 
the hematopoietic marker CD34 representing the in vivo context but being lost 
quickly after cell isolation [4, 6, 7]. In the meantime, variations have been found 
in different tissue sources regarding the expression of stemness markers such 
as Stro-1, SSEA-4, CD271 and CD146 [8]. In addition to the common markers 
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shared among MSCs from different origins, which include expression of CD105, 
CD90, and CD73 while being negative for CD34, CD45, CD14, CD19, CD11b, 
CD79a, and HLA-DR surface indicators [9] , they also have their own features 
regarding the expression of surface makers [10], and therefore, origin should be 
indicated in the name. Analyses of single cell RNA sequencing in combination 
with lineage tracing methods allow us to precisely identify subtypes of MSCs 
referring to their tissue of origin. However, inconsistencies are sometimes found 
when comparing different studies, which are probably due to the shortcomings 
or technical difficulties of the used methods [11]. As a result, focusing on the 
functional characteristics is likely to be the appropriate way to define MSC 
nomenclature [10].

MSCs have been isolated from various tissues including bone marrow [2], 
adipose tissue [12], endometrium [13], dental pulp [14], menstrual blood [15], 
and some birth-related tissues including umbilical cord [16], Wharton’s jelly 
[17], amniotic membrane [18], and placenta [19]. Different sources of MSCs 
share the same spindle-like shape during early culture but show slightly 
different biological properties. In comparison with BMSCs, umbilical cord-
derived MSCs and amniotic membrane-derived MSCs revealed higher levels 
of immunomodulatory activity, whereas BMSCs showed a potent capacity of 
regeneration processes as demonstrated by differentiation and development 
experiments [20]. Most studies have focused on the comparison between BMSCs 
and adipose tissue-derived MSCs (ASC) as BMSCs are most commonly used in 
tissue regeneration [21], whereas ASCs are abundantly available [22]. Compared 
to BMSCs, ASCs possess a high proliferative capacity and are able to maintain 
differentiation capabilities in a long-term culture, which makes ASCs a useful 
alternative to BMSCs for bone regeneration [23, 24]. A donor-matched study 
confirmed the previous observation that ASCs have the potential to regenerate 
bone, but the efficacy using ASCs is lower than with BMSC suggesting that 
BMSCs are most suitable for bone regenerative applications [25].
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Figure 1. Differentiation of bone marrow mesenchymal stem cells (BMSCs) to osteogenic and adipo-
genic lineages. BMSCs are signaled to differentiate to osteoblasts by transcription factors such as RUNX2 
and SP7 or to adipocytes by PPARγ and C/EBPα. Osteoblasts can further differentiate into mature osteo-
cytes or may become lipid-storing cell types. Adapted from J.L. Pierce et al [26].

1.3 Bone formation and osteogenesis

Osteogenesis, also called bone formation, is an orchestration of many biological 
processes and is tightly regulated by several factors (Fig. 1). Skeletons are formed 
in two distinct ways, namely intramembranous ossification and endochondral 
ossification [27-29], which are initiated by condensation of mesenchymal stromal 
cells derived from somites for the axial skeleton, neural crest and paraxial 
mesoderm for the craniofacial skeleton and lateral plate mesoderm for the 
appendicular skeleton [30-32].

Flat bones such as skull and clavicles are formed by neural crest-derived MSCs 
during intramembranous ossification. Neural crest cells undergo epithelial to 
mesenchymal transition to form migratory mesenchymal cells destined to become 
different body parts [33]. Upon intramembranous ossification, mesenchymal 
cells aggregate and form layers of condensates priming the anlagen of flat bones. 
These mesenchymal cells then directly differentiate into osteoblasts responsible 
for bone matrix deposition and mineralization.

Axial and appendicular bones, on the other hand, are formed by endochondral 
ossification. Mesenchymal cells in the center of condensates differentiate into 
chondrocytes and form cartilage templates, which are the anlagen of future bones. 
The outer layer of cells then forms the perichondrium, which later becomes the 
periosteum and defines the boundaries of the bones. During ossification, the 
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chondrocytes in the center of the diaphysis first undergo hypertrophy forming 
hypertrophic cartilage. Hypertrophic chondrocytes release vascular endothelial 
growth factor (VEGF) to direct invasion of blood vessels and angiogenesis. While 
blood flow enables and facilitates the transportation of fresh mesenchymal cells 
to the bone anlagen, which later differentiate into the osteogenic lineage, some 
of the hypertrophic chondrocytes trans-differentiate into osteoblasts starting to 
deposit bone matrix, instead of cartilage, and undergo biomineralization [34-
36]. Invasion of blood vessels also enables recruitment of osteoclast precursors, 
which are stimulated by receptor activator of nuclear factor kappa-B ligand 
(RANKL) produced by hypertrophic chondrocytes to become osteoclasts [37] 
and degrade parts of bone matrix, forming the primary spongiosa and primary 
ossification center. Initiation of ossification at the centers of the epiphyses at 
each side of the long bones forms the secondary ossification centers. The layer 
of chondrocytes in between the primary and secondary ossification centers form 
the growth plates and are responsible for the longitudinal growth of the long 
bones. During the formation of the primary ossification center, the inner layer 
cells in the perichondrium differentiate into osteoblasts, which later become the 
periosteum responsible for the formation of long bones.

All these cellular events are tightly regulated by various transcription factors 
and signaling pathways. Runt-related transcription factor 2 (RUNX2) is an 
essential and indispensable “master regulator” of osteogenic differentiation 
[38]. Homozygous deletion of Runx2 or preventing its nuclear localization in 
mice results in the complete absence of osteoblasts and perinatal death [39], 
whereas haploinsufficiency of the gene causes cleidocranial dysplasia [40], an 
autosomal dominant dysmorphology characterized by hypoplastic clavicles, 
dental abnormalities, and delayed bone development [41]. RUNX2 regulates 
a number of osteoblast marker genes such as collagen type I alpha 1 chain 
(COL1A1), secreted phosphoprotein 1 (SPP1), bone gamma-carboxyglutamate 
protein (BGLAP) and integrin-binding sialoprotein (IBSP). The expression 
of RUNX2 peaks in pre-osteoblasts and hypertrophic chondrocytes, and is 
decreased in mature osteoblasts [42]. Overexpression of RUNX2 in mouse 
osteoblasts by COL1A1-promoter impairs matrix production and causes 
osteopenia and multiple fractures [43], indicating that RUNX2 is essential for 
initiating osteogenesis, it has negative effects on osteoblast maturation.
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SP7, also known as Osterix, is an osteoblast-specific transcriptional factor 
belonging to the Krüppel-like family [44]. Deletion of SP7 in mice also results in 
complete loss of osteoblasts but does not prevent Runx2 expression [45], while 
homozygous deletion of Runx2 abolishes SP7 expression [46], indicating SP7 is 
also essential for osteogenesis and is downstream of RUNX2. However, addition 
of bone morphogenetic protein 2 (Bmp2) in Runx2-deficient cells maintains SP7 
expression through distal-less homeobox 5 (Dlx5) [47], suggesting that SP7 
may not be exclusively regulated by RUNX2. In addition, SP7 is also regulated 
by fibroblast growth factor (FGF) and canonical Wnt signaling pathways, and 
positively fed back to its own expression by directly binding to its own promoter 
[48]. SP7 also negatively regulates its expression by stimulating Wnt signaling 
pathway inhibitor dickkopf 1 (DKK1) expression [49], which inhibits beta-catenin 
stabilization independent of Wnt to downregulate Wnt signaling [50]. Similar to 
RUNX2, overexpression of SP7 also inhibits osteoblast maturation [51].

1.4  Bone marrow adipose tissue (BMAT)

During development, bone marrow adipocytes start accumulating from the 
terminal phalanges towards appendicular bone, and ends up in the axial skeleton 
in a time-dependent manner [52, 53]. The marrow adipocyte depot accounts for 
up to 50-70% of marrow volume around the age of 25 in healthy adults [54]. 
Histologically, marrow adipocytes represent a unilocular morphology with 
the nucleus and cytoplasm distributed peripherally [55]. Unlike other types 
of adipocytes, BMAT is uniquely located in the skeleton demonstrated by a 
lineage tracing study using Osterix-cre: mT/mG mice [56]. These observations 
do not rule out the functional similarities shared among white, brown and 
beige adipocytes but rather emphasize the unique features especially related to 
skeletal homeostasis.

In addition to osteoblasts, BMSCs also give rise to marrow adipocytes (Fig.1) [57]. 
The adipogenic differentiation process is controlled by a transcriptional cascade 
consisting of multiple transcription factors, among which CCAAT/enhancer-
binding protein alpha (C/EBPα) and peroxisome proliferator-activated receptor 
γ (PPARγ) are regarded as master regulators [58]. Embryonic fibroblasts isolated 
from C/EBPβ and C/EBPδ double knockout mice are incapable of undergoing 
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adipogenesis due to the absence of C/EBPα and PPARγ [59]. 

The role of PPARγ was first explored by Spiegelman et al. who demonstrated 
that PPARγ regulates the expression of fatty acid binding protein (FABP4) [60]. 
Later on, PPARγ knockout mice were developed and used to confirm its role 
in the formation of fat depots [61]. A series of studies using a gain-of-function 
model showed that exogenous expression of PPARγ is sufficient to induce 
non-adipogenic fibroblasts to fully functional adipocytes in mice [62]. Similar 
to PPARγ-related studies, ectopic expression of C/EBPα is also able to induce 
adipogenesis in fibroblastic cells [63], while loss of C/EBPα in mice was not 
compatible with life due to its indispensable role in gluconeogenesis [64]. 
Although C/EBPα is incapable of driving adipogenesis in the absence of PPARγ 
[65], it must be mentioned that loss of C/EBPα results in an insulin resistance 
phenotype that further influences terminal differentiation of adipocytes [66, 67].

1.5  BMAT and osteoporosis

The amount of BMAT has been demonstrated to increase with aging in population 
studies [68, 69]. Locally measured BMAT has been shown to be negatively 
associated with trabecular bone volume in iliac crest biopsies and trabecular 
bone density (BMD) in the lumbar vertebrae [69-71]. Importantly, many studies 
reported an increased amount of BMAT in osteopenic patients compared with 
healthy individuals and this observation is much more pronounced in patients 
with osteoporosis [72]. In addition, higher amounts of BMAT are also found 
in patients with vertebral fractures and signs of bone weakness [71, 73, 74]. 
Interestingly, trabecular bone loss in combination with increased accumulation 
of marrow adiposity was detected in experimental osteoporotic models 
including natural aging, accelerated senescence, ovariectomy, orchidectomy, 
type 1 diabetes and excessive glucocorticoid use [75], being indicative for the 
shift of BMSCs from osteogenesis to adipogenesis in osteoporosis with diverse 
pathologies. Therefore, strategies against adipogenic differentiation of BMSCs 
could benefit regenerative therapies for bone metabolic diseases such as 
osteopenia and osteoporosis.
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1.6  The paracrine role of BMSCs in angiogenesis

The ability of BMSCs to differentiate into multiple types of tissues yielded great 
potential to serve as a stable source for regenerative approaches in medicine. 
However, the usage of BMSCs in cell-based regeneration still needs to fulfill 
its full potential, shifting the attention from the differentiation potential to 
their secretomes. Over the past years, accumulating evidence confirmed that 
BMSCs can secrete a variety of bioactive factors in response to tissue damage, 
which potentially makes them suitable for therapeutic scenarios including 
immunomodulatory activities, hematopoiesis support, apoptosis inhibition, 
antioxidative effects and angiogenesis mediation [76-80]. Efficient angiogenesis, 
which is regulated in a spatial and temporal manner, is a prerequisite for wound 
healing and bone repair [81, 82]. This process involves the extensive interplay 
of a wide range of factors such as local oxygen level, inflammatory cytokines, 
growth factors, adhesion molecules, and angiogenic inhibitors. 

It has been demonstrated that MSCs secrete a broad repertoire of pro-
angiogenic factors including VEGF, FGF, platelet-derived growth factor (PDGF), 
angiopoietin-1 (ANGPT1), placental growth factor (PIGF), interleukin-6 (IL-6) 
and monocyte chemoattractant protein 1 (MCP-1) [83-87]. Using advanced mass 
spectrometry, another study showed that cysteine-rich angiogenic inducer 61 
(Cry61) in the BMSC secretome significantly promotes angiogenic responses 
both in vitro and in vivo [88]. Importantly, the addition of neutralizing antibodies 
against VEGF, MCP-1, IL-6 and Cry61 all abrogated the angiogenetic effect 
stimulated by conditioned medium derived from BMSCs (BMSC-CM) [83, 
88]. Together with trophic factors, extracellular vesicles (EVs) promote vessel 
formation by transferring pro-angiogenic molecules and genetic materials to the 
wound area [89, 90]. However, studies have demonstrated that EVs secreted by 
MSCs are less potent than CM in the context of angiogenesis [91, 92]. Tissue 
sources of BMSCs could affect the composition and amount of secretome 
resulting in different potential for angiogenesis. CM derived from umbilical 
cord Wharton’s jelly displayed a complete network of pro-angiogenic proteins, 
followed by CM secreted by BMSCs [87]. In contrast, ASC secretome lacked 
some important pro-angiogenic factors such as ANGPT1, FGF2 and FGF7, and 
only expressed a few pro-angiogenic proteins [87].
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The composition and content of angiogenesis proteins in secretomes can be 
modulated by oxygen tension and a wide range of pro-inflammatory cytokines. 
Preconditioning of MSCs under hypoxia stimulated the production of 
Endoglin, VEGF, and hepatocyte growth factor (HGF), which promote vascular 
development and angiogenesis [91, 93]. On the other hand, exposing MSCs to 
TNF-α or lipopolysaccharides (LPS) increased the concentration of VEGF, FGF2 
and HGF through the activation of transcription factor NFκB [93]. Interestingly, 
synergistic actions of hypoxia and inflammatory cytokines significantly impaired 
tube formation of HUVECs compared to preconditioning MSCs in hypoxia alone 
[91]. Taken together, preconditioning of MSCs is a useful strategy to prepare 
MSCs in surviving the pathological circumstances at the site of injury.

1.7  Skeleton-vasculature interaction and Organ-on-chip platform

Vasculature plays critical roles in skeletal functions such as development, 
homeostasis and fracture repair. Stratified organization of the vascular network 
within bones enables the close relationship between both systems. Given the 
anatomical structure, endothelial cells lining the interior surface of vessels could 
link the affluent bloodstream to local cell types in the bone marrow cavity. Bone-
related cells such as osteoblasts, osteoclasts and osteocytes secrete angiogenic 
factors to regulate vasculature function, while in return endothelial cells release 
growth factors or other cytokines to facilitate skeletal functions as mentioned 
above in a co-dependent manner [94, 95].

The heterogeneous population of endothelial cells contributes to distinct types 
of vascular networks in the bone marrow [95]. According to the morphological 
features and functional properties, capillary networks can be recognized and 
subdivided into type H and type L subtypes. Type H vessels are characterized 
by high levels of platelet endothelial cell adhesion molecule (PECAM-1/
CD31) and endomucin (EMCN), and are localized around the endosteum and 
metaphysis, both regarded as dynamic bone metabolic regions [96]. Type H 
capillaries are densely distributed around osteoprogenitors in the expression 
of SP7 and RUNX2, and provide high content of oxygen and nutrients supply 
for osteoblasts differentiation [97]. In contrast, type L capillaries are featured 
by discontinuing and fenestrated sinusoidal networks, and express low levels 
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of CD31 and EMCN [98]. Importantly, type L vessels are not present near 
osteoprogenitors but infiltrated with hematopoietic cells [99]. 

As an alternative to animal studies, microfluidic Organ-on-Chip platforms 
incorporating human cell types combined with biological and mechanical 
signals in the microenvironment have provided us with great opportunities 
to investigate physiological and pathological events related to the vascular 
network. These microfluidic devices support the culture of endothelial cells in 
a perfusable microchannel along with or without other cell types in a 2D or 3D 
structure [100]. Multiple microfluidic angiogenesis models have been developed 
that enable the recreation of capillary sprouting and vessel formation in vitro 
[101-106]. A recent study has shown the introduction of dynamic flow in the 
mineralized extracellular matrix to generate the model of vascularized bone 
[107]. Microfluidic-based platforms will become potent tools to study vessel-
related pathological status and diseases.

1.8 Aim of this thesis

BMSCs hold great potential for bone regeneration because of their ability for self-
renewal and differentiation into bone-specific cells. Importantly, the paracrine 
effect of BMSCs plays critical role in angiogenesis that supports fracture healing. 
A better understanding of the BMSC-fate decision process, intricate signals, and 
interactions with other cell types largely promotes the development of clinical 
strategies against metabolic bone disease. The aim of this thesis is to identify 
novel genes and small molecules regulating the differentiation process of BMSCs 
as well as to decipher the contribution of BMSCs in vessel repair during fracture 
healing. 

By using gene expression profiles of osteogenic and adipogenic BMSCs, 
in Chapter 2, we investigated the role of heat shock protein family B (small) 
member 7 (HSPB7) in the lineage determination process toward osteoblasts and 
adipocytes in gain- and loss-of-function cell models. Domain-specific deletion 
constructs were generated to identify important domains of HSPB7 affecting 
osteogenic differentiation and mineralization. 
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In Chapter 3, we identified tensin 3 (TNS3) as a potential novel gene regulating cell 
fate determination of BMSC. We focused on the knockdown and overexpression 
of TNS3, studied the role of the different TNS domains and assessed the 
potency of osteoblast differentiation to cytoskeleton changes caused by TNS3 
manipulation.

In Chapter 4, we applied a transcriptomic approach to predict compound-
induced perturbations of BMSC-derived adipogenesis using the Connectivity 
Map (CMap). We generated transcriptional profiles of BMSCs treated with 
CMap-derived and prioritized compounds and identified the compounds, that 
have the most potent inhibitory effect on BMSC-derived adipogenesis. 

By developing a microfluidic approach, we investigated the role of BMSC 
secretome on critical steps of angiogenesis in Chapter 5. Different microfluidic 
models enabled us to explore the effect of fluid flow and BMSC-derived growth 
factors on endothelial cell function. We assessed the importance of in vivo-like 
microenvironments including biochemical, biomechanical and oxygen levels 
when investigating key events during blood vessel repair.

Finally, in Chapter 6, the main findings together with the future outlook in the 
field of bone biology are being discussed.
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Abstract

A functional vascular system is a prerequisite for bone repair as disturbed 
angiogenesis often causes non-union. Paracrine factors released from human 
bone marrow mesenchymal stromal cells (BMSCs) have angiogenic effects 
on endothelial cells. However, whether these paracrine factors participate in 
blood flow dynamics within bone capillaries remains poorly understood. Here, 
we used two different microfluidic designs to investigate critical steps during 
angiogenesis and found pronounced effects of endothelial cell proliferation as 
well as chemotactic and mechanotactic migration induced by BMSC conditioned 
medium (CM). The application of BMSC-CM in dynamic cultures demonstrates 
that bioactive factors in combination with fluidic flow-induced biomechanical 
signals significantly enhanced endothelial cell migration. Transcriptional 
analyses of endothelial cells demonstrate the induction of a unique gene 
expression profile related to tricarboxylic acid cycle and energy metabolism 
by the combination of BMSC-CM factors and shear stress, which opens an 
interesting new avenue to explore during fracture healing. Our results stress 
the importance of in vivo - like microenvironments simultaneously including 
biochemical, biomechanical and oxygen levels when investigating key events 
during vessel repair.

Keywords 

Microfluidics, endothelial cell, mesenchymal stromal cell, angiogenesis, hypoxia
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Introduction

Fracture repair is a unique process that can restore original geometry and 
biomechanical properties of the injured bone without the formation of scar 
tissue through a regenerative process in a well-orchestrated way [1]. However, 
a significant proportion of clinical scenarios still display compromised 
regeneration, resulting in delayed union and complications including non-
union. Incidence of reported non-union fracture remains variable, depending 
on patient demographics, standard criteria, anatomic regions, but ranges from 
anywhere between 1.9 and 4.9 % [2, 3], with an estimated 100,000 cases of non-
union per year in the United States alone [4].

Risks of non-union can be considered as both patient-dependent and -independent. 
Patient-dependent risk factors, such as smoking and diabetes mellitus cause 
delayed chondrogenesis and soft callus formation through arteriolar blood flow 
damage [5, 6]. The method of fracture fixation as a patient-independent risk also 
alters blood supply at the skeletal healing site. Intramedullary nails can impede 
endosteal circulation [7], independent of whether nail insertion was performed 
with or without reaming of the medullary cavity [8]. Furthermore, long-standing 
clinical evidence has shown a strong correlation between angiogenesis and 
fracture healing, indicating the importance of vessel restoration process [9, 10]. 

The process of fracture healing can be divided into three biological phases: 
inflammation, repair and remodeling. The inflammatory response is initiated 
by tissue damage and characterized by hematoma formation, together with 
the release of inflammatory cytokines and angiogenic factors as a result of the 
hypoxic conditions created by the vascular disruption [11]. The repair phase 
begins with callus formation allowing blood vessels to invade the calcified 
tissue and coordinate with osteoblasts to build new bone [12]. Therefore, this 
neovascularization is required for osteoprogenitors recruitment and crucial 
to re-establish oxygenation [13, 14]. In contrast to hypervascularization of the 
fracture site during the repair phase, vascularization is reduced to pre-injury 
level in the remodeling phase [15]. Moreover, studies have demonstrated that 
fracture healing is completely inhibited after treatment with an angiogenesis 
inhibitor [16]. Therefore, adequate blood supply is a prerequisite for bone repair 
at the fracture site.
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Human bone marrow mesenchymal stromal cells (BMSCs) are highly angiogenic 
and have the potential to promote bone vascularization via at least two distinct 
mechanisms; 1) by paracrine effects, which include cytokines release and 
exosomes transfer [17, 18], or 2) by direct differentiation into vascular-like cells 
to subsequently promote angiogenesis [19]. Accumulating data has shown that 
the therapeutic effect of BMSCs was mediated primarily by paracrine factors 
rather than their differentiation potential, as the engrafted cells were hardly 
found 4 weeks after transplantation in vivo [19]. Moreover, the bioactive factors 
released from BMSCs can bypass the present confounding issues of BMSC 
themselves related to cell transplantation, manufacturing and costs, providing 
the possibility to be used extensively [20]. Furthermore, it should be realized 
that several bioactive factors in the MSC secretome promote angiogenesis 
in a well-coordinated way [21], and this effect is synergistic compared to the 
administration of single factors, which are insufficient to stimulate angiogenesis 
due to low efficacy [22].

Several in vitro models have been developed that show the beneficial effect of MSC-
secretome on angiogenesis [23, 24]. However, the intricate microenvironment 
of vessel repair is composed of numerous components, such as mechanical 
forces (fluid flow), hypoxia, and biological factors, which regulate critical steps 
of the recovery process in a coordinated fashion. To date, no suitable model 
has been fully recapitulating the vessel repair environment by simultaneously 
evaluating the contribution of biological factors and mechanical forces or even 
their combination to angiogenesis. Deeper insight into the effect of the MSC-
secretome on angiogenesis strongly depends on the progression towards better 
models emulating the physiological and pathological microenvironment in vivo. 
In this study, we developed an in vivo - like microenvironment model that enables 
manipulating the mentioned extrinsic factors and we applied this model to study 
the BMSC - endothelial cell interaction. The resulting microfluidic designs better 
elucidate the complex relationship between biological and mechanical signals in 
a hypoxia microenvironment and provide new insights into energy metabolism-
triggered angiogenesis.
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Materials and Methods

Cell culture 

Human bone marrow mesenchymal stromal cells (BMSCs) were cultured as 
described previously [25]. Briefly, BMSCs were cultured in alpha minimum 
essential medium (α-MEM, Gibco, Paisley, UK) supplemented with 10% heat-
inactivated fetal calf serum (FCS). Cells at passage 7 were used to prepare 
conditioned medium. 

Human umbilical vein endothelial cells (HUVECs, Lonza, Basel, Switzerland) 
were maintained in Endothelial Growth Medium (EGM-2, Lonza, Basel, 
Switzerland) and cells up to passage 6 were used for the experiments. 

All BMSC and HUVEC cultures were maintained at 37°C containing 5% CO2 in 
a humidified atmosphere.

Preparation of conditioned medium from BMSCs 

BMSCs were seeded into T75 cm2 flasks at a density of 104 cells/cm2 and grown 
until 70-80% confluence. After washes, cells were refreshed with α-MEM 
containing 0.1% BSA and incubated under 3% O2 for 48h as described [26]. 
Supernatant (conditioned medium) was collected and centrifuged at 1,500 rpm 
for 5 min, filtered through 0.22 μm filters and then stored in aliquots at -80°C as 
BMSC-CM. 

A dilution of 50% v/v BMSC-CM in either Endothelial Basal Medium (EBM-
2) or EGM-2 was used to evaluate its angiogenic properties. 50% v/v of 
α-MEM containing 0.1% BSA in EBM-2 or EGM-2 served as control (Ctrl). FCS 
concentration was maintained at 2% in each experimental group. We used 
cobalt(II) chloride (CoCl2; Sigma-Aldrich, St. Louis, MO, USA) at a concentration 
of 300 μM to mimic the hypoxia effect in all experiments except for the adhesion 
assay, considering the short treatment time in this experiment [27].

Angiogenic protein profile of BMSC-CM

BMSC-CM-derived angiogenesis-related proteins were screened using a 
Human Angiogenesis Antibody Array kit (Proteome profiler™; R&D Systems, 
Minneapolis, MN, USA). Briefly, BMSC-CM was mixed with a biotinylated 
antibody cocktail and then incubated with capture antibodies, which have 
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been spotted onto nitrocellulose membranes in duplicate. Streptavidin–HRP 
and chemiluminescent detection reagents were used for visualization and 
development. The band densities were analyzed with Gel Doc XR System (Bio-
Rad Laboratories, CA, USA). Positive signals on the developed membranes 
were quantified using the Fiji image processing program (NIH, Bethesda, MD, 
USA; https://imagej.net/Fiji) [28]. For quantification, each angiogenesis-related 
protein was determined by averaging the signal of duplicate spots, followed 
by subtraction of the background signal. Functional annotation of angiogenesis 
gene interaction was performed using GeneMANIA (http://www.genemania.
org/) [29].

Cell morphology and adhesion assay

HUVECs were seeded in 96-well plate at a density of 2 × 106 cells/ml and allowed 
to attach for 15, 30, 45 and 60 min at 37°C. Non-adherent cells were washed out 
by PBS, whereas adherent cells were fixed with 4% paraformaldehyde (PFA) 
and stained with 0.3% crystal violet. Cell morphology was examined on a Zeiss 
Axiovert 200 MOT microscope (Zeiss, Oberkochen, Germany). Cell number and 
cell surface area were quantified using Fiji software.

Wound healing assay and cell proliferation assay

Wound healing assays and Ki67 immunostaining were performed to determine 
migration and proliferation abilities of HUVECs treated with BMSC-CM, 
respectively. For wound healing experiments, 4 × 104 HUVECs were seeded in 
each well of a 48-well plate. On the next day, the confluent cell layer was scratched 
with a 1 ml pipette tip, followed by 3 PBS washes. Cell migration was evaluated 
by measuring the width of the wound at 0, 8, 24 and 32 h post-scratching using 
Fiji software. For proliferation assay, HUVECs were fixed with 4% PFA after 24 h 
and stained with ki67 antibody (1:100, Novus biological, Colorado, USA).

Gene expression analysis

RNA isolation, cDNA synthesis and real-time PCR reactions were performed as 
described before [25]. Oligonucleotide primer pairs were designed to be either 
on exon boundaries or spanning at least one intron (Table S1). Gene expression 
was normalized to the housekeeping gene 36B4, using the equation 2^- (Ct gene 
of interest – Ct housekeeping gene).
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Microfluidic device fabrication

Microfluidic chips were fabricated using standard soft lithography techniques 
[30]. The required master mold was fabricated using photolithography with 
SU-8 on a silicon wafer (Fig.S1a). A vector graphic of the microchannels was 
created using AutoCAD (Autodesk) and the photomasks were produced by 
CAD/Art Services Inc. with a resolution of 20,000 dpi. The dimensions of the 
microchannels used to evaluate cell proliferation (design 1) were 2 cm × 1 mm 
× 0.1 mm (length × width × height). For cell migration assays (design 2), the 
dimensions of the channels were 1.5 cm × 1 mm × 0.1 mm (length × width × 
height) separated by three short inlet channels on both ends. The channels were 
generated by casting polydimethylsiloxane (PDMS) at a 10:1 ratio of base to 
curing agent (Sylgard 184, The Netherlands) on the master mold. PDMS was 
degassed until all bubbles were removed and cured at 70°C for at least 4 h. After 
crosslinking, PDMS was removed from the mold and bound to a glass coverslip 
using plasma treatment for 2 minutes and 20 seconds at 4 mbar pressure (Fig.
S1A). 

Microfluidic cell seeding, staining and viability

The microchannels were coated with 40 μg/ml fibronectin (Sigma-Aldrich, St. 
Louis, MO, USA) and kept in a humidified incubator overnight before seeding 
cells into the microfluidic device. To visualize the endothelial cells in the 
microchannel, HUVECs were stained with 4.5 mM CellTracker™ Green CMFDA 
(Life Technology, Carlsbad, CA, USA) at 37°C for 40 min using the recommended 
protocol.

A live/dead fluorescence labelling was used to determine the viability of the 
HUVECs. As previously described [31], cells were incubated in a mixture of 
5 μg/mL Hoechst 33342 (Sigma-Aldrich, St. Louis, MO, USA) and 10 mg/mL 
propidium iodide (Sigma-Aldrich, St. Louis, MO, USA) for 15 min at 37°C. In 
this fluorescence-based assay, all cells were stained with Hoechst (blue), while 
only dead cells were labeled by propidium iodide (red). 

All the fluorescent images and overlapping tiled images of the microfluidic 
devices were acquired on a Leica TCS SP5 confocal laser scanning microscope 
(Leica Microsystems, Mannheim, Germany).
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Proliferation assay and flow experiments in the microfluidic single channel 
device (design 1)

HUVECs were seeded on the fibronectin-coated microchannel at a density of 3 × 
106 cells/ml and exposed to a flow rate at 0.5 μl/min after overnight attachment. 
Cell proliferation was evaluated by ki67 immunostaining staining after 24h. To 
evaluate potential morphological changes induced by BMSC-CM, cells were 
seeded in the single channel microfluidic device at a density of 7 × 104 cells/ml 
for 24h to attain a confluent monolayer with tight cell-cell contacts. Microfluidic 
chips were then connected to the syringe pump (New Era Pump Systems Inc, 
Farmingdale, NY, USA) and the flow rate was set at 3 μl/min. 

Wound preparation, gradient characterization and migration in the microfluidic-
based migration model (design 2)

HUVECs were seeded in the microfluidic device at a density of 5 × 106 cells/
ml, and the wound was prepared by introducing parallel laminar flows into 
the channel from three separate inlets, which are each connected to their own 
syringe via polytetrafluoroethylene tubing (Diba Ltd, Cambridge, UK). The 
syringes on both sides contained EBM-2 supplemented with 2% FCS, while the 
syringe for the middle laminar flow contained trypsin-EDTA, all flowing into 
the microchannel at a rate of 80 μl/min for 5 min. After this, the channels were 
flushed with EGM-2 to remove floating cells, and cell migration towards the 
middle under different conditions were then observed.

To estimate the shape of growth factors gradient, 10-kDa FITC-dextran and 40-
kDa FITC dextran (125 μg/ml for both dextrans, Sigma-Aldrich, St. Louis, MO, 
USA) were infused in the middle syringe to represent diffusion of angiogenic 
factors with different sizes, while PBS was infused in both side syringes. To 
mimic chemotactic response induced by BMSC-CM, the contents in the syringes 
on both sides were replaced with EBM-2 containing 2% FCS, and the content in 
the middle syringe was replaced with control medium or BMSC-CM. 

To evaluate the response of angiogenic factors on shear stress-induced HUVEC 
migration, control medium or BMSC-CM was introduced into all three syringes. 
HUVECs seeded in the microfluidic devices without the pump connection were 
considered as static culture. 
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The total flow rate through the channel connected with three inlets was set to 3 
μl/min. Pictures were taken in the center of the microchannel at 0 and 6 h, and 
wound area was measured by Fiji image analysis software.

Time-lapse microscopy

Time-lapse imaging was carried out on a Leica TCS SP5 confocal laser scanning 
microscope (Leica Microsystems, Mannheim, Germany) with a motorized stage 
enclosed in a humidified chamber at 37°C. Three fields of view were captured 
from each channel using a 5× objective at 10 min intervals. Trajectories of 35-
40 cells in the field of each image sequence were manually tracked using a Fiji 
Manual Tracking plugin. The chemotactic effect and was evaluated using Ibidi 
Chemotaxis and Migration Tool based on the manufacturer’s instruction [32].

Fluorescence immunostaining staining

Immunostaining was performed as previously described [33]. Briefly, 
HUVECs were fixed with 4% PFA in PBS for 5 min and then washed with 
PBS. Immunostaining was performed after permeabilization in PBS with 0.1% 
Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) and blocked for 30 min in 1% 
bovine serum albumin at room temperature (RT). Cells were incubated with 
CD31 antibody (1:100, Abcam, Cambridge, UK), Ki67 antibody (1:100, Novus 
biological, Colorado, USA) or VE-Cadherin antibody (1:100, R&D systems, 
Minneapolis, MN, USA) overnight at 4°C. The next day, cells were incubated 
with Alexa Flour 488 donkey anti-mouse (1:300, Abcam, Cambridge, UK), or 
donkey anti-rabbit (1:300, Abcam, Cambridge, UK) secondary antibody for 1 
hour at RT, followed by the addition of rhodamine-conjugated phalloidin (1:100, 
Thermo Fisher Scientific, Massachusetts, USA) for 1 hour at RT. After 10 min 
incubation with DAPI, images were captured on a Leica TCS SP5 confocal laser 
scanning microscope. Quantitative morphometric analyses were performed 
using image analysis software Fiji. The Ki67 index was used to evaluate ki67 
proliferation. Calculation of the Ki67 index = No. of positive staining cells / total 
No. of cells × 100.

RNA-sequencing

Total RNA was isolated from 12-well plates using TRIzol (Thermo Fisher 
Scientific, Massachusetts, USA) as previously described [25, 33]. To isolate RNA 
from the microfluidic device, TRIzol was used to flush through the channel after 
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PBS washes, followed by several times pipetting to thoroughly lyse all cells. 
RNA concentration and size distribution profiles were analyzed on an Agilent 
Bioanalyzer RNA 6000 Pico chip (Thermo Fisher Scientific, Massachusetts, 
USA). cDNA library was prepared using SMARTer version v4 Ultra Low Input 
RNA kit (Clontech, Takara Bio, California, USA). The resulting bulk RNA-seq 
libraries were generated with the Truseq nano DNA sample prep kit (Illumina, 
California, USA) based on the manufacturer’s manual. The subsequent 
libraries were quality-checked and sequenced paired-end for 100 cycles on a 
Novaseq6000 instrument (Illumina, California, USA). Gene expression values 
were measured as Transcripts Per Kilobase (TPM). After mapping the reads, 
differential expression analysis was performed using the DESeq2 package in R 
environment [34]. Genes with an adjusted p-value < 0.05 and a log2-fold change 
≥ 1 were considered significant.

Gene ontology (GO) analyses were performed using R packages [35], and GO 
terms were trimmed and summarized using REVIGO (http://revigo.irb.hr) 
[36]. Gene set enrichment analysis (GSEA) was performed on the normalized 
TPM values using gene sets with MSigDB [37].

Statistical analysis

Data were expressed as means ± SEM of representative experiments. All 
experiments were performed at least 2 times. Statistical analysis was performed 
using GraphPad Prism 9. Significance was calculated using the Student’s t-test 
or one-way ANOVA. Two-way ANOVA analysis was used to assess interaction 
between treatments. P values were considered significant if p < 0.05.

Data Availability

The data that support the findings of this study are available within this paper, 
supplementary information or from the corresponding author upon reasonable 
request. All of the RNA-seq data that support the findings of this study have 
been deposited in Gene Expression Omnibus (GEO) with the accession number 
GSEXXXX. Source data are provided with this paper.
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Results

Characterization of BMSC-derived conditioned medium

An overview of our experimental approach is depicted in Figure 1. Endothelial 
cell behavior towards BMSC-CM was evaluated in static cell cultures and 
microfluidic models, followed by RNA-seq analyses in both conditions. 

Figure 1. Study design. A schematic overview of the experimental design and RNA-seq analysis. Our 
approach incorporated static cell culture and microfluidic cell culture models under a pathophysiological 
microenvironment including vessel damage, continuous flow, hypoxia, and biological factors, and gene 
expression signatures assessed by transcriptome profiling.

As shown in Figure 2A, BMSCs were cultured 2 days under hypoxia with 
serum deprivation medium after initial expansion. To determine the presence 
of angiogenesis-related proteins in BMSC-CM, a membrane-based sandwich 
immunoassay was used. A broad spectrum of proangiogenic factors such as 
vascular endothelial cell growth factor (VEGF), monocyte chemotactic protein-1 
(MCP-1) and angiogenin were secreted in BMSC-CM (Fig.2B and C). In 
addition, some endogenous angiogenesis inhibitors such as thrombospondin-1 
(TSP1), urokinase plasminogen activator (uPA), and plasminogen activator 
inhibitor (PAI-1)/serpin E1 were also detected in BMSC-CM (Fig.2B and C). The 
protein association network constructed using GeneMANIA revealed a high 
interconnectivity between these proteins responsible for various angiogenesis 
functions but also with many other related proteins (Fig.2D).
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Figure 2. Angiogenic protein profile of BMSC-CM. A A schematic diagram of BMSC-CM collection. 
B-C Angiogenesis-related proteins in BMSC-CM detected by human angiogenesis antibody array. 
α-MEM containing 0.1% BSA served as control. Quantification of mean spot pixel density using Fiji, 
and grey values were normalized to reference spots represented in top left, top right, and bottom left 
on the membranes. Target proteins are indicated 1-12 on the array membrane (B) and histogram (C). 
D Network analyses of 12 proteins according to different interaction categories and protein functions 
based on GeneMANIA analysis using an automatically selected weighting method. The inner circle nodes 
indicate the query genes, while the outer circle nodes were those selected by GeneMANIA. The size of the 
nodes in the outer circle indicates the relatedness to the query gene list.

BMSC-CM stimulates endothelial cell function 

Several critical steps such as cell adhesion, proliferation and migration contribute 
to angiogenesis and vessel development. To mimic a stable hypoxia in vivo - 
like environment caused by vessel disruption, endothelial cells were cultured in 
CoCl2-supplemented medium. 

We first investigated the effect of BMSC-CM on cell attachment and morphology. 
As shown by crystal violet staining, the number of adhered cells and total cell 
area were significantly higher in conditioned medium group at all investigated 
time points in both EBM-2 and EGM-2 conditions (Fig.S2A-C and Fig.
S3A-C). Cell proliferation, which was evaluated by cell number count and 
Ki67 immunostaining, was significantly upregulated (1.5-fold) in response to 
BMSC-CM after 24 hours (Fig.S2D-F). The wound healing assay showed only 
12.6% wound area remaining after 24 hours in the conditioned medium group 
as opposed to 40.4% in the control group (Fig.S2G and H), and this enhanced 
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effect was also observed in EGM-2 condition as early as 8 hours (Fig.S3D and 
E). BMSC-CM treatment increased MKI67 and PCNA gene expression (Fig. S2I), 
which is consistent with the Ki67 immunostaining and cell number count. Finally, 
elevated levels of proangiogenic genes including VEGF, ANGPT1 and ANGPT2 
were detected after 24- and 72-hours following exposure to the BMSC-CM (Fig.
S2I, and Fig.S3F). Taken together, these experiments confirm the paracrine effect 
of BMSCs on endothelial cells enhances angiogenesis.

A Microfluidic platform establishes endothelial cell culture under hypoxia

Given that vascular endothelial cells are continually exposed to blood flow, and 
fluid forces have been shown to play critical roles in physiological processes 
[38, 39], we hypothesized that culturing endothelial cells under flow in a 
hypoxic microenvironment is a better representation of the in vivo situation. 
To understand the role of blood flow-mimicking shear stress and dynamic cell-
cell communication during vessel repair, we developed a microfluidic culture 
platform. We applied 0.5 µl/min flow rate through the vascular channel to 
mimic physiological levels of fluid shear stress [38, 40]. 

Tile scans along the microfluidic channel revealed the formation of an 
endothelial monolayer onto the fibronectin-coated substrate (Fig.3A). Live-dead 
staining 48h after seeding indicated very limited cell death (Fig.3B). Confocal 
immunofluorescence microscopic analyses revealed the endothelial cell marker 
von Willebrand Factor (vWF) and cell-cell adhesion proteins such as VE-
Cadherin and PECAM-1 along their membranes (Fig. 3B). We further studied 
the HUVECs proliferative behavior in this dynamic system. As expected, BMSC-
CM treatment significantly enhanced cell proliferation at 24h, as shown by cell 
count and Ki67 immunostaining (Fig.3C-E). Overall, we have set up a dynamic 
microfluidic cell culture model in a physiologically relevant manner with 
excellent cell viability that enables us to study the interplay of biomechanical 
and biochemical signals and of endothelial and mesenchymal cells as an in vitro 
proxy of the fracture healing process.
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Figure 3. Reconstitution of human endothelial cell culture in a microfluidic device. A Tile scan of the 
entire channel showing confluent HUVECs are cultured in the channel of the microfluidic device. Cells 
are stained with a green cell tracker (CMFDA). B Representative images of HUVECs stained with Hoechst 
(live) and Propidium iodide (dead) viability staining kit on day 2. Live cells were stained blue while dead 
cells were stained red. Immunostaining micrographs of HUVECs cultured in microfluidic chips for 3 days 
labeled with CMFDA, vWF, VE-Cadherin and PECAM-1. C Representative images of DAPI staining and 
Ki67 immunostaining. D-E Quantitative data of DAPI staining (D) and the percentage of Ki67 positive 
cells (E) after 24h treatment with BMSC-CM in microfluidic chips. Data are presented as means ± SEM, n 
= 4 representing independent microfluidic chips. A two-sided Student’s t-test was used to analyze data. 
Arrows indicate Ki67 positive cells. Fig.3A scale bar: 2000 µm, fig.3C scale bars: 100 µm.

Microfluidic flow influences endothelial cell morphology independent of BMSC-
CM under hypoxia

Endothelial cells exhibit changes in cell shape, cytoskeletal remodeling and 
gene expression in response to shear stress [41], but the effect of fluidic flow on 
endothelial morphology in combination with BMSC-CM has yet to be determined. 
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To achieve this, we adapted flow rates to 3 µl/min in the single channel chip and 
assessed morphological changes following exposure to conditioned medium. We 
also involved static chip cultures in this experiment to determine flow-mediated 
cell shape changes. However, probably due to insufficient supply of nutrients in 
the microchannel, we observed many dead cells in static chip cultures after 48 
hours of seeding (data not shown). Another important parameter that needs to 
be considered is the integrity of the endothelial monolayer, which is maintained 
by junctional structures. Of note, some junction proteins like VE-Cadherin were 
exclusively expressed at the cell borders not until 18 hours after seeding [42]. 
Therefore, we decided to allow the cells to form the monolayer for 24 hours 
before applying fluid flow for 12 hours (Fig.4A).

HUVECs in the static conditions developed a rounded cobblestone morphology, 
and endothelial cells in the microfluidic chips were elongated and gently aligned 
with their major axis in the direction of the fluid flow as visualized by VE-
Cadherin staining (Fig.4B). However, there was no difference in morphological 
changes with regard to cell perimeter and cell area between the control and 
BMSC-CM groups (Fig. 4C and D). Moreover, HUVECs in conditioned medium 
elongated to the same extent as for the control group (Fig.4E). Together, these 
results show that cell shape changes are driven by shear stress in the microfluidic 
chips and occur independently of exogenous factors secreted by BMSCs.

Microfluidic wound healing model to study endothelial cell migration under 
hypoxia

Conventional migration models such as scratch assays and Boyden chamber 
assays are widely used methods in investigating cell migration. However, 
deeper insight into the in vivo function of endothelial cells requires a more 
suitable model that could take in vivo pathological elements such as blood vessel 
damage, flow dynamics and hypoxia into account. Therefore, we designed a 
new chip with 3 inlets that allows for independent and parallel fluid streams to 
flow over the cells [42]. Subsequent introduction of trypsin in the middle stream 
caused detachment of cells mimicking a “damaged vessel” (Fig.5A and B). As 
shown in Figure 5B, endothelial cells in contact with trypsin were detached from 
the surfaces, while the untreated area flushed with EBM-2 on the sides remained 
intact. Moreover, the laminar flow resulted in negligible mixing among streams 
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as shown by the sharp wound edge and formed a clear area enabling quantifying 
cell migration induced by a stimulus, without damaging cells on the leading 
edge, something that is difficult to avoid by physical scraping.

Figure 4. Shear stress-induced morphological changes are independent of BMSC-CM. A Timeline 
for HUVEC seeding and cell shape analysis in microfluidic chips. B Immunostaining of VE-Cadherin 
showing shear stress induced endothelial cell alignment after 12 hours. C-E Quantification of endothelial 
cell shape parameters: cell perimeter (C) cell surface area (D) and cell elongation (E) in the presence of 
BMSC-CM or basal medium. A two-sided Student’s t-test was used to analyze data in fig.4C and fig.4D. 
Fig.4E was analyzed by one-way ANOVA followed by Šidák post hoc testing. Data are presented as 
means ± SEM, 5-6 independent microfluidic chips were used in statistical analysis. Scale bar:100 µm.

Once the wound had been generated, we reduced the total flow rate to 3 µl/
min allowing mixing between adjacent streams to determine the profile of 
gradient growth factors in BMSC-CM (Fig.5C). Differently sized fluorescent-
labeled dextrans (10 and 40 kDa) to recapitulate the diffusion range of BMSC-
CM-derived growth factors were added to the middle stream. By checking 
the diffusion pattern and plotting the intensity of FITC-labelled dextrans, the 
shapes of the diffusion gradients for BMSC-CM were characterized (Fig.5D). 
Collectively, these data demonstrate the microfluidic wound healing model 
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is a promising tool to study endothelial cell migration and test the impact of 
additional stimuli.

Figure 5. Generation of microfluidic migration model. A Step-by-step illustrated procedure showing 
the generation of the microfluidic migration model. B Steps of wound generation in an endothelial 
monolayer. A wound was prepared by treating an endothelial monolayer with parallel streams containing 
EBM-2 (supplemented with 2% FCS) and trypsin. C Stable BMSC-CM gradient perpendicular to the flow. 
Two side streams parallel to the middle stream with a relatively low flow rate (3 µl/min) maintained 
the spatiotemporal gradient. D Fluorescent images of a microchannel infused with FITC-labeled 10-kDa 
dextran or 40-kDa dextran in the middle stream and PBS in the side streams. Relative concentrations 
were indicated as fluorescence intensities measured by drawing a line across the lateral position in the 
fluorescent images. The red line in the middle indicates the highest concentration. Fig.5B scale bar: 1000 
µm, fig.5D scale bar: 200 µm. 

BMSC-CM alters migratory behavior of endothelial cells toward damage in 
microfluidic chips

Endothelial cell migration during angiogenesis is the integrated resultant of 
external stimuli. Such stimuli can be mechanical forces which guide the random 
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migration or chemotactic signals, which direct migratory process, towards a 
gradient of soluble chemoattractants (Fig.6A). To investigate this process more 
thoroughly, we examined cellular responses in a well-controlled microfluidic 
chip in which we could provide stable chemotactic concentrations (Fig.6B). As 
expected, BMSC-CM provided stronger chemotactic recruitment of HUVECs 
indicated by a reduced wound area at 6 hours compared to control (Fig.6C). 
To record real-time migratory characteristics, time-lapse imaging was applied 
to track individual cell movement (Movie S1). HUVECs subjected to control 
medium showed random movement with no directed migration (Rayleigh 
test p = 0.82; Fig.6D). In contrast, there was a significantly enhanced directed 
migration towards the growth factors in conditioned medium (Rayleigh test p < 
0.001; Fig.6D), implicating chemotaxis in the microfluidic chip.

To further elucidate the influence of BMSC-CM (causing a gradient density) 
on HUVEC migration, several relevant chemotaxis parameters were calculated 
according to the individual cell migration trajectories. For forward migration 
index (FMI) calculation, the x-axis refers to the direction parallel to the gradient 
density, while the y-axis refers to the direction perpendicular to the gradient 
density (= direction of the flow). As shown in Figure 6D and E, HUVECs moved 
randomly without a preferential direction in an environment without BMSC-
CM. In the presence of BMSC-CM, most cells moved directly towards the higher 
gradient density of cytokines (Fig.6D and E). Additionally, higher velocity of 
HUVEC movement in the conditioned medium group (Fig.6F) resulted in an 
accelerated wound healing capacity towards damage, consistent with the 
findings shown in Figure 6C.

Shear stress can be sensed by endothelial cells, resulting in mechanical force-
induced cell migration [43]. To investigate the role of BMSC-CM in this process, 
we switched the gradient infusion microfluidic model (Fig.6B) to a design in 
which all three streams within the channel were identical, thereby creating a 
homogenous environment (Fig.6G). Migration of HUVECs toward the damaged 
region of the channel was observed as early as 6 hours when exposed to shear 
stress in dynamic cultures (Fig.6H). Importantly, the effect of BMSC-CM on 
endothelial cell migration led to a significantly smaller wound area in the 
dynamic, compared to static cultures (Fig.6H). Collectively, these data indicate 
the profound influences of BMSC-CM and fluid flow on endothelial cells, and 
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further demonstrate that biomechanical and biochemical signals synergistically 
promote cell migration.

Figure 6. BMSC-CM alters the migration behavior of endothelial cells in microfluidic chips. A 
Schematic diagram showing types of stimuli of cell migration. B A schematic diagram showing the set-
up of migration model used in (C). Both basal medium group and BMSC-CM group are supplemented 
with 2% FCS. C Representative images and quantitative analysis showing cell migration in the presence 
or absence of BMSC-CM gradient density after 6 hours. 6 independent microfluidic chips were used in 
statistical analysis, and a two-sided Student’s t-test was used to analyze data. D Representative migration 
trajectories of HUVECs exposed to BMSC-CM gradient density after 8 hours in microfluidic chips. Cell 
migration trajectories from left to middle were recorded. The initial position was defined as the 0 point 
in the X-Y plane, and cell tracks (40 tracks were used in control group, and 35 tracks were used in BMSC-
CM group) in sequential images were plotted. E-F Quantification of forward migration index (FMI, E), 
and velocity (F) using 35-40 cell tracks from time-lapse imaging. FMI parallel to BMSC-CM gradient 
density was defined as x-FMI, while FMI perpendicular to BMSC-CM gradient was defined as y-FMI. 
Fig.6E was analyzed by two-way ANOVA followed by Šidák post hoc testing. A two-sided Student’s 
t-test was used to analyze fig.6F. G Schematic diagram showing the set-up of migration model used 
in (H). H Representative images and quantitative analysis of cell migration in response to BMSC-CM 
in microfluidic chips. The dataset and the interaction between BMSC-CM and dynamic condition were 
analyzed using two-way ANOVA. 5-8 independent microfluidic chips were used in statistical analysis. 
Data are presented as means ± SEM. Scale bars: 200 µm.
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BMSC-CM changes transcriptional profiles of endothelial cells in both static and 
dynamic conditions

To define the biologic significance of the dynamic culture-induced findings, we 
performed transcriptome sequencing on endothelial cells under the treatment 
of BMSC-CM in both static cultures and microfluidics-based single channel 
chips. A direct comparison of mRNA expression profiles in BMSC-CM treated 
endothelial cells versus control in dynamic cultures revealed a total of 825 
differentially expressed genes (DEGs) of which 200 were upregulated and 625 
were downregulated (Fig.7A). In contrast, there were only 21 upregulated and 
42 downregulated genes in BMSC-CM compared to the control group in static 
cultures (Fig.7A). Remarkably, the application of shear stress induced 3013 (1408 
up and 1605 down) and 366 (207 up and 159 down) DEGs in the presence or 
absence of BMSC-CM, respectively (Fig.7A), illustrating the fact that BMSC-
CM treatment combined with shear stress induces around 10-fold (3013 vs. 366) 
increase in DEGs. Most interestingly, BMSC-CM in the dynamic condition led 
to a more than 13-fold (825 vs. 63) DEGs increase compared to the static culture 
(Fig.7A), indicating the crosstalk and synergistic action of BMSC-CM and shear 
stress in regulating transcriptional signatures.

Principal component analysis (PCA) supported the clustering of biological 
replicates and segregation of each population (Fig.7B and C). In response to 
BMSC-CM, endothelial cells displayed enrichments for the VEGF pathway 
(Fig.7D and E), as well as transcriptional signatures of angiogenesis stimulatory 
signals (Fig.S4A), including Hedgehog and Myc pathways [44, 45] in both static 
and dynamic cultures, further supporting the functional data (Fig.S4B). 

Dynamic cultures exposed to BMSC-CM are enriched in processes related to 
glycolysis, fatty acid metabolism and oxidative phosphorylation

Gene ontology (GO) analyses revealed regulated biological processes shared 
among all four comparisons and these terms are associated with signatures such 
as response to stimulus, lipid metabolic process, whereas endothelial cell related 
signatures such as vasculogenesis/angiogenesis, endothelial cell proliferation 
and migration are shared between 2 or more comparisons (Fig.8A-D and data 
file S1). Notably, comparison of BMSC-CM in dynamic versus its static culture 
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conditions exclusively demonstrated signatures related to ATP metabolic 
process, mitochondrial function and oxidative phosphorylation (Fig.8D). 
Enrichment of transcriptional signatures in glycolysis, fatty acid metabolism 
and oxidative phosphorylation were identified when comparing BMSC-CM 
in dynamic cultures to either BMSC-CM in static cultures (Fig.8E-G) or with 
control medium in dynamic cultures (Fig.S5). Moreover, several genes such as 
IDHs, SUCLs, SDHs, FH and MDHs, constituting essential components of the 
tricarboxylic acid (TCA) cycle, were strongly up-regulated in endothelial cells 
exposed to BMSC-CM in dynamic compared to static cultures (Fig.8H), whereas 
only one of these genes was up-regulated in dynamic controls versus those 
static samples (Fig.S6A). On the other hand, BMSC-CM samples in the dynamic 
cultures enhanced approximately half of the TCA cycle involved genes compared 
to those in controls (Fig.S6B). Collectively, these transcriptional profiles indicate 
that energy metabolism is strongly involved in the response of endothelial cells 
exposed to both BMSC-CM and shear stress.

Figure 7. Transcriptomic profiles of HUVECs exposed to BMSC-CM in static culture and dynamic 
cultures. A Heatmap showing the number of differentially expressed genes (DEGs) of HUVECs response 
to control medium (Ctrl) and BMSC-CM in static (S) and dynamic (D) cultures. Adjusted p < 0.05 and 
Log2 fold change ≥1. B-C Principal component analysis (PCA, B) and correlation scores of the top ten 
genes driving PC1 and PC2 in (C). D-E Transcriptional landscapes indicative of increased VEGF pathway 
in static (D) and dynamic (E) conditions exposed to BMSC-CM. NES: normalized enrichment score. FDR: 
false discovery rate.
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Figure 8. Dynamic cultures exposed to BMSC-CM are enriched in processes related to glycolysis, 
fatty acid metabolism and oxidative phosphorylation. A-D Biological process-enriched DEGs in gene 
ontology (GO) analysis during static culture (A) and dynamic culture (B) exposed to control medium (Ctrl, 
C) and BMSC-CM (D). GO terms were summarized and trimmed using REVIGO to have a representative 
subset of the terms (signatures). In these scatterplots, x and y coordinates were obtained by applying 
multidimensional scaling to a matrix of the GO terms’ semantic similarities. The proximity of dots on the 
plots reflects the closeness in semantics of GO terms. GO terms in a relevant signature are indicated with 
the same color. Arrows indicate the unique signatures exclusively found in the comparison of dynamic 
BMSC-CM vs. static BMSC-CM. e-g Transcriptional landscapes indicative of increased glycolysis (E), fatty 
acid metabolism (F) and oxidative phosphorylation (G). H Altered genes in tricarboxylic acid (TCA) cycle 
of BMSC-CM in dynamic versus static condition. Significant changes of transcriptional profiles between 
dynamic BMSC-CM and static BMSC-CM groups are indicated. Upregulated transcripts are given in red, 
downregulated transcripts are given in yellow. NES: normalized enrichment score, FDR: false discovery 
rate.

Discussion

The present study characterizes the angiogenic features of BMSC-CM 
under hypoxia in dynamic cultures, and shows the potential metabolism 
reprogramming in angiogenesis under BMSC-derived biochemical signals 
and biomechanical stimulation. The two well-controlled microfluidic designs 
were applied that permit analyses of key steps during angiogenesis, as well as 
analyses of chemotactic and mechanotactic-based cell migration mechanisms 
in response to a myriad of bioactive factors. The application of BMSC-CM in 
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dynamic cultures shows that growth factors in combination with shear stress 
stimulated endothelial cell migration compared to either condition alone, 
demonstrating the synergistic effect on angiogenesis during vessel repair. In 
addition, transcriptome analyses show that BMSC-CM facilitates shear stress-
regulated gene expression and provides new insights into the role of metabolic 
adaptation during angiogenesis. Both findings stress the importance of studying 
endothelial cell function in the context of both biomechanical and biochemical 
signals, and further provide new thoughts in developing therapeutic methods 
for fracture healing.

A number of studies have reported the co-culture of MSCs and endothelial cells 
using microfluidic approaches, but they either fail to introduce continuous flow 
which is the essential element for mimicking in vivo - like microenvironment 
[46-51], or focus on the differentiation and migration of MSCs [52, 53]. Another 
co-culture model was developed as a potential tool for drug testing in which 
MSCs were cultured as three-dimensional aggregates in contact with endothelial 
cells [54]. However, this study focused on adhesion and marker expression such 
as CD31 and vWF of endothelial cells instead of angiogenesis or vessel function. 
Other self-organized co-culture models showed the stabilizing effect of MSCs 
on the formation of microvascular networks, but this study was performed in a 
normoxic environment that is different from the situation upon vessel damage 
[55, 56]. The advantage of our current setting is the ability to integrate the essential 
elements for vessel repair in culture [57] where endothelial cells simultaneously 
experience dynamic flow under hypoxia and are exposed trophic factors from 
BMSCs, which enabled us to deeply investigate the interaction of biomechanical 
and biochemical signals.

The tissue origin of MSC -secretome has shown dissimilarities with respect 
to their angiogenic profile [58], and the appropriate therapeutic use of MSC 
secretomes greatly depends on the perspective of specific clinical questions. For 
bone repair purposes, we employed human bone marrow MSCs, which have 
been described to possess an increased angiogenic potential [58]. The hypoxic 
precondition of BMSCs we applied was inspired by the observation that blood 
vessel disruption leads to a decreased oxygen supply, which stimulates the 
secretion of growth factors and cytokines released by BMSCs [59, 60]. Although 
trophic factors and extracellular vesicles (EVs) are broadly defined as the cell 
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secretome, studies have demonstrated that EVs secreted by MSCs are less 
sensitive than conditioned medium in the context of angiogenesis [61, 62]. By 
analyzing the composition of the hypoxia-activated MSC secretome, the current 
study demonstrated that a wide range of angiogenesis-related proteins are 
secreted by BMSCs. Consistent with previous reports [18, 63, 64], our data show 
that BMSC-CM is able to trigger pronounced angiogenic responses including 
cell adhesion, proliferation and migration in basic culture condition (EBM-2) 
and in some cases even stronger than observed in the supposed optimal culture 
environment (EGM-2) containing abundant growth factors. 

Conventional static cell culture used in investigating the paracrine function of 
BMSCs on endothelial cells has yielded a great deal of insights into underlying 
mechanisms governing angiogenesis [65-67]. However, these static cell cultures 
limitedly reflect the situation at the fracture site, as fluid shear stress is crucial 
to accurately mimic the repair process. To address the limitations in static 
cell cultures, we applied BMSC-CM into microfluidic chips with accurately 
controlled shear stress in a hypoxia-mimicking environment. Exposing HUVECs 
to CoCl2, a HIF1α-inducing mimetic, not only mimics decreased oxygen level 
during vessel disruption in static cultures but also paves the way for employing 
hypoxia environment in microfluidic system without the need for specialized 
hypoxic culture chambers. Given the evidence that perfusion is decreased 
at a fracture site and blood vessel recovery from damage is accompanied by 
very minimal flow [40, 68], we therefore applied shear stress as low as 0.04 
dyne/cm2 in microfluidic devices to mimic the key angiogenic steps in vivo. 
Endothelial cells showed an increased proliferation rate when exposed to 
shear stress in dynamic culture. The translation from mechanical signals to a 
biological response is probably mediated by multiple mechanoreceptors such 
as PECAM-1/VE-Cadherin/VEGFR2 [69]. Whereas, one possible explanation 
of the enhanced proliferation triggered by BMSC-CM is the activation of 
mechanosignaling pathways resulting in increased response by endothelial cells 
to growth factors. On the other hand, downstream pathways from both sides 
could play a synergistic role on cell proliferation. These observations indicate 
the importance of biologically relevant shear stress on endothelial cell behavior.
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The microfluidic-based assay was developed as a tool to investigate directional 
migration by applying chemoattractants on endothelial cells under continuous 
flow [42]. We therefore generated a BMSC-CM gradient through the channel 
on both sides of the wound, and applied a relatively low flow rate (3 µl/min) 
allowing for diffusion between adjacent streams. HUVECs exposed to the 
gradient environment of BMSC-CM revealed the expected directed migration 
(Fig.6C-D), but failed to show enhanced migratory behavior compared to cells 
cultured in a homogeneous BMSC-CM environment at 6 hours (Fig. 6h). This 
might be explained by desensitization of G-coupled receptor kinase-mediated 
receptor signaling [70], suggesting the requirement for a rising chemoattractant 
concentration to prompt a prolonged response. The participation of VEGF in 
endothelial cells recruitment is critical to vessel recovery and fracture healing. 
Moreover, cellular sensing to a stable VEGFA gradient has been reported to 
chemotactically induce migratory behavior [71]. However, even when using this 
most potent proangiogenic factor, there is no conclusive benefit of angiogenesis 
revascularization using VEGF therapy [72], further implicating the importance 
of using a combination therapy under fluid flow in combination with growth 
factors for maximum efficacy.

Exposure of endothelial cells to fluid flow resulted in cellular alignment and 
elongation through focal adhesion-regulation and cytoskeletal organization 
[73]. Consistent with previous research [74], our data indicate that shear stress 
is a dominant factor in determining morphological responses regardless of 
exogenous supplements. Moreover, the migratory response was strongly 
augmented under fluid flow compared to static cultures undergoing identical 
BMSC-CM treatment, underscoring the synergistic benefit of shear stress and 
growth factors. Potentially, the shear stress-transmitted signal sensed by luminal 
membranes and its receptors thereon could activate focal adhesions, which 
contribute to mitogenic signaling pathways in an outside-in and inside-out 
manner, while influencing chemotactic cell migration [75].

To provide new insights explaining the observed effect of BMSC-CM and shear 
stress on endothelial cells, we performed gene expression profiling analyses. A 
huge number of DEGs were retrieved in the combination of BMSC-CM and shear 
stress compared to either treatment alone in comparative analysis, suggesting a 
synergistic action of biochemical and biomechanical cues in regulating endothelial 
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cell behavior. In addition, our findings implicate that BMSC-CM application in 
dynamic cultures significantly alters metabolic characteristics of endothelial 
cells as shown by the activation of glycolysis, fatty acid oxidation and oxidative 
phosphorylation. These observations are consistent with the recognition that 
endothelial cell metabolism drives angiogenesis in parallel with pro-angiogenic 
factors [76]. Moreover, we observed specifically upregulation of genes in the TCA 
cycle in dynamic cultures exposed to BMSC-CM. This would result in abundant 
production of its intermediates, and these intermediates which may serve as 
substrates essential for endothelial cell proliferation [77]. Consistent with our 
findings, recent observations confer a new role for TCA cycle metabolites, 
generally thought to impact biosynthetic pathways [78], not merely a metabolic 
engine within cells to generate cellular energy. Moreover, the reducing equivalent 
NADH and FADH2 generated from the TCA cycle are required for electron 
transfer to the mitochondrial respiratory chain. Although mitochondrial volume 
typically only accounts for 2-5% of endothelial cell volume, a key function of 
oxidative phosphorylation is to sustain biosynthetic processes instead of ATP 
production (endothelial cells meet energy demand mainly through glycolysis) 
[77, 79, 80]. It was therefore anticipated that oxidative phosphorylation-related 
genes are highly enriched in our dynamic culture system, as pronounced 
proliferation was observed. Blockade of complexes I and III in electron transport 
chain impairs endothelial cell proliferation, demonstrating the critical role of 
oxidative phosphorylation in angiogenesis [77]. 

In the current study we identified two limitations. We did not utilize human 
bone marrow-derived endothelial cells, especially CD31+ Emcn+ cells from 
Type-H capillaries, which are closely coupled to osteogenesis during fracture 
healing. Unfortunately, isolation of these cells needs an unrealistically large 
human sample size as they only account for 0.015% of the total bone marrow 
cell population and until very recently there was no optimal isolation method 
available [81]. Secondly, while the present microfluidic models provide us with 
potent and convenient tools to investigate complex signals during angiogenesis, 
advanced Organ-on-Chip models emulating the “fracture” integrated with 
inflammatory signals, hypoxia and shear stress should be developed to enable 
mimicking even more complex in vivo situations. 
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In conclusion, our results demonstrate the importance of recapitulating in 
vivo - like microenvironments when investigating key events during vessel 
repair. Endothelial cells exhibit enhanced angiogenesis characteristics when 
simultaneously exposing them to BMSC-CM, mechanical forces and biochemical 
signals simultaneously. The improved angiogenesis may not only result from 
the direct effect of growth factors, but also by reprogramming of endothelial cell 
metabolism. Moreover, with this model we demonstrated a synergistic impact 
of biomechanical and biochemical signaling on endothelial cell behavior and 
the expression of genes involved in the TCA cycle and energy metabolism, 
which opens an interesting new avenue to stimulate angiogenesis during 
fracture healing. Future work will be essential to provide additional mechanistic 
insights into the metabolic adaptation of endothelial cells in physiological and 
pathological conditions, which should ultimately lead to tailor-made therapeutic 
strategies for fracture healing.
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Supplementary information

Table S1. Primer sequences used for qRT-PCR in this study

Name Sequence

MKi67-forward CGTCCCAGTGGAAGAGTTGT

MKi67-reverse TCTCGTGGGCCACATTTTCT

PCNA-forward TACGCAAGTCTCAGCCGGTCG

PCNA-reverse CGCTACAGGCAGGCGGGAAG

VEGFA-forward ACAACAAATGTGAATGCAGACCA

VEGFA-reverse TACCGGGATTTCTTGCGCTT

ANGPT1-forward GCCTGATCTTACACGGTGCT

ANGPT1-reverse GCATCAAACCACCATCCTCC

ANGPT2-forward ATGTCCACATCAAACTCAGCTA

ANGPT2-reverse GATGCCATTCGTGGTGTGTC

36B4-forward GTCCTCGTGGAAGGCCC

36B4-reverse AGGAGAGACAGGGAGCTCAG

Figure S1. Microfluidic cell culture platform. A A scheme for fabrication of microfluidic devices with 
PDMS replica molding. B-C A schematic overview of the operation of microfluidic cell culture system (B) 
and assembled device including connection tubing and waste tubes (C).
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Figure S2. BMSC-CM stimulates endothelial cell behavior in static cultures under the condition of 
EBM-2. A Representative images of HUVECs attachment with or without BMSC-CM at different time 
points. B-C Quantitative results showing cell number (B) and total cell adhesion area (C) of attached 
HUVECs. Datasets (n = 3 per group) were analyzed by two-way ANOVA followed by Šidák post hoc 
testing. D Representative images of DAPI staining and Ki67 immunostaining. E-F Quantitative data of 
DAPI staining (E) and the percentage of Ki67 positive cells (F) after 24 h treatment with BMSC-CM. A 
two-sided Student’s t-test was used to analyze data (n = 5 per group). G Representative images from 
wound healing assays showing cell migration into the cell-free region (yellow outlined). H Quantified 
data illustrating the percentage of wound area at indicated time points during wound healing assays. 
Datasets (n = 3 per group) were analyzed by two-way ANOVA followed by Šidák post hoc testing. I 
Expression of proliferation and angiogenic marker genes in HUVECs. Datasets (n = 4 per group) were 
analyzed.
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Figure S3. BMSC-CM stimulates endothelial cell behavior in static cultures under the condition of 
EGM-2. A Representative images of HUVECs attachment with or without BMSC-CM at different time 
points. B-C Quantitative results showing cell number (B) and total cell adhesion area (C) of attached 
HUVECs. Datasets (n = 3 per group) were analyzed by two-way ANOVA followed by Šidák post hoc 
testing. D Representative images from wound healing assays indicating cell migration into the cell-free 
region (yellow outlined). E Quantified data showing the percentage of wound area at indicated time points 
during wound healing assays. Datasets (n = 3 per group) were analyzed by two-way ANOVA followed 
by Šidák post hoc testing. F Expression of proliferation and angiogenic marker genes in HUVECs with 
or without the treatment of BMSC-CM under the condition of EGM-2. Datasets (n = 4 per group) were 
analyzed by two-way ANOVA followed by Šidák post hoc testing. Representative data from at least two 
independent experiments. Scale bars: 200 µm.
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Figure S4. Transcriptional profiles of BMSC-CM versus control in static and dynamic cultures. A 
Enriched transcriptional signatures related to angiogenesis when comparing BMSC-CM group to control 
group in static and dynamic cultures. Gene sets are omitted when FDR > 0.25. B Transcriptional landscapes 
indicative of increased Hedgehog pathway and Myc targets when comparing BMSC-CM group to control 
group in static and dynamic cultures. NES: normalized enrichment score, FDR: false discovery rate.

Figure S5. Transcriptional landscapes indicative of increased glycolysis, fatty acid metabolism and 
oxidative phosphorylation in dynamic cultures when comparing BMSC-CM group to control group. 
NES: normalized enrichment score, FDR: false discovery rate.
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Figure S6. Expression of upregulated genes of HUVECs related to tricarboxylic acid (TCA) cycle. A 
Significant changes of transcriptional profiles between dynamic control and static control groups are 
indicated. B Significant changes of transcriptional profiles between dynamic BMSC-CM and static BMSC-
CM groups are indicated. Upregulated transcripts are given in red.
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6.1 Overview

In this thesis, we utilized gene expression profiles in human bone marrow 
mesenchymal stromal cells (BMSC) towards osteoblasts and adipocytes to 
identify novel genes, molecular functions and small molecules affecting 
osteogenic or adipogenic differentiation. With the help of a newly developed 
microfluidic platform, we also explored the paracrine role of BMSCs on the 
critical steps of angiogenesis in an in vivo-like microenvironment. The knowledge 
gained in these studies may become useful for the development of therapeutic 
targets in the treatment of bone metabolic diseases and fracture healing.

In Chapter 2 we identified that the protein HSPB7 is capable of oppositely 
regulating osteogenic and adipogenic differentiation of BMSCs. Our gain- and 
loss-of-function studies revealed that HSPB7 intrinsically promotes osteogenesis. 
We delved into its mechanism of action and found that activin A is a downstream 
target participating in HSPB7 knockdown-mediated osteogenic inhibition, 
linking it to previous work in our laboratory on activin A and follistatin during 
osteoblast differentiation and mineralization. Using the same approach as 
in Chapter 2, in Chapter 3 we demonstrated that TNS3 is a molecular switch 
in regulating osteogenic and adipogenic differentiation of BMSCs. Our study 
linked the domain structure in TNS3 to RhoA activity via actin dynamics and 
suggested the important role of TNS3 in regulating osteogenesis and adipogenesis 
from BMSCs. In Chapter 4, we applied a transcriptomics approach to predict 
compound-induced perturbations of BMSC-derived adipogenesis using the 
Connectivity Map. We then generated the transcriptional profiles of BMSCs with 
the treatment of prioritized compounds and identified emetine and kinetin-
riboside to have the most potent inhibitory effect on adipogenesis. Finally, in 
Chapter 5, we developed a microfluidics system to study the effect of BMSCs 
on endothelial cells and showed enhanced angiogenesis characteristics when 
simultaneously exposing them to BMSC-CM, mechanical forces and biochemical 
signals. The proangiogenic effect may be associated with the expression of 
genes involved in the tricarboxylic acid (TCA) cycle and energy metabolism and 
emphasizes the importance of recapitulating in vivo-like microenvironments 
when investigating key events during vessel repair.
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6.2 Cytoskeleton dynamics play a critical role in regulating osteo-
genic differentiation

It has been demonstrated that MSC differentiation occurs through the extensive 
remodeling of the cytoskeleton, in which actin filaments are the major component 
[1, 2]. Actin has roles in determining the nuclear shape, cell spreading and cell 
stiffness, which eventually influences MSC fate decision [3]. Increased actin 
polymerization with perinuclear actin bundles located around the outermost 
parts of the cell is observed during osteogenesis, known as a “star” shape [4, 5], 
whereas a “flower” shaped cell is used to describe the actin networks dispersed 
throughout the cell during adipogenic differentiation [5]. Previous work in 
our lab has demonstrated genetically or chemically interventions disturb 
the cytoskeletal reorganization and result in disturbed process of osteoblast 
differentiation [6, 7]. In Chapter 2 and Chapter 3, aberrant actin filament networks 
were observed following knockdown of either HSPB7 or TNS3, resulting in 
disrupted osteogenic differentiation. Remarkably, overexpression of TNS3 led 
to the accelerated reorganization of actin filaments and facilitate osteoblast 
differentiation. Mechanistically, we observed that RhoA-GTP is upregulated by 
TNS3 gain-of-function experiments. The spatial and temporal increase of RhoA-
GTP during osteogenic differentiation is in line with the finding that activation 
of RhoA contributes to osteogenesis [8]. 

On the other hand, small heat shock proteins (sHSPs) could interact with 
actin filament (F-actin) as binding proteins which are capable of stabilizing 
and protecting F-actin from stress [9]. Therefore, like other sHSPs [10, 11], we 
speculate that HSPB7 regulates actin dynamics through the direct interaction 
with F-actin. In addition, a third or unknown partner that specifically bind to both 
sides could play a role in this interaction [9]. For instance, actin depolymerizing 
factors composed of three paralogs: Cofilin-1 (CFL1), Cofilin-2 (CFL2) and 
destrin (DSTN) are involved in the regulation of actin polymerization [12, 13]. 
Knockdown of either CFL1 or DSTN maintained the status of actin polymerization 
by stabilizing filamentous actin resulting in enhanced osteoblast differentiation 
but reduced adipocyte differentiation from MSCs [14, 15]. Follow-up studies 
showed that the effect of Cofilin-1 on MSCs differentiation is dependent on 
the activity of LIM domain kinase 1 which regulates the phosphorylation of 
CFL1 [14, 15]. Using an F-actin specific probe, another study showed that actin 
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turnover is reduced within a few minutes post-adipogenic induction in contrast 
to osteogenic condition [16]. In addition, the balance between monomeric actin 
(G-actin) and F-actin in the cytoplasm and nuclear can affect the fate decision 
process of MSCs [17]. The disruption of actin filaments exposure to adipogenic 
induction results in a rapid increase of G-actin, which prevents megakaryoblastic 
leukemia 1 translocating to nuclear and allows the expression of PPARγ to 
facilitate adipogenesis [18].

6.3 The Connectivity Map as a novel tool for drug repurposing

Given the higher costs, longer time and sometimes lack of efficacy in drug 
discovery, computational and experimental strategies have been employed to 
identify previously approved drugs for the treatment of diseases, known as 
drug repurposing, of which gene signature matching is the most commonly 
used method. The method is achieved by making the comparison between 
“signatures” from diseases, pathological statuses, and clinical phenotypes or 
by comparing one drug to the characteristics of another drug. Several types 
of data can be regarded as “signatures” such as transcriptomic, proteomic and 
metabolomic profiles or chemical structures [19]. 

These ”omics” data represent a large body of information on disease or biological 
status signatures, which sometimes give us difficulties in selecting genes used in 
screening tools. Although many genes alter during the development of disease, 
probably not all of them directly contribute to the phenotypic effect. Nowadays, 
the most used method is to select regulated genes based on their p values and 
fold changes compared to healthy controls. However, some of the strongly 
regulated genes could represent the “secondary effect” activated by the actual 
causal genes and do not offer additional information but give a strong noise 
when used in signature matching. The ideal way is to employ gene signatures, 
which directly contribute to the phenotypes. However, only using omics data is 
difficult to identify all of the relevant genes. Therefore, we employed a reduced 
gene set created by integrating our transcriptomic profiles with gene ontology 
sources implementing established biological processes and molecular functions 
related to “lipid” and “fatty acid” to direct target adipogenesis.
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Connectivity Map (https://clue.io/about, CMap) is a chemical screening tool 
allowing genome-wide investigation of connections between pharmacological 
perturbation and different genetic backgrounds of cells from queries of up-
and down-regulated gene sets [20, 21]. CMap can be used together with other 
public resources of transcriptomic data, such as the Gene Expression Omnibus 
(https://www.ncbi.nlm.nih.gov/geo/) and Array Express (https://www.
ebi.ac.uk/arrayexpress/), containing gene expression profiles from multiple 
studies involving humans and animal models. The power of CMap has been 
broadly demonstrated in novel drug identification and combination therapies 
in various diseases and biological events [7, 22-25]. It is based on holistically 
quantifying the relationships between user-selected sets of DE genes and a 
compendium of 1.3 million of L1000, a high-throughput gene expression profile, 
covering 42 thousand perturbagens for a total of 473,647 signatures in a number 
of common cell lines [21]. However, the biological or physiological status is 
usually strongly cell line-specific and highly dependent on treatment methods, 
local environment and genetics. In spite of these differences, some similarities 
in terms of gene expression networks would potentially be shared in various 
experimental situations. After the initial small molecule prioritization using 
CMap in Chapter 4, we applied a transcriptomic screen to assess compound-
induced perturbations during adipogenic differentiation derived from BMSCs, 
a primary human multipotent stromal cell type with the capacity to differentiate 
into adipocytes, which is far more relevant to our research question than cancer 
cell lines historically employed in the CMap datasets. In this way we identified 
purmorphamine, a hedgehog agonist directly stimulating smoothened [26], 
which has already been associated with adipogenesis [27-29] , and emetine 
and kinetin-riboside as two new compounds with potent inhibitory effects on 
adipogenic differentiation of BMSCs. The anti-adipogenic effects of emetine and 
kinetin-riboside are probably related to their involvement in cell autophagy and 
mitochondrial integrity, respectively [30, 31]. Overall, we validated a proof-of-
concept method of discovering repurposable drugs using the CMap platform 
and highlight the valuable role of signature matching in drug repurposing.
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6.4 Conditioned medium derived from BMSC (BMSC-CM) pro-
motes important steps of angiogenesis in both static and dynamic 
cultures

Consistent with previous reports [32-34], our data shows that BMSCs stimulate 
endothelial cell adhesion, proliferation and migration as described in Chapter 
5. Adhesion of endothelial cells to extracellular matrix (ECM) and appropriate 
cellular shape attainment are crucial for continued cell survival and growth [35, 
36]. As adhesive behavior of endothelial cells is dependent on the extracellular 
environment [37], it is suggested that soluble ECM proteins secreted by BMSCs are 
responsible for the accelerated cell adhesion and spreading. This initial adhesion 
response is probably facilitated by the presence of stem cell-derived factor 1 
(SDF-1) in BMSC-CM [32, 38], and is driven by the engagement of integrins, 
further activating the RhO GTP family of proteins, which is responsible for cell 
morphological changes, such as spreading and migration [39]. The proliferation 
rate, measured by Ki67 immunostaining, was increased in the presence of 
BMSC-CM, as described by others [32, 40], as well as accelerated wound healing 
[32]. In addition, BMSC-CM treatment increased the expression of known HIF1α 
target genes and proangiogenic genes including VEGFA, ANGPT1 and ANGPT2, 
despite the existing basal level of hypoxic response stimulated by CoCl2. These 
illustrated effects could be explained by the abundant release of bioactive factors 
in promoting angiogenesis in a well-coordinated manner.

Apart from the identified proangiogenic factors secreted from BMSC in Chapter 5, 
a number of bone-associated factors have been reported to promote angiogenesis. 
Bone morphogenetic proteins (BMP) such as BMP-2, BMP-4 and BMP-7 have 
demonstrated angiogenic properties of endothelial cells [41-45]. Osteoprotegerin 
(OPG) and receptor activator of nuclear factor-kappa-Β ligand (RANKL) play 
important roles in regulating osteoclast formation and bone resorption, and also 
have an effect on angiogenesis [46]. OPG protects endothelial cell survival by 
blocking apoptosis [47], and is capable of promoting angiogenic sprouting in 
an aortic ring model, whereas RANKL was found to suppress VEGF-induced 
angiogenesis and stimulate endothelial apoptosis in the same model [48]. In 
contrast, using endothelial nitric oxide synthase 3-deficient mice, increased 
vascular permeability and angiogenesis in response to RANKL stimulation were 
demonstrated [49]. These observations underline the important role of bone-



      162 Chapter 6

related factors in the development of vessels.

Over the past decades, the understanding of biological processes and molecular 
functions was obtained with the support of conventional cell culture and the 
application of animal models, which both have obvious disadvantages to 
study human physiological processes in detail. Cell cultures typically lack 
the complexity of a microenvironment and fluid flow. Apart from increasing 
ethical guidelines, costs and complexity, drug testing results in preclinical 
animal models are often distinct from the responses in humans. The advent 
of microfluidic Organ-on-Chip approaches has great potential of using in 
vivo-like models for bone disease and employing spatiotemporal control over 
physiological and pathological factors at cell and tissue levels. The ideal in 
vivo-like representation must include two aspects, which are a physiological 
microenvironment and the structure of a complex tissue [35]. Multiple studies 
have reported on co-cultures of MSCs and endothelial cells using microfluidic 
approaches, but they failed to introduce a continuous fluid flow [50-54]. Indeed, 
the presence of blood flow within the bone marrow is essential for the supply 
of oxygen, nutrients as well as growth factors in the regulation of the survival 
and differentiation of niche cells but remove metabolic waste from the cells/
microenvironment as well [35]. Moreover, cellular behavior is affected by flow-
induced shear stress as a mechanical stimulus contributing to specific cellular 
responses [55]. Other self-organized co-culture models showed the stabilizing 
effect of MSCs on the formation of microvascular networks, but these were 
performed in a normoxic environment that is different from the situation in 
physiology and upon vessel damage, rendering the microenvironment hypoxic 
[56, 57]. Oxygen concentration controls critical cellular processes [35] but only 
one study in the bone metastatic field has employed oxygen along with the use 
of a microfluidic device [58]. The advantage of our current setting is the ability 
to integrate the essential elements for vessel repair in the culture [56] where 
endothelial cells simultaneously experience dynamic flow under hypoxia and 
are exposed to trophic factors from BMSCs. These arguments are supported by 
our findings that most essential components of the TCA cycle are strongly up-
regulated in endothelial cells exposed to BMSC-CM in dynamic compared to 
static cultures, whereas only one of these genes was up-regulated in dynamic 
controls versus those static samples.
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Nevertheless, some limitations should be mentioned with the present 
microfluidic model. Firstly, the primary HUVECs used in our work is the most 
ubiquitous primary endothelial cell types employed in angiogenesis-related 
studies and are the almost exclusively used cell type for the construction of 
vascular networks [59]. However, the characteristics of endothelial cells are very 
dependent on tissue origin as heterogeneity remains within the population [60-
63]. The ideal candidate for fracture healing studies would be CD31+/EMCN+ 
cells from Type-H capillaries, which are present in the bone marrow and closely 
coupled to osteogenesis during fracture healing [64]. Unfortunately, isolation 
of these cells requires an unrealistically large human sample size as they only 
account for 0.015% of the total bone marrow cell population and for which only 
very recently an optimal isolation method become available [65]. Secondly, we 
did not generate a 3D model that mimics the entire process of angiogenesis 
as defined by the formation of new blood vessels from preexisting vessels. 
Multiple microfluidic angiogenesis models have been developed that enable 
the recreation of capillary sprouting and vessel formation in vitro [66-71]. In 
one model, endothelial cells cultured on the inner surface were used to generate 
microvessels, whereas a side channel was perfused with medium containing 
angiogenic factors [72]. The design of an intermediate channel incorporated 
with extracellular matrix (collagen) enables the investigation of growth factor 
gradient-driven angiogenic sprouting [72]. In addition, some sacrificial materials 
which is easy to remove after printing in combination with 3D printing method 
also have been introduced in creating endothelium-lined microvessels [66]. 
Thirdly, the involvement of only one cell type is difficult to reflect cell-cell contact 
information in the response to complex signals. The differentiation of induced 
pluripotent stem cells (iPSCs) to relevant cell types such as pericytes, immune 
cells, osteoblasts and even osteoclast holds great promise for providing more 
mechanistic insights using more complex models related to fracture healing.

6.5 Endothelial cell glucose metabolism and angiogenesis

It has been suggested that the changes in endothelial cell metabolism actively 
drive angiogenesis in parallel with pro-angiogenic factors [73]. In Chapter 5, 
transcriptomic data derived from endothelial cells treated with BMSC-CM 
and undergoing fluidic flow, suggested a synergistic action of biochemical 
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and biomechanical cues in regulating endothelial cell behavior and implicated 
that BMSC-CM application in dynamic cultures significantly alters metabolic 
signatures of endothelial cells as shown by the activation of glycolysis, fatty acid 
oxidation and oxidative phosphorylation. 

Consistent with these observations, several studies support an important role 
for glycolysis in endothelial cells [74-76]. The glycolysis process in endothelial 
cells is controlled by the enzyme 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase 3 (PFKFB3) which catalyzes the synthesis of fructose-2,6-
bisphosphate (Fru-2,6-P2). As an allosteric activator, Fru-2,6-P2 could further 
stimulate the activity of phosphofructokinase-1 (PFK1), a rate-limiting 
enzyme involved in glycolysis. VEGF and FGF signaling have been reported 
to stimulate PFKFB3 and hexokinase 2 (HK2) expression, another rate-limiting 
enzyme in glycolysis, respectively [77, 78]. Knockdown of adenosine A2a 
receptor (ADORA2A), known as an upstream regulator of PFKFB3 and other 
genes involved in glycolysis, inhibits migration of endothelial cells, and more 
importantly the ability to become tip cells in the vascular sprouting process [79]. 
In addition, single-cell RNA seq data from tumors and choroidal neovasculature 
collected in mice showed that angiogenic endothelial cells are enriched in gene 
sets representing both glycolysis and oxidative phosphorylation, compared with 
the quiescent populations [80].

As another important energy source, fatty acids can enter cells either passively 
or transported by fatty acid translocase (FAT) to fuel the TCA circle [81]. In the 
cytoplasm, fatty acids could either freely move or bind to fatty acid-binding 
proteins (FABPs) in cellular compartments. FABP4-deficient HUVECs have 
decreased abilities in terms of migration and angiogenic sprouting as well as 
a markedly susceptibility to apoptosis [82]. Fatty acids enter mitochondria 
through carnitine palmitoyl transferase 1a (CPT1A), and be oxidized to form 
acetyl-CoA. Endothelial depletion of CPT1A, known as a rate-limiting enzyme 
during fatty acid oxidation, results in vascular sprouting defects in human and 
mouse [83]. However, in most cases, the acetyl-CoA derived from fatty acids is 
not used to provide ATP, but rather helps sustain the continuation of the TCA 
cycle, which is necessary for deoxynucleoside triphosphate (dNTP) synthesis 
and further support endothelial migration [83]. In Chapter 5, we observed 
increased expression of TCA-specific genes in endothelial cells when exposed 
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to shear stress and BMSC-CM. This would also result in abundant production 
of TCA intermediates, and these intermediates may well serve as substrates 
essential for endothelial cell proliferation. Of interest, a high rate of energy 
metabolism has been observed at least in the early phase of fracture healing and 
persisted until the start of the remodeling phase [84], which is probably caused 
by the metabolic adaptation of endothelial cells, immune cells, osteoblast and 
osteoclast working on the fracture repair.

6.6 Future outlook

In this project, we have discovered novel gene targets in reciprocally regulating 
osteogenesis and adipogenesis using BMSC cultures, namely HSPB7 by 
regulating activin A, and TNS3 by regulating cytoskeletal organization via 
RhoA. While such reciprocal regulation is novel and exciting, the essential 
roles of HSPB7 and TNS3 have also been demonstrated in other biological 
systems, where systemic disruptions of HSBP7 or TNS3 expression will result in 
embryonic or postnatal lethality in mice, respectively [85, 86]. In order to achieve 
bone quality improvement in vivo, modulations of HSBP7 and TNS3 activities or 
their related pathways would need to be established in a site-specific (spatial) 
and time-specific (temporal) manner. Conditional knockout or overexpression 
mouse models, specifically in bone would therefore serve as relevant models to 
validate their in vivo effects.

It would also be interesting to know if HSPB7 or TNS3 modulation could have 
collective effects with the two novel anti-adipogenic compounds, emetine and 
kinetin-riboside, that we discovered. HSPB7 has been implicated in autophagy 
and loss of HSPB7 in human and zebrafish cardiomyocytes stimulated 
autophagic pathways [87]. Emetine suppressed adipogenesis potentially 
through suppressing autophagy. If emetine can rescue the anti-osteogenic effect 
in HSPB7-knockdown and have an additive or synergistic effect with HSPB7 
overexpression in promoting osteogenesis, this may imply that HSPB7 exerts 
its reciprocal regulatory function via multiple pathways not only involving 
activin A. Kinetin-riboside, on the other hand, disrupts mitochondrial 
membrane potential which is possibly responsible for its anti-adipogenic effect. 
Normal functioning of mitochondria requires their proper morphology [88], 



      166 Chapter 6

and such morphology can be affected by abnormal cytoskeletal organization 
[89]. Therefore, the collective effects of kinetin-riboside and TNS3 modulation 
potentially provide valuable information on whether regulation of osteogenesis 
by cytoskeletal alterations also involves energy metabolic changes.

Angiogenesis is important during bone healing, providing the nutrients and 
oxygen to the fracture site during new bone formation. A vascularized bone 
model integrated with multiple cell types would serve as an ideal tool to explore 
bone pathology conditions and diseases in which vasculature plays a critical 
role. However, medium composition, cell-cell communication measurements 
and the choice of (bio)material are remaining challenges for multi-cell or tissue 
platforms. Specific cell types are arguably better suited for studying specific 
stages of fracture healing. The combined involvement of inflammatory cells, 
endothelial cells and MSCs would favor the investigation of vessel disruption at 
the early stage following fracture since the inflammatory response is characterized 
by hematoma formation and the release of cytokines and angiogenic factors. 
The employment of osteoblasts, endothelial cells, and osteoclasts would shed 
insight on the stage of bone repair, which begins with callus formation allowing 
blood vessels to invade the calcified tissue. Another vital factor that needs to be 
taken into account is the oxygen concentration, which has been reported to vary 
significantly across bone marrow niches. Oxygen tension decreases from the 
perivascular niche towards the endosteal niche probably due to the proximity 
of blood vessels and distribution of the capillary network. A vascularized bone 
model in combination with gradient oxygen control would be a promising model 
to investigate fracture healing in greater detail and with sufficient physiological 
cues.
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SUMMARY

Bone is a dynamic tissue characterized by the intrinsic capacity for regeneration 
to preserve its structure and function, in response to the metabolic bone diseases 
and their consequences such as fracture. Fracture healing is a well-orchestrated 
process of biological events, involving a number of cell types and intracellular 
and extracellular molecular signals. It is believed that the robust regenerative 
capacity comes from bone marrow stromal cells (BMSCs). BMSCs are multipotent 
cells with the ability of self-renewal and multiple lineage differentiation 
including osteoblasts and adipocytes. The spatio-temporal control of the balance 
between osteogenesis and adipogenesis contributes to skeletal health. Apart 
from the fixation stability after surgery, the course of fracture healing is mainly 
affected by the restoration of vessel supply since up to 10% fractures do not 
heal properly and timely (nonunions), which are often caused by vessel injures. 
The overall aim of this thesis, through a combination of genomic, bioinformatic, 
molecular, microfluidic and transcriptomic approaches, was to identify novel 
genes, compounds and processes involved in the differentiation of osteoblasts 
and adipocytes, and in the process of revascularization during fracture healing.

In Chapter 2 and 3, HSPB7 and TNS3 were identified as new genes 
influencing the lineage determination process of BMSCs toward osteoblasts 
and adipocytes. In Chapter 2, our gain- and loss-of-function studies showed 
that HSPB7 intrinsically promotes osteogenesis. Moreover, we showed that 
HSPB7 expression is indispensable for osteogenic induction by affecting cell 
morphology and cytoskeletal reorganization. Complete deletion of the N- or 
C-terminus of HSPB7 leads to absence of mineralization indicating that they 
are essential domains for osteogenesis. Finally, we demonstrated activin A as a 
downstream target in the HSPB7 cascade controlling osteogenic differentiation. 
In Chapter 3, we demonstrated that TNS3 plays a critical role in regulating 
BMSCs differentiation. The expression of TNS3 is positively associated with 
osteogenic differentiation and mineralization, and conversely, negatively 
correlated with adipogenic differentiation and adipocyte formation using gain- 
and loss-of function models in BMSCs. TNS3 domain deletion studies showed 
that all studied domains were essential for optimal TNS3-mediated osteogenic 
differentiation. Mechanistically, we found cell shape and actin filaments to 
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go through dramatic changes during osteogenic differentiation, which were 
disrupted or accelerated by silencing or overexpression of TNS3, respectively. 
These morphological changes triggered progressive and sustained alteration of 
RhoA activity, further affecting osteogenesis in BMSCs. 

In Chapter 4, we conducted a novel strategy to identify two novel compounds, 
emetine and kinetin-riboside, that inhibit adipogenesis based on a web-based 
repository called Connectivity Map (CMap). We extracted genes from adipocyte-
derived MSCs driving the Gene Ontology terms related to lipid and fatty acid 
and assessed their expression in adipogenic-BMSCs using microarrays. The 
100 most strongly altered genes, either up or down, were selected and used for 
CMap analyses. Of all 6 compounds prioritized in this way in silico, we further 
zoomed in by applying a transcriptomic screen in BMSCs following adipogenic 
differentiation. Compound-induced gene expression changes observed in 
BMSCs were strongly enriched for genes linked to adipogenesis. Finally, we 
demonstrated that two compounds predicted by Connectivity Map, emetine 
and kinetin-riboside, are able to inhibit adipogenic differentiation of BMSCs.

Chapter 5 characterizes the angiogenic features of BMSC-derived conditioned 
medium (BMSC-CM) under hypoxia in dynamic cultures, and shows the 
potential metabolism reprogramming in endothelial cells by BMSC-derived 
biochemical signals and biomechanical stimulation. The two well-controlled 
microfluidic designs were applied that permit analyses of key steps during 
angiogenesis, as well as analyses of chemotactic and mechanotactic-based 
cell migration mechanisms in response to a myriad of bioactive factors. The 
application of BMSC-CM in dynamic cultures showed that growth factors in 
combination with shear stress stimulates endothelial cell migration compared to 
either condition alone, demonstrating their synergistic effects on angiogenesis 
during vessel repair. In addition, transcriptome analyses of the endothelial cells 
showed that BMSC-CM facilitates shear stress-regulated gene expression and 
provides new insights into the role of metabolic adaptation during angiogenesis. 
Both findings stress the importance of studying endothelial cell function in 
the context of both biochemical and biomechanical signals, and provide new 
opportunities in developing therapeutic methods for fracture healing.

In conclusion, the research performed in this thesis has provided novel 
insights into the contribution of BMSC to osteogenesis, adipogenesis and 
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angiogenesis, and highlighted the complexity of bone biology, both in normal 
physiology and in case of compromised function. Our findings suggest the 
importance of genes and small molecules in the regulation of osteoblast and 
adipocyte differentiation. The successful application of microfluidic approaches 
underscores the importance of recapitulating in vivo - like microenvironments 
when investigating key events during blood vessel repair. Our findings could 
pave the way for further research in understanding the molecular and cellular 
interplay between various components of fracture repair, and may instruct the 
development of novel therapeutics to accelerate the fracture healing process. 



       178 Appendics



179Samenvatting

A

SAMENVATTING

Het bot is een dynamisch weefsel, kenmerkend hiervoor is de intrinsieke 
eigenschap tot regeneratie. Dit zorgt voor behoud van structuur en functie 
van het bot, met name in de respons op metabole botziekten en van daaruit 
ontstane fracturen. Het herstel van botfracturen vergt een goede organisatie van 
onderliggende biologische processen waarbij verschillende celtypen en zowel 
intra- als extracellulaire moleculaire signalen een rol spelen. Aangenomen 
wordt dat de robuuste regeneratieve capaciteit van het bot afkomstig is van de 
stromale cellen uit het beenmerg (BMSC’s). BMSC’s zijn multipotente cellen die 
zelfvernieuwing kunnen ondergaan en kunnen differentiëren naar verschillende 
celtypen, waaronder osteoblasten en adipocyten. De tijdruimtelijke controle 
van de balans tussen osteogenese en adipogenese draagt bij aan de gezondheid 
van het skelet. Naast het belang van fixatie stabiliteit na een operatie, wordt het 
verloop van het herstel van een botbreuk voornamelijk beïnvloed door het herstel 
van de bloedvat aanvoer. Circa 10% van de fracturen geneest niet goed of niet 
snel genoeg (‘nonunions’) en dit wordt vaak veroorzaakt door beschadigingen 
aan de bloedvaten.

De algehele doelstelling van dit proefschrift was de identificatie van nieuwe 
genen, compounds en processen die betrokken zijn bij de differentiatie van 
osteoblasten en adipocyten en bij het proces van re-vascularisatie tijdens het 
herstel van botbreuken. Dit is onderzocht via een combinatie van verschillende 
benaderingen: genomisch, met behulp van bioinformatica, moleculair, 
microfluïdisch en transcriptomisch.

In Hoofdstuk 2 en 3 werden HSPB7 en TNS3 geïdentificeerd als nieuwe 
genen die het proces van ontwikkeling van BMSC’s richting osteoblasten en 
adipocyten beïnvloeden. In Hoofdstuk 2 lieten onze ‘versterking- en verlies-
van-functie’ studies zien dat HSPB7 intrinsiek de osteogenese bevordert. 
Bovendien hebben we laten zien dat de expressie van HSPB7 onmisbaar is 
voor de osteogene ontwikkeling doordat het de morfologie van de cel en de 
reorganisatie van het cytoskelet beïnvloedt. Complete deletie van de N- of 
C-terminus van HSPB7 leidt tot de afwezigheid van mineralisatie. Dit wijst 
erop dat het essentiële domeinen voor de osteogenese zijn. Tenslotte hebben we 
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aangetoond dat activine A een onderliggend doelwitgen is in de HSPB7 cascade 
voor het aansturen van de osteogene differentiatie. In Hoofdstuk 3 hebben we 
laten zien dat TNS3 een cruciale rol speelt in het reguleren van de differentiatie 
van BMSC’s. De ‘versterking- en verlies-van-functie’ modellen in BMSC’s lieten 
zien dat expressie van TNS3 positief geassocieerd is met osteogene differentiatie 
en mineralisatie, en omgekeerd is het negatief gecorreleerd met adipogene 
differentiatie en adipocytn vorming. TNS3 domein deletie studies lieten zien dat 
alle bestudeerde domeinen essentieel waren voor een optimale TNS3-gestuurde 
osteogene differentiatie. Mechanistisch gezien vonden we dat de vorm van de 
cel en de actine filamenten dramatische veranderingen ondergaan tijdens de 
osteogene differentiatie. Deze werden verstoord of versneld door respectievelijk 
het verminderen of verhogen van de expressie van TNS3. De morfologische 
veranderingen initieerden een progressieve en constante verandering in RhoA 
activiteit wat de osteogenese in BMSC’s verder beïnvloedde.

In Hoofdstuk 4 voerden we een nieuwe strategie uit gebaseerd op een online 
database genaamd Connectivity Map (CMap), en identificeerden 2 nieuwe 
compounds, emetine en kinetine-riboside, die de adipogenese remmen. We 
selecteerden genen die van adipocyten verkregen uit MSC’s afkomstig waren 
en die de Gen Ontologie termen gerelateerd aan ‘vet’ en ‘vetzuur’ aanstuurden, 
waarna we hun expressie in adipogene BMSC’s bestudeerden gebruikmakend 
van microarray’s. De 100 sterkst veranderde genen, zowel verhoogd als verlaagd, 
werden geselecteerd en gebruikt voor de CMap analyses. Van alle 6 compounds 
die op deze manier in silico werden geprioriteerd keken we in meer detail in 
BMSC’s na adipogene differentiatie via het toepassen van een transcriptoom 
screen. De compound-geïnduceerde genexpressie veranderingen in BMSC’s 
waren sterk verrijkt voor genen die gelinkt waren aan adipogenese. Tenslotte 
hebben we laten zien dat twee door de CMap voorspelde compounds, emetine 
en kinetine-riboside, in staat zijn om de adipogene differentiatie van BMSC’s te 
remmen.

In Hoofdstuk 5 werden de angiogenese effecten van geconditioneerd medium 
afkomstig van BMSC’s (BMSC-CM) tijdens hypoxia in dynamische kweken 
gekarakteriseerd, en werd het mogelijk reprogrammeren van het metabolisme 
in endotheelcellen door van BMSC afkomstige biochemische signalen en 
biomechanische stimulatie getoond. Twee goed gecontroleerde microfluïdische 
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modellen werden toegepast die het analyseren van belangrijke stappen in 
de angiogenese mogelijk maken, als ook het analyseren van chemotactische 
en mechanotactisch-gebaseerde celmigratie mechanismen in reactie op een 
veelheid aan bioactieve factoren. Het toepassen van BMSC-CM in dynamische 
kweken liet zien dat groeifactoren in combinatie met vloeistof-geinduceerde 
wrijving (‘shear stress’) de migratie van endotheelcellen stimuleren in 
vergelijking met de afzonderlijke condities apart, waarmee hun synergistische 
effecten op de angiogenese tijdens reparatie van bloedvaten aangetoond werd. 
Verder lieten transcriptoom analyses van de endotheel cellen zien dat BMSC-
CM schuifspanning een gereguleerde gen expressie faciliteert. Dit geeft nieuwe 
inzichten in de rol van metabole adaptatie tijdens angiogenese. Beide bevindingen 
benadrukken het belang van het bestuderen van endotheelcel functie in de 
context van zowel biochemische als biomechanische signalen, en bieden nieuwe 
mogelijkheden voor het ontwikkelen van therapeutische methoden voor herstel 
van botbreuken.

Concluderend heefthet in dit proefschrift uitgevoerde onderzoek nieuwe 
inzichten geleverd in de bijdrage van BMSC’s aan osteogenese, adipogenese en 
angiogenese, en heeft het de complexiteit van de biologie van het bot benadrukt; 
zowel in de normale fysiologie als bij aangedane functie. Onze bevindingen 
geven het belang aan van genen en kleine moleculen in de regulatie van osteoblast 
en adipocyt differentiatie. De succesvolle toepassing van een microfluïdische 
benadering onderstreept het belang van het recapituleren van in vivo-gelijkende 
micro-omgevingen voor onderzoek naar belangrijke momenten tijdens reparatie 
van bloedvaten. Onze bevindingen kunnen de weg vrij maken voor verder 
onderzoek naar het begrijpen van het moleculaire en cellulaire samenspel tussen 
de verschillende componenten van fractuurherstel, en kunnen ter instructie 
dienen voor de ontwikkeling van nieuwe geneesmiddelen om het herstelproces 
van botbreuken te versnellen.
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LIST OF ABBREVIATIONS

α-MEM alpha minimum essential medium 
ABD actin-binding domain 
ACC acetyl-CoA carboxylase
ADORA2A adenosine A2a receptor 
ALP alkaline phosphatase 
ANGPT1 angiopoietin-1 
ANKH ANKH inorganic pyrophosphate transport regulator
ASC adipose tissue-derived mesenchymal stromal cell
ATG7 autophagy-related 7
BGLAP bone gamma-carboxyglutamate protein
BMAT bone marrow adipose tissue 
BMD bone mineral density 
BMP bone morphogenetic protein 
BMSC bone marrow mesenchymal stromal cell
BMSC-CM conditioned medium derived from bone marrow 

mesenchymal stromal cells
CFL1 cofilin-1 
CFL2 cofilin-2 
CMap connectivity map
COL1A1 collagen type I alpha 1 chain
CPT1a carnitine palmitoyltransferase 1a 
Cry61 cysteine-rich angiogenic inducer 61
Cten c-terminal tensin-like 
CXCL12 C-X-C motif chemokine ligand 12 
DEG differentially expressed gene
DKK1 inhibitor 1 dickkopf 
DLX5 distal-less homeobox 5 
DMSO dimethylsulfoxide 
dNTP deoxynucleoside triphosphate 
DSTN destrin 
EBM-2 endothelial basal medium 
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ECM extracellular matrix 
EGM-2 endothelial growth medium
EMCN endomucin
ENPP1 ectonucleotide pyrophosphatase 
FABP4 fatty acid binding protein 
FASB fatty acid synthase 
FAT fatty acid translocase 
FCS fetal calf serum 
FGF fibroblast growth factor 
Fru-2,6-P2 fructose-2,6-bisphosphate 
GO gene ontology 
HGF hepatocyte growth factor
HK2 hexokinase 2
HSPB7 heat shock protein family B (small) member 7 
HUVEC human umbilical vein endothelial cell
IBSP integrin binding sialoprotein
IL-6 interleukin 6
INHBA inhibin subunit beta a
LEPR leptin receptor 
LPS lipopolysaccharides 
MCP-1 monocyte chemoattractant protein 1
MSC Mesenchymal stromal cell
OPG osteoprotegerin
PAI-1/serpin E1 plasminogen activator inhibitor 
PCA principal component analysis 
PDGF platelet-derived growth factor 
PDMS polydimethylsiloxane 
PECAM-1/CD31 platelet endothelial cell adhesion molecule adhesion 

molecule
PFA paraformaldehyde 
PFK1 phosphofructokinase-1
PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
PGC-1a PPARG coactivator 1 alpha 
PIGF placental growth factor 



185                                                                   Abbreviations index

A

PLIN1 perilipin-1
pNP p-Nitrophenol 
pNPP p-nitrophenyl phosphate 
PPARγ peroxisome proliferator-activated receptor γ
Ppi pyrophosphate 
PTB phosphotyrosine-binding
RANKL nuclear factor kappa-B ligand 
RUNX2 runt-related transcription factor 2 
SDF-1 stem cell-derived factor 1 
SH2 src homology 2 
shRNA short hairpin RNA 
sHSPs small heat shock proteins 
SPP1 secreted phosphoprotein 1
TCA tricarboxylic acid 
TGF transforming growth factor
TNS3 tensin 3 
TSP-1 thrombospondin-1 
uPA urokinase plasminogen activator 
VEGF vascular endothelial growth factor 
vWF von Willebrand Factor
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