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Abstract  

 

  

Abstract 
Osteoclasts are the only cells capable of resorbing bone in the human body. The ability of oste-

oclasts to secret acid during bone resorption is a fundamental process required to dissolve the 

inorganic bone matrix and is carried out by the joint action of a vacuolar H+-ATPase and the 

chloride/proton antiporter ClC-7. Mutations in the genes TCIRG1 and CLCN7 which encode 

crucial components of this acid secretion machinery cause osteopetrosis. Whereas heterozygous 

mutations in CLCN7 are associated with autosomal dominant osteopetrosis type 2 (ADO2), 

homozygous or compound heterozygous mutations cause lethal autosomal recessive osteo-

petrosis (ARO). Currently, the only curative treatment for lethal ARO is allogeneic haemato-

poietic stem cell transplantation (HSCT), which requires a suitable donor and still bears high 

morbidity and risk of mortality. Therefore, it can only be applied to lethal ARO but not to ADO2 

patients, which only receive symptomatic treatment. In this project, novel treatment strategies 

were developed for CLCN7-dependent ARO, which rely on the genetic modification of patient-

derived cells. These gene therapies were evaluated in an induced pluripotent stem cell-based 

model system. With the aim to establish a 3D bone model protocols were developed or opti-

mised for differentiation of mesenchymal stromal cells, osteoblasts and osteoclasts and cryo-

preservation of their precursors. It was shown that CRISPR/Cas-based heterozygous correction 

of pathogenic mutations in ARO partially rescued osteoclast function. In contrast, additive gene 

therapy of a wildtype CLCN7 coding sequence using the Sleeping Beauty transposon system 

fully rescued the resorptive capacity of osteoclasts even at low rates of transgenic cells. Further, 

a selective knockout of the recurrently mutated p.G215R allele in ADO2 was performed in 

patient-derived peripheral blood monocytes using the CRISPR/Cas-system. This resulted in a 

more than doubled resorptive capacity of the osteoclasts. Taken together, this work provides 

proof of concept for gene therapeutic strategies in CLCN7-dependent ARO and ADO2, pointing 

towards new treatment options for these diseases in the future.    
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1. Introduction 

1.1 Biology of the human skeletal system 

1.1.1 Structure of bones 

The adult human body contains 206 bones, which serve different functions. Bones form a scaf-

fold that shapes the body and protects inner organs. Furthermore, bones allow us many different 

movements serving as fix points for skeletal muscles. The bones house the bone marrow which 

is the main place of haematopoiesis and an important fat storage. Additionally, the skeletal sys-

tem serves as a mineral storage mainly for calcium and phosphorous. Bones are also involved 

in transmitting sound to the inner ear or to provide fixation to teeth. These different tasks require 

specific properties of the bones. Therefore, the structure of bones can vary significantly based 

on their functions. However, bones share general features. 

Bone tissue consists of a framework of collagen fibrils, formed by triple helices of collagen 

type I. Collagen fibrils are spring-like structures and form a flexible matrix. Crosslinking of 

collagen fibrils converts the fibrils into a stable scaffold able to sustain tensile forces. The or-

ganic matrix scaffold contains inorganic bone mineral mainly consisting of crystalline hydroxy 

apatite which provides stiffness to the bone matrix. Both organic and inorganic components of 

the bones contribute to a durable tissue able to withstand forces while maintaining flexibility. 

(Seeman and Delmas 2006; Biga et al. 2019) 

Bone tissues can be divided into two subgroups with different properties, compact and cancel-

lous bone. Compact bone forms the outer layer of bones and sustains high compression forces, 

especially in the diaphyseal long bone cortices. In contrast, cancellous bone consists of thin 

trabeculae and is found in places where the force vector and bone geometry are not in line 

resulting in higher tensile forces, e.g. at the femoral neck. It can easily be remodelled. Even 

though both types are made up from the same materials, their microstructure is fairly different. 

(Biga et al. 2019) 

Compact bone has a well-organized structure containing multiple structural units which provide 

strength and durability. Compact bone consists of parallelly arranged osteons. An osteon is a 

structural unit of compact bone tissue consisting of a Haversian canal in the centre and concen-

tric layers of mineralized collagen matrix, so called lamellae, around it. The collagen fibres of 

neighbouring layers are arranged in different directions to each other, therefore creating a very 

strong multi-layered tissue. The Harversian canal in the centre allows vessels and nerves to 

enter and traverse the bone tissues for supplying bone cells, which are embedded in the bone 

tissue in small lacunae, the osteocytes. These are connected with other osteocytes and supplying 

vessels via small channels, called canaliculi. The whole osteon is lined by a layer of less min-

eralized tissue, the cement line.  

These osteons have a staggered configuration increasing the durability against cracking. In re-

sponse to force applied on the bone, microcracks form in the less dense interstitial bone which 

is located in between the osteons. Cracks can enter the osteon through the cement line relatively 

easily, but their extension is blocked by the strong lamellae within the osteon. Due to this 
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process, a lot of force can be dissipated without significantly damaging compact bone tissues. 

(Burr, Schaffler, and Frederickson 1988; OôBrien, Taylor, and Clive Lee 2005; Seeman and 

Delmas 2006; Biga et al. 2019) 

In contrast to the densely packed lamellae in osteons of compact bone, the lamellae in cancel-

lous bone (also called spongiosa) are arranged in a lightly packed scaffold composed of trabec-

ulae with interstitial spaces. These cavities contain bone marrow. Its structure makes cancellous 

bone light weight which saves energy upon movements. Additionally, the trabeculae generate a 

great surface which allows for fast remodelling of bone in terms of a demand for minerals. 

Cancellous bones contain osteocytes within the trabeculae. Even though cancellous bone is not 

meant to withstand great forces, its architecture allows the transfer of force to compact bones 

therefore guaranteeing durability of the skeleton. (Biga et al. 2019) 

Both compact and cancellous bone are lined with cells which are capable to remodel and repair 

bone tissue. The line of cells on the inner side of the bone is called endosteum. A similar struc-

ture is found on the outer side of bone, the periosteum. The periosteum includes a secondary 

layer of fibrous tissue and vasculature and nerve cells. (Biga et al. 2019) 

1.1.2 Bone remodelling 

Bone is a highly dynamic tissue and is constantly remodelled due to external and internal factors 

such as mineral demand, applied force, injury or growth. Each year, a substantial part of the 

bone matrix is renewed by a process which, if not required, does not cause any changes in bone 

mass or shape. Therefore, this process is tightly regulated and perturbances of it can lead to 

destabilization of bones. (Bolamperti, Villa, and Rubinacci 2022) 

In a simplified model, bone remodelling is carried out by two key players acting together in a 

basic multicellular unit (BMU). The BMU can be microscopically observed in bone tissue sec-

tions. A schematic overview of the BMU is displayed in Figure 1. Upon stimulation of the bone 

remodelling process, osteoclasts (OCs) are recruited. OCs are specialized in bone resorption 

and start to break down bone tissue in the cutting zone. After the resorption process is finished, 

osteogenic progenitors or reversal cells are recruited to the reversal zone and differentiate into 

osteoblasts (OBs) on the bone surface. Subsequently, the OBs start the formation of new bone 

tissue. At first, OBs produce new organic bone matrix, which is not yet properly mineralized, 

the osteoid. Although most of the mineralization occurs in the first weeks, full mineralization 

of the osteoid can take months. Most OBs die after bone formation. In the sealing zone, some 

Figure 1: Cell types and arrangement of the basic multicellular unit in the bone remodelling pro-

cess. Figure created with biorender.com 
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OBs become embedded into the mineralized tissue and transform into osteocytes. OBs at the 

bone surface transition to dormant bone lining cells. (Delaisse et al. 2020; Bolamperti, Villa, 

and Rubinacci 2022) 

The BMU can move along a haversian channel of an osteon and renew the osteon. In this case, 

a typical cutting cone is observed at the front of the BMU followed by the reversal and the 

sealing zones. This mostly occurs in compact bone. In cancellous bone, the bone resorption 

occurs under a canopy of bone marrow envelope cells on the surface of trabeculae. (Delaisse et 

al. 2020; Bolamperti, Villa, and Rubinacci 2022)  

If OCs break down more bone than is formed by OBs, the bone mass decreases and vice versa. 

If the initiation of bone formation in the reversal zone is delayed or completely fails, this leads 

to the destruction of bone tissue. Therefore, the interplay between OCs and OBs is a complex 

process and several factors have been identified, which aid the coordination of bone resorption 

and formation. However, the complex interactions of this process called coupling are not fully 

elucidated yet and will not be extensively discussed here. (Delaisse et al. 2020) 

1.1.3 Mesenchymal stromal cells 

Mesenchymal stromal cells (MSCs) are multipotent progenitor cells which were first identified 

as long-term proliferating fibroblast like cells with capability of osteogenesis in bone marrow 

isolates (Friedenstein, Piatetzky-Shapiro, and Petrakova 1966).  Therefore, MSCs were referred 

to as skeletal stem cells because they give rise to OBs and chondrocytes which are both involved 

in bone formation. Additionally, MSCs can differentiate into adipocytes, myoblasts, keratino-

cytes and tenocytes (Pittenger et al. 1999; Murray and P®ault 2015). The capability of differen-

tiation into OBs, chondrocytes and adipocytes is referred to as trilineage potential. The Interna-

tional Society for Cellular Therapy (ISCT) defined minimal criteria that must be fulfilled to 

consider cells as MSCs. These criteria are plastic adherence, trilineage potential and marker 

expression of CD73, CD90 and CD105 while negative for CD14, CD19, CD34, CD45 and 

HLA-DR (Dominici et al. 2006). MSC-like cells fulfilling these criteria have been isolated from 

many tissues. They show different characteristics, therefore this chapter focusses on bone mar-

row MSCs as they are most important for bone homeostasis.  

Bone marrow MSCs reside in the bone marrow, periosteum and endosteum (Lu et al. 2019). 

MSCs build the supporting stroma of bone marrow, create and sustain the hematopoietic stem 

cell niche within the bones (Pontikoglou et al. 2011). MSCs are a crucial part of the BMU 

necessary for bone remodelling. After bone resorption, MSCs move to the reversal zone and 

give rise to reversal cells and osteoblasts subsequently (Delaisse et al. 2020).  

1.1.4 Osteoblasts 

Upon activation of bone morphogenetic protein (BMP) and wingless-related integration site 

(Wnt) signalling, MSC differentiate into osteo-chondro progenitors (Beederman et al. 2013; 

Ling, Nurcombe, and Cool 2009). Upon upregulation of runt-related transcription factor 2 

(RUNX2), the master regulator of OBs, the osteogenic progenitors differentiate into OBs. Be-

sides RUNX2, osterix (OSX) and drosophila distal-less 5 (DLX5) play crucial roles for the 

formation of OBs (Ponzetti and Rucci 2021). These early OBs start to produce collagen type I 

and proliferate. During the proliferative phase, OBs start to produce alkaline phosphatase, an 
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enzyme which is crucial for providing inorganic phosphate for hydroxyapatite synthesis and 

commonly used marker for bone formation (Capulli, Paone, and Rucci 2014; Szulc and Bauer 

2013). The OBs change shape and become large, cuboidal cells. They largely secrete bone ma-

trix proteins such as collagen type I, calcium binding osteocalcin (OCN), bone sialoproteins 

(BSPs) and proteoglycans. These form the new bone matrix, which is not yet mineralized, the 

osteoid (Capulli, Paone, and Rucci 2014; Ponzetti and Rucci 2021). Then, the newly generated 

osteoid is mineralized in a two-phase procedure. First, OBs release matrix vesicles from their 

apical side into the osteoid. These vesicles are rich in protein-bound calcium and phosphate. 

The vesicles bind to the osteoid matrix. Then, mainly due to the action of alkaline phosphatase 

the concentration of phosphate is increased in the vesicles, whereas degradation of Ca2+ binding 

proteins in the vesicles releases Ca2+ ions. Taken together, this results in very high concentra-

tions of Ca2+ and PO4
3- in the matrix vesicles causing precipitation and formation of hydroxy-

apatite crystals. At some point, these crystals perforate matrix vesicles and are released into the 

bone matrix. (Anderson 2003; Florencio-Silva et al. 2015). After matrix mineralization, osteo-

blasts either undergo apoptosis or differentiate into osteocytes or bone lining cells.  

Besides the capacity to build new bone, OBs are crucial for the regulation of OC activity. OBs 

control osteoclast formation by releasing macrophage colony stimulating factor (M-CSF), a 

factor that attracts monocytes and macrophages and promotes development of pre-OCs 

(Wiktor-Jedrzejczak et al. 1990; Matsuo and Irie 2008). Additionally, OBs express receptor ac-

tivator of nuclear factor əB (RANK) ligand (RANKL). RANKL is a cytokine which triggers 

OC formation and promotes OC survival (J. Li et al. 2000; Matsuo and Irie 2008). M-CSF and 

RANKL are both factors that promote bone resorption. OBs can also secrete factors which in-

hibit bone resorption. Osteoprotegerin (OPG) is a decoy receptor for RANKL and inhibits os-

teoclastogenesis by depletion of RANKL (Simonet et al. 1997). Apart from soluble factors, 

direct contact of OBs and OCs plays a crucial role in regulating bone homeostasis (X. Chen et 

al. 2018).  

1.1.5 Bone lining cells and osteocytes 

Bone lining cells cover the surface of the bones and prevent it from being resorbed by OCs. 

They have a flat appearance and have connections to osteocytes. Bone lining cells resemble 

quiescent osteoblasts which can enter active states in the BMU if needed. They are also con-

trolling OC activity by secretion of OPG and RANKL. (Ponzetti and Rucci 2021) 

Osteocytes make up over 90 % of bone cells. They have a dendritic appearance and are embed-

ded into the calcified bone matrix in their lacuna. Osteocytes form a network of cells connected 

via canaliculi. This network is called the lacunocanalicular system and is an important paracrine 

organ which communicates with OBs and OCs and also other organs. Osteocytes serve as the 

mechanosensor of the bone and as organizer of the bone remodelling process. They can activate 

both OC and OB differentiation. In case of bone damage, they undergo apoptosis and release 

RANKL-containing apoptotic vesicles which lead to OC recruitment to the damaged bone sites. 

Due to their embedded nature, osteocytes are hard to study but have proven to be the organizer 

of bone remodelling coordinating bone formation and resorption. If osteocytes are lost in bone 

tissues, this significantly destabilizes the bone and is a pathological feature of osteoporosis most 

likely due to inability to detect damaged bone. (Bonewald 2011; Florencio-Silva et al. 2015; 

Ponzetti and Rucci 2021) 
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1.1.6 Osteoclasts 

Osteoclasts (OCs) are large, multinucleated cells specialised in the resorption of bone. OCs 

arise from haematopoietic stem cells (HSCs) via the myeloid lineage and can be considered 

specialized macrophages. OCs differentiate from monocytes via macrophages and pre-osteo-

clasts (pre-OCs) as shown in Figure 2. Pre-OCs start to fuse and result in large cells which can 

contain over 100 nuclei. (Boyle, Simonet, and Lacey 2003) 

 

 

Figure 2: Differentiation pathway of osteoclasts via myeloid lineage cells.  Figure created with 

biorender.com 

M-CSF is crucial for osteoclast development and mice lacking M-CSF do not form osteoclasts 

(Yoshida et al. 1990). M-CSF is secreted by osteocytes and OBs among others and binds to the 

colony stimulating factor 1 receptor (CSF1R) expressed on the surface of CD14+ monocytes 

and macrophages. Upon binding of M-CSF, the cell starts to produce RANK which is the re-

ceptor of RANKL (Arai et al. 1999). Like M-CSF, RANKL is produced by bone related cells 

such as OBs and osteocytes and is typically presented at their membrane. However, it can also 

be released as a soluble form (Elango, Bao, and Wu 2021). RANKL stimulates osteoclastogen-

esis by activation of RANK. RANK- or RANKL-deficient mice do not develop OCs (Kong et 

al. 1999; J. Li et al. 2000). M-CSF and RANKL together are sufficient to induce osteoclasto-

genesis in vitro (Quinn et al. 1998; N. Takahashi, Udagawa, et al. 2007).  

The activation of RANK by RANKL leads to an activation of multiple transcription factors 

including NFəB, NFATC1, MITF, c-Jun and c-FOS (David et al. 2002; Ishida et al. 2002; Ta-

kayanagi et al. 2002; Teitelbaum and Ross 2003). RANK/RANKL signalling is negatively reg-

ulated by OPG which prevents OC formation and bone resorption due to its role as decoy re-

ceptor for RANKL (Simonet et al. 1997). NFATC1 is considered to be the key transcription 

factor of OC differentiation (Q. Zhao et al. 2010).  

After commitment of a monocytic cell to a pre-OC induced by M-CSF it migrates to the bone 

surface. Under physiological conditions, OCs form exclusively at bone surfaces. However, the 

mechanisms of pre-OC recruitment and restriction of osteoclastogenesis to the bone surfaces 

are not fully elucidated yet. It is likely, that pre-OCs only encounter RANKL expressing cells 

at the bone surface in form of OBs, osteocytes and bone lining cells and that direct cell-cell 

contact is necessary to induce fusion (Soe et al. 2019). To reach the bone surface, pre-OCs need 

to cross the barrier of bone lining cells which likely adds an additional level to control the exact 

area where bone resorption will happen. At the bone surface both M-CSF- and RANKL-medi-

ated signalling are activated driving expression of osteoclast-specific genes. The contact to the 

mineralized bone surface triggers the capability of pre-OCs to fuse. OC mostly fuse with mon-

onucleated precursors (Soe, Hobolt-Pedersen, and Delaisse 2015). After reaching a certain size, 

the OC eventually polarizes. Polarization only happens on mineralized matrix and the 
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mechanisms triggering the OC to initiate bone resorption remain largely unclear (Sße, Delaisse, 

and Borggaard 2021).  

OCs secrete large amounts of proteases and acid to resorb both organic and inorganic com-

pounds of bone. To efficiently limit bone resorption to the intended place, the OC tightly at-

taches to the bone surface. This is achieved partly by reorganization of the cytoskeleton yielding 

a ring-like actin rich area called sealing zone. In the sealing zone, the actin ring of OCs is 

connected to the bone via ŬVɓ3-integrins which bind specific motifs of the bone matrix proteins 

(Nakamura et al. 2007). The tightly sealed extracellular space at the apical side of OCs in which 

bone resorption occurs is called Howshipôs lacuna (N. Takahashi, Ejiri, et al. 2007).  

 

Figure 3: The osteoclasts resorptive machinery.  Figure created with biorender.com. 

After polarization, OCs acidify the Howshipôs lacuna and secrete proteolytic enzymes which is 

schematically shown in Figure 3. For this purpose, lysosomes start to fuse with the membrane 

facing the lacuna. This results in a large membrane with a typical structure called ruffled boarder 

membrane. The fusing lysosomes contain large numbers of the crucial proteins for the acidifi-

cation machinery. A vacuolar-type (V-type) ATPase creates a proton gradient driven by ATP 

hydrolysis (Y. P. Li et al. 1999). This V-type ATPase comprises many different subunits orga-

nized in different domains which fulfil the functions of ATP hydrolysis (V1 domain), proton 

transport and membrane anchoring (both V0 domain) (Forgac 2007). The protons are provided 

by the action of carbonic anhydrase 2 (CA2) which catalyses the reaction of carbon dioxide and 

water to bicarbonate and protons (Lehenkari et al. 1998). The excessive bicarbonate is then 

transported out of the cell by action of the Cl-/HCO3
- antiporter SLC4A2 (Xue, Ikegawa, and 

Guo 2023).  

The proton gradient itself would create an electrostatic potential hindering efficient proton 

transport. Therefore, the V-type ATPase has a counter player, the Cl-/H+ antiporter ClC-7 which 

transports Cl- ions using the proton gradient generated by the V-type ATPase (Figure 4). The 
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chloride ions are provided by SLC4A2. ClC-7 resolves the electrostatic potential and allows 

efficient acidification of lysosomes and lacunae (Kornak et al. 2001; Supanchart and Kornak 

2008). Taken together, these two key players allow the OC to secrete hydrochloric acid and 

acidify the lacuna to a pH of 4-5 which enables dissolution of hydroxyapatite (Silver, Murrills, 

and Etherington 1988). 

 

Figure 4: Key players of the osteoclastôs acid secretion machinery.  Figure created with bioren-

der.com. 

To degrade the organic matrix of bone, OCs secrete hydrolytic enzymes (Figure 3). Cathepsin 

K (CTSK) is a bone-specific protease acting at low pH and is the key player for degradation of 

collagen fibres (Costa et al. 2011). Besides CTSK, OCs secret matrix metalloproteinase 9 

(MMP9) and tartrate-resistant acid phosphatase (TRAP) (Sundaram et al. 2007; Florencio-Silva 

et al. 2015; Paiva and Granjeiro 2017). Together, these enzymes break down the bone matrix.  

The bone degradation products are taken up by the OCs and are transported to the functional 

secretory domain at the basolateral site and are released via transcytosis (Vªªnªnen et al. 2000). 

Some of the degradation products are common biomarkers for bone resorption such as the C-

terminal crosslinked telopeptide of collagen type I fragment (CTX-I) (Kuo and Chen 2017). 

The resorptive activity of the OC usually stimulates subsequent bone formation by OBs, a pro-

cess referred to as coupling. This is partially due to the release of growth factors from the bone 

matrix such as transforming growth factor ɓ (TGF-ɓ), BMPs and insulin like growth factor II 

(IGF-II) and the secretion of OC-produced factors such as TRAP which all together stimulate 

bone formation (Matsuo and Irie 2008).   

It was long established, that OCs form at the beginning of a bone remodelling cycle and undergo 

apoptosis afterwards. It has only recently been shown that OCs developing in the early mouse 

embryo from erythromyeloid progenitors (EMPs) reside in the tissue and are long lived. The 

residing OCs were also shown to fuse with mononucleated cells derived from hematopoietic 

lineages at later stages (Cappariello et al. 2010; Jacome-Galarza et al. 2019; Yahara et al. 2020). 

These findings have led to the question, whether OCs can also constrict nuclei and decrease in 

size and number of nuclei after periods of active bone remodelling. In vivo imaging of OC in 

mice has led to the identification of fission events leading to the release of single nucleated cells 

from OCs termed osteomorphs (McDonald et al. 2021). However, it has not yet been shown 

whether these concepts apply to humans as well.   
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1.2 High bone mass disorders 

Generally, a pathological imbalance in bone remodelling which causes an increase of bone for-

mation over resorption causes high bone mass (HBM). The two main causes of HBM disorders 

are either increased bone formation or decreased bone resorption. Over 50 different HBM dis-

orders have been described (Bergen et al. 2023). In this study, the focus was set on HBM dis-

orders caused by decreased bone resorption. 

Disorders caused by defects in the bone resorption process result in a HBM condition called 

osteopetrosis. Osteopetrotic bones have increased bone mineral density (BMD) and decreased 

stability making them prone to fractures (ñmarble bonesò). They share common radiological 

signs which are generalized osteosclerosis, Erlenmeyer-flask deformity of long bones, bone in 

bone sign, frontal bossing of the skull and thickening of vertebral endplates commonly referred 

to as sandwich vertebra (Pillai, Aggarwal, and Orchard 2022). Osteopetrosisô have a wide range 

of phenotypes ranging from milder symptoms in autosomal dominant osteopetrosis to heavy 

symptoms in autosomal recessive osteopetrosis being lethal in early childhood (Funck-Bren-

tano et al. 2024).  

1.2.1 Autosomal recessive osteopetrosis 

Autosomal recessive osteopetrosis (ARO) is the most severe form of osteopetrosis typically 

caused by homozygous or compound heterozygous loss-of-function mutations. It occurs at a 

frequency of 1 in 250,000 live births (Sobacchi et al. 2013). ARO is subdivided into three 

groups, the most common form: infantile malignant ARO, and the ultra-rare X-linked ARO and 

intermediate ARO (Sobacchi et al. 2013; Funck-Brentano et al. 2024). Mutations found in ARO 

cause absence or dysfunctionality of OCs leading to severe, life-threatening complications. 

ARO is characterized by the typical radiological signs mentioned beforehand including sand-

wich vertebra and generalized osteosclerosis. ARO bones are dense and brittle, and atypical 

fractures are common in early childhood. Additionally, patients present with progressive hear-

ing and vision loss due to cranial nerve compression. The defective bone resorption causes 

hypocalcaemia and dental abnormalities. The most severe complications are haematological 

and immunological impairment due to an accumulation of bone in the medullary cavities. This 

restricts the bone marrow and leads to severe disruption of haematopoiesis causing anaemia 

and extramedullary haematopoiesis and a compromised immune system causing immunodefi-

ciency. If untreated, these complications are lethal. (Pillai, Aggarwal, and Orchard 2022)   

ARO can be caused by absence or reduction of OCs. These defects typically affect the differ-

entiation of OCs and are called osteoclast-poor osteopetrosis. Mutations affecting the produc-

tion of the two major cytokines involved in osteoclastogenesis, M-CSF and RANKL, or their 

receptors CSF1R and RANK cause this type of osteopetrosis in mice. However, only mutations 

affecting TNFSF11 encoding RANKL and TNFRSF11A encoding its receptor RANK have been 

found in human OC-poor osteopetrosis. (Sobacchi et al. 2007; Guerrini et al. 2008; Sobacchi 

and Abinun 2022) 

In contrast, conditions with abundant but dysfunctional OCs are called osteoclast-rich osteo-

petrosis. Most ARO cases belong to this group. Over the past decades, several genes involved 

in the pathogenesis of OC-rich ARO have been identified. These genes are typically associated 
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with the loss of bone resorption function of OCs. Around half of ARO cases are caused by 

mutations in the gene TCIRG1, which encodes the a3 subunit of the V-type ATPase crucial for 

acidification (Frattini et al. 2000; Penna, Villa, and Capo 2021). 17 % of ARO cases are caused 

by mutations in CLCN7 encoding the Cl-/H+ antiporter ClC-7 (Kornak et al. 2001; Penna, Villa, 

and Capo 2021). In some cases, CLCN7 dependent ARO goes along with neurological features 

due to lysosomal storage (Kasper et al. 2005; Stauber et al. 2023). CLCN7 is ubiquitously ex-

pressed in the body and has a lysosomal function, which is not fully understood yet. It is likely 

involved in ion homeostasis of the lysosome but not in lysosomal pH regulation and its defi-

ciency may lead to lysosomal dysfunction (Weinert et al. 2010). 5 % of ARO cases are caused 

by mutations in the gene OSTM1 encoding osteopetrosis-associated transmembrane protein 1. 

OSTM1 mutations typically cause ARO with neurological signs. OSTM1 is a highly glycosyl-

ated ɓ-subunit of ClC-7 which protects ClC-7 from the lysosomal environment and is required 

for its function (Lange et al. 2006; Leisle et al. 2011). Another gene involved in the pathogenesis 

of ARO is SNX10 encoding sorting nexin 10 which accounts for 5 % of ARO cases. SNX10 is 

involved in lysosome and vesicle trafficking (Pangrazio et al. 2013). SNX10 deficiency results 

in a phenotype of OC hyperfusion, where mature OCs do not stop to fuse and become abnor-

mally large (Barnea-Zohar et al. 2021). This phenotype is shared with CLCN7 and TCIRG1 

dependent ARO (Taranta et al. 2003; Rºssler et al. 2021). So far cases of ARO caused by mu-

tations in many other genes such as CA2, PLEKHM, FERMT3, SLC29A3, LRRK1, TRAF6, 

MITF and CTSK have been described (Palagano et al. 2018). Some of these genes are involved 

in the pathogenesis of rare subtypes of ARO such as pycnodysostosis (CTSK) or dysosteoscle-

rosis (SLC29A3), and some exhibit osteopetrosis as part of a syndrome (TRAF6, LRRK1, 

MITF).  

1.2.2 Autosomal dominant osteopetrosis 

Two types of osteopetrosis with a dominant inheritance were initially described, autosomal 

dominant osteopetrosis type 1 (ADO1) and type 2 (ADO2). ADO1 is caused by activating LRP5 

mutations and leads to overactivation of the Wnt pathway and causes excessive bone formation 

(Holdsworth et al. 2012). Therefore, it is now classified as LRP5-related osteosclerosis and not 

as osteopetrosis (Unger et al. 2023). ADO2 was already described in 1904, shortly after inven-

tion of the radiography, by the German surgeon and radiologist H. Albers-Schºnberg who ini-

tially described the disease as marble bone disease due to the highly mineralized bones he ob-

served in his patient (Albers-Schonberg 1904). It was later termed autosomal dominant osteo-

petrosis type 2 but is still sometimes referred to as Albers-Schºnberg disease (Whyte 2023).  

ADO2 has an incidence of 1:20.000 live births and therefore is among the most abundant skel-

etal dysplasias (Polgreen, Imel, and Econs 2023). ADO2 is characterized by osteosclerosis and 

HBM most pronounced in the vertebrae, pelvis and long bones. This is typically associated with 

an increased fracture risk due to decreased stability of the bones. Patients are usually diagnosed 

after radiography identified hallmarks of the disease such as sandwich vertebrae, bone-in-bone 

sign or osteosclerosis of iliac wings (Meira and Soares-Fernandes 2022). The time of onset and 

diagnosis varies significantly among different patients, even within the same family (Campos-

Xavier et al. 2005). It can range from early childhood in strongly affected individuals to adult-

hood. A significant amount of individuals (estimated 1/3 of mutation carriers) never develop 

the phenotype or associated symptoms of the disease despite their genetic predisposition 
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(Waguespack et al. 2007). Fractures are the most common feature in ADO2, followed by bone 

related pain and osteomyelitis, especially of the jaw. Vision or hearing loss due to cranial nerve 

compression, hydrocephalus and haematological signs such as anemia and immunodeficiency 

are less common and only observed in more severely affected individuals (B®nichou, Laredo, 

and de Vernejoul 2000; Waguespack et al. 2007; Polgreen, Imel, and Econs 2023).  

ADO2 is almost exclusively caused by heterozygous mutations in the CLCN7 gene. Over the 

past 20 years, more than 120 pathogenic mutations in CLCN7 have been described. These are 

involved in the pathogenesis of ARO, ADO2 or both (Stauber et al. 2023). ClC-7 forms ho-

modimeric complexes and consists of two heterodimers comprising one ClC-7 and OSTM1 ɓ-

subunit each. Each subunit of the heterodimer is capable of transporting chloride and protons. 

ClC-7 monomers contain 18 transmembrane helical domains and a large cytoplasmic domain 

containing one N-terminal domain and two C-terminal cystathionine-ɓ synthase (CBS) do-

mains. OSTM1 monomers have one transmembrane domain which localizes close to ClC-7 

transmembrane domains and results in a conformation which brings its luminal domains in 

close proximity to the luminal transmembrane domains of ClC-7, therefore acting as a lid struc-

ture of the luminal site of ClC-7 (Schrecker, Korobenko, and Hite 2020; S. Zhang et al. 2020). 

Mutations involved in the pathogenesis of CLCN7-dependent osteopetrosis are largely distrib-

uted over the CLCN7 sequence and are mostly missense mutations (Stauber et al. 2023). Para-

doxically, some of the CLCN7 mutations are only involved in pathogenesis of ARO but do not 

cause ADO2. The reason for this is due to the heterodimeric nature of the ClC-7 complex. Many 

mutations lead to a loss of ion transport function which only affects one monomer of the com-

plex. Others, exhibit impaired gating or abnormal localization of the heterodimer (Leisle et al. 

2011; Di Zanni et al. 2021). In mice, 30 % of wildtype ClC-7 levels, were found to be sufficient 

for effective bone remodelling (Supanchart et al. 2014). Therefore, a loss of function of one 

monomer is tolerated, if the second monomer of the subunit is not affected. This leads to a 

stochastic reduction of ClC-7 function by 50 %. If the dimer is affected, both dimers containing 

one or two mutated ClC-7 subunits are affected which decrease function by 75 % and therefore 

below the critical level.  

The p.G215R (c.643 G>A) missense mutation in CLCN7 is the most frequent cause of ADO2 

and is also the best studied mutation in ADO2 pathology. It mediates an amino acid exchange 

from glycine to arginine in a conserved, transmembrane domain of ClC-7 (Cleiren et al. 2001). 

It does not exhibit altered ion conductance, but mislocalization. p.G215R mutated ClC-7 is 

retained in the endoplasmic reticulum and not localized correctly to lysosomes (P. Schulz et al. 

2010). This affects both homo- and heterodimers and leads to a decreased resorption function 

of OCs due to failed acid secretion (Henriksen et al. 2009). Heterozygous mice harbouring the 

homologous p.G213R mutation in Clcn7 develop osteopetrosis. Interestingly, depending on the 

genetic background of ADO2 mice, the disease severity varies resembling the high variability 

of ADO2 in humans. (Alam et al. 2014; 2017). This points to a genetic predisposition for ADO2 

penetrance and severity. Even though a few studies have addressed the incomplete penetrance 

in the past, the mechanism still largely remains unknown. A single nucleotide polymorphism 

(SNP), p.V418M and a variable number tandem repeat (VNTR) in intron 8 of CLCN7 were 

correlated with bone mass and disease penetrance (Chu et al. 2005; Kornak et al. 2006). It is 

likely, that genetic changes affecting the regulation of CLCN7 expression contribute to the path-

ogenesis of ADO2 (Stauber et al. 2023).  
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1.1.3 Treatment of osteopetrosis 

If untreated, ARO is lethal in the first years of life. Currently, only one curative therapy for 

ARO exists. Due to the origin of OCs from the hematopoietic lineage, ARO can be cured by 

allogeneic haematopoietic stem cell transplantation (HSCT) (A. Schulz and Moshous 2023). 

Typically, only life threatening ARO is treated with HSCT, but not intermediate ARO or ADO2. 

It is important that only ARO mediated by OC deficiency can be cured by HSCT. Cases of 

TNFSF11-related ARO caused by absence or deficiency of RANKL cannot be treated with 

HSCT. Additionally, patients with neurological signs are usually not considered for HSCT. Neu-

rological manifestations are particularly abundant in OSTM1-related ARO and partially in 

CLCN7-related ARO (A. Schulz and Moshous 2023).  

Successful HSCT in ARO patients can reverse the bone phenotype of ARO and significantly 

improves life quality of treated patients. Few studies are available on the outcome and long-

term performance of ARO patients treated with HSCT. Orchard et al. collected data from treated 

ARO patients and reported 82 % of successfully treated patients with performance scores of 

Ó80. Most of the treated children developed normally. Extramedullary haematopoiesis was fully 

reversed after 1-2 years. However, damage to cranial nerves caused by ARO is not cured and 

only few patients reported an improvement of hearing or vision impairments (Orchard et al. 

2015).  

HSCT comes with risks, despite significant improvements over the last decades. Orchard et al 

reported a survival rate of 49 % after HSCT (Orchard et al. 2015). This retrospective study was 

conducted almost 10 years ago and since then HSCT has improved especially in terms of en-

graftment, which was the most common cause of death in the study of Orchard et al. However, 

HSCT goes along with a substantial risk of graft failure, graft versus host disease (GVHD), 

veno-occlusive disease and infections. It is crucial to genetically diagnose and treat persons as 

early as possible even though with recent improvements in HSCT even later diagnosed or in-

termediate forms of ARO may be considered for HSCT (A. Schulz and Moshous 2023). 

To date, no curative treatment is available for ADO2. Even though HSCT would be curative for 

ADO2, patients are not transplanted because of the risk of mortality upon HSCT (Alam et al. 

2022). Therefore, treatment options for ADO2 patients are only symptomatic. Over the past 

years, the group of Anna Teti has developed an approach to silence the mutant CLCN7 allele in 

ADO2 by using small interfering RNA (siRNA). They designed siRNAs for the most abundant 

mutations in CLCN7 causing ADO2, namely p.G215R, p.R286W and p.R767W and subse-

quently tested whether these are capable to mediate degradation of mutant mRNA, which was 

indeed the case (Capulli et al. 2015). The wildtype mRNA was not affected by siRNAs. Only 

for p.G215R caused ADO2 a mouse model with the homologous Clcn7 mutation p.G213R was 

available for testing of the siRNA therapy in vivo. These mice develop an ADO2 bone pheno-

type which was significantly improved or fully rescued after siRNA delivery (Capulli et al. 

2015; Maurizi 2022). siRNA transfection mediates transient gene silencing; therefore, siRNA 

must be constantly redistributed to the OCs. This is very challenging, because of the location 

of OCs on or within the bones. Despite of optimizations regarding the delivery and stability of 

siRNAs, an effective treatment of ADO2 mice required administration three times a week (Mau-

rizi et al. 2023). This leads to a pricy therapy upon translation to human with a significant 

burden and likely tolerance problems due to multiple treatments per week. ADO2 mice initially 
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used for these experiments were based on a black 6 genetic background and were later shown 

to develop a mild phenotype of ADO2 in comparison to mice based on other backgrounds 

(Alam et al. 2017). In a recent study, the effect of siRNA therapy in ADO2 mice on 129S back-

ground was tested. ADO2 mice on 129S background develop the most severe form of ADO2 

compared to other mice. Even though mutant Clcn7 mRNA was downregulated in femurs of 

treated mice, bone turnover parameters were unchanged and the bone phenotype was not im-

proved in a convincing manner (Saffie-Siebert et al. 2024). This indicates that the siRNA ther-

apy at this state will likely not cure severely affected individuals which are in need for therapy.  

Taken together this highlights the need for effective therapies for ADO2 which allow not only 

transient but constant improvement of the condition.  

1.3 Gene therapies 

After completion of the Human Genome Project in the early 2000s leading to the first sequence 

of the human genome (International Human Genome Sequencing Consortium 2004), the in-

volved genes in hereditary diseases began to be solved shortly after. The reference genome and 

newly emerging next generation sequencing (NGS) methods has led to a steep increase of our 

knowledge on disease genetics. To date, the online mendelian inheritance in man (OMIM) da-

tabase lists almost 5000 genes with phenotype associated variants for over 7.500 phenotypes. 

This revolution of human genetics has opened new possibilities for the development of thera-

peutical strategies in genetic diseases which were poorly, or non-treatable before.  

The identification of a disease-causing mutation is crucial for development of genetic medi-

cines. Already before the completion of the human genome, genotype-phenotype relations were 

elucidated in many hereditary diseases. Scientists then proposed that a reversion of the mutation 

could possibly heal genetic diseases, a hypothesis that was tested in many hereditary diseases 

with elucidated cause soon after.  

1.3.1 Viral gene therapies 

Severe combined immunodeficiencies (SCIDs) are a group of lethal hereditary diseases which 

are characterized by absence of T-lymphocytes causing severe immunodeficiency. The X-linked 

form SCID-X1 is caused by mutations in the IL2RG gene encoding the interleukin 2 receptor 

gamma chain commonly shared among interleukin receptors of haematopoietic cells (Noguchi 

et al. 1993). SCID-X1 can be treated by allogeneic HSCT. It was considered as an ideal target 

for gene therapy in HSCs or lymphoid progenitor cells (LPCs) already in the 90s due to the life 

threatening complications of untreated patients, a selective advantage of LPCs, the long lifespan 

of T-cells and abundant expression of IL2RG in all haematopoietic cells (Cavazzana et al. 2016). 

This has led to the development of the first successful gene therapy to be tested in human in 

1999 based on a replication deficient gamma retroviral vector (GRV) which integrates a copy 

of IL2RG into the genome of HSCs. The ex vivo infection of patient HSCs with the therapeutic 

virus followed by reimplantation of the graft was able to rescue the phenotype in the first two 

treated SCID-X1 patients (Cavazzana-Calvo et al. 2000). The clinical trial was continued and 

quickly followed by another clinical trial using a different GRV but similar approach. Together, 

20 patients were treated in these two trials (10 each) of which 17 showed a rescue of the phe-

notype (Cavazzana et al. 2016). Unfortunately, 5 of the 20 treated patients developed T-cell 
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leukaemia 2-5 years after treatment, which was found to be caused by insertional oncogenesis 

of the GRV leading to activation of proto-oncogenes (Hacein-Bey-Abina et al. 2008).  

The detrimental side effects of the first clinically evaluated gene therapy have raised huge safety 

concerns on viral gene therapy and were a major setback on the way to the approval of the first 

gene therapy. It took many more years and significant improvements regarding the safety of 

viral delivery until the first market approval of a one-time ex vivo gene therapy was granted in 

Europe. The retroviral gene therapy Strimvelis is used for the treatment of adenosine deaminase 

(ADA) deficiency related SCID (ADA-SCID) and received market approval by the European 

Medicines Agency (EMA) in 2016 (Aiuti, Roncarolo, and Naldini 2017). This therapy uses 

replication deficient Moloney murine leukaemia virus (MMLV) as GRV to integrate the ADA 

gene and was found to have a good safety profile with no oncogenic events in the clinical trials 

(Aiuti et al. 2002; Cicalese et al. 2016). In 2017, the US Food and Drug Administration (FDA) 

granted approval to Luxturna marking another milestone in the development of gene therapies. 

Luxturna was the first approved viral gene therapy for treatment of a monogenic disorder in the 

USA. It is an adeno-associated virus (AAV) used to deliver a healthy RPE65 copy in vivo into 

retinal cells in the eye of patients suffering from RPE65-mediated retinal dystrophy in Leber 

congenital amaurosis (Miraldi Utz et al. 2018). The use of next generation viral vectors has 

increased the safety of viral gene therapies.   

The first wave of gene therapies entering the clinics relied on viral gene transfer. Besides safety 

concerns, viral gene therapies have a big disadvantage. The production of therapeutically rele-

vant quantities of pharmaceutical-grade virus is extremely expensive. A treatment with 

Zolgensma, an in vivo gene therapy for spinal muscular atrophy (SMA) based on AAV costs 1.9 

million euros and is considered the most expensive drug in Europe (Nuijten 2022). The ex-

tremely high cost of viral vector-based gene therapies has led to discontinuation of many clini-

cal candidates and even approved gene therapies such as Strimvelis by the developing compa-

nies due to a lack of commercial interest.  

1.3.2 Lentiviral gene therapy of autosomal recessive osteopetrosis 

Ex vivo gene therapy of autologous HSCs was proposed as an alternative treatment method for 

ARO (Figure 5), which is especially useful for those patients without a suitable HLA-matched 

donor for allogeneic HSCT. Even though haematopoiesis is compromised in ARO, HSCs can 

be isolated in sufficient numbers for gene therapy (Steward et al. 2005; Capo et al. 2021). Pre-

clinical development of ARO gene therapy has focussed on TCIRG1-dependent ARO, which 

represents the most common form of ARO. TCIRG1-dependent ARO can be rescued by trans-

plantation of wildtype HSC in mice. Interestingly, despite a relatively low engraftment rate of 

3-5 % in peripheral blood and an increase of bone resorption to 14 % compared to controls, the 

phenotype was almost completely reversed 4 weeks after transplantation in a study by Flores et 

al. (Flores et al. 2010). Mixing of ARO and wildtype HSCs and subsequent analysis of bone 

resorption in vitro revealed that 30 % of wildtype cells are sufficient to reach the resorption 

level of wildtypes, whereas 10 % lead to roughly half of the normal bone resorption (Thudium 

et al. 2016). These results clearly indicate the suitability of gene therapy for TCIRG1-ARO 

because already lower rates of corrected cells lead to a full rescue of the phenotype.  
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Figure 5: Current treatment of ARO by allogeneic HSCT and possible future treatments using 

ex vivo gene therapy and autologous HSCT.  Figure created with biorender.com 

Subsequently, two groups developed viral gene therapies for TCIRG1-ARO. A pivotal study 

carried out in osteopetrotic mice proofed the capability of GRV gene therapy delivering a 

TCIRG1 cDNA driven by spleen focus forming virus (SFFV) long terminal repeat (LTR). In 

this study, long-term survival of roughly half of treated mice with engraftment rates of 20 % 

was observed. The phenotype was almost completely reversed even though cells of treated mice 

only exhibited roughly 10 % of bone resorption compared to wildtype (Johansson et al. 2007; 

Moscatelli et al. 2020). The GRV was afterwards exchanged with a lentiviral vector (LV) which 

has a safer integration profile. To avoid insertional mutagenesis, strong viral promotors were 

also replaced by constitutive human promotors, namely the elongation factor 1Ŭ short (EFS) 

and phosphoglycerate kinase (PGK) promotors. Transduction of human ARO HSCs with a len-

tiviral EFS-TCIRG1 vector rescued bone resorption. Subsequent transplantation of transduced 

ARO HSCs in immunodeficient mice demonstrated successful engraftment of 35 % human 

cells. Analysis of bone resorption of transplanted mouse bone marrow cells showed a partial 

rescue of the resorption function (Moscatelli et al. 2018; 2020). The efficacy of the LV gene 

therapy was also proven in a mouse model of TCIRG1-ARO where 75 % of the treated mice 

survived long-term and showed a reversal of the osteopetrotic phenotype (Lºfvall et al. 2019). 

Another study used a PGK-TCIRG1 LV but a different protocol of HSC harvest and transduc-

tion of human HSCs with a clinically relevant protocol used in other ex vivo gene therapy clin-

ical trials. The PGK-TCIRG1 LV gene therapy rescued the phenotype of transduced ARO HSC-

derived osteoclasts (Capo et al. 2021). 
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The promising preclinical evaluation of LV ARO gene therapy has led to a first clinical phase I 

trial of the EFS-TCIRG1 LV candidate RP-L401. Shortly after the first ARO patient received 

the therapy, the patient died due to pulmonary haemorrhage. The clinical trial was discontinued 

afterwards (clinicaltrials.gov/study/NCT04525352, (Capo, Abinun, and Villa 2022)). Currently, 

there is no ongoing clinical trial for ARO gene therapy, highlighting the need for development 

of novel clinical candidates.  

1.3.3 Non-viral additive gene transfer with Sleeping Beauty transposase 

Viruses are well optimized for the infection of human cells and therefore allow for efficient 

transduction of cells which are intrinsically hard to transfect. However, safety concerns and the 

extremely high cost of viral gene therapies are disadvantages of this delivery method. DNA 

vectors such as plasmids are easy to produce in large scales and are relatively cheap. The chal-

lenge is to efficiently deliver and integrate DNA vectors into the genome of the target cells. A 

potential way to integrate DNA vectors into the genome is enzyme-driven transposition (Kebri-

aei et al. 2017).  

Transposons, also known as ójumping genesô, are mobile genetic elements. They usually consist 

of a gene encoding an enzyme, called transposase, flanked by recognition sequences, the in-

verted terminal repeats (ITRs). These ITRs are recognized by the transposase and allow to ex-

cise the transposon and insert it at another site in the genome (Wells and Feschotte 2020). This 

makes them a useful tool for stable integration of DNA vectors into the genome. Transposable 

elements make up a large proportion of the human genome and are important drivers of evolu-

tion (Senft and Macfarlan 2021). Therefore, the use of transposon systems which are present in 

the human genome would cause the transposition of intrinsic transposable elements. Due to the 

mutagenic potential of transposable elements, the transposases typically found in mammalian 

genomes, are very inefficient. The two most commonly used transposon systems to deliver 

transgenes are the Sleeping Beauty transposon system reconstituted from fish genomes and the 

insect transposon piggyBac (Ivics et al. 1997; Ding et al. 2005).  

The sleeping beauty transposase (SB) can be used to efficiently integrate large elements of over 

10 kb in human cells (Zayed et al. 2004). For this purpose, the transgene is flanked by the 

recognition sites of SB. These sequences recognized by SB are inverted repeats (IR) of two 

different direct repeats (DR). This signal, termed IR/DR signal, is roughly 220 bp in size (Cui 

et al. 2002; Ochmann and Ivics 2021). SB does not need to be encoded in the transposable 

element but can be delivered separately. Upon expression of SB, it binds to the DRs of the 

IR/DR signal resulting in a ring-like structure with four SB transposase units. The transposon 

is subsequently excised and later integrated at another genomic site harbouring a TA sequence 

motif (Ochmann and Ivics 2021). The insertion profile of SB is close to random and was found 

to be less susceptible to insertion into genes and cancer related genes compared to GRV and LV 

currently used in gene therapy (Monjezi et al. 2017). This proofs a good safety profile of SB 

transposition. 

SB transposition has been optimized in the past regarding both the version of SB transposase 

and the delivery of the transposon system. A hyperactive SB variant, called SB100X was cre-

ated by molecular evolution which had 100-fold increased activity. Plasmid delivery allowed 

to generate 35-50 % transgenic human CD34+ HSCs with long term engraftment potential in 
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immunodeficient mice (M§t®s et al. 2009). The delivery of SB100X is most efficient using in 

vitro transcribed mRNA whereas delivery of the transposon is highly efficient using minicircle 

DNA. Minicircles are small circular expression cassettes, which are produced by recombination 

from a plasmid. During recombination, the bacterial backbone of the plasmid is removed and a 

circular DNA consisting only of the expression cassette or gene of interest is obtained. Minicir-

cles are much better tolerated by the cells because they lack bacterial sequences which are rec-

ognized by cellular immune receptors and therefore increase transfection efficiency and de-

crease toxicity (Z.-Y. Chen et al. 2003). In T-cells, the molar ratio of SB100X mRNA and mini-

circle leading to highest transfection efficiency was determined at 4:1 (Monjezi et al. 2017).  

The high efficiency in generation of transgenic cells at a comparably low cost of vector produc-

tion, has led to several clinical trials using SB modified cells. These clinical trials were done 

using lymphocytes or T-cells for the development of chimeric antigen receptor (CAR) T-cells 

to treat cancer. Using SB and minicircle technology, the production cost of the therapeutic cells 

can be decreased by approximately 90 %. Additionally, the first clinical trials did not lead to 

oncogenic adverse effects. (Amberger and Ivics 2020). So far, none of these SB engineered cell 

therapies has obtained a market approval.    

1.3.4 CRISPR/Cas-based genome editing 

Clustered regularly interspaced short palindromic repeats (CRISPR) are found in bacterial and 

archaeal genomes and together with CRISPR associated (Cas) proteins they play a crucial role 

in the bacterial defense against viral infections (Barrangou et al. 2007). Upon degradation of a 

viral genome after infection, parts of the genome are integrated in the CRISPR regions and 

mediate protection against future infections with the same virus. These small integrated frag-

ments are then transcribed and the RNA is complexed with a Cas nuclease which uses the RNA 

template to recognize and cut the viral genome (Brouns et al. 2008). Upon the discovery of 

these RNA guided nucleases, scientists around Jennifer Doudna and Emmanuelle Charpentier 

quickly realized the potential of this system as a revolutionary molecular tool to edit literally 

any DNA sequence in the genome using the same CRISPR/Cas9 system simply guided by dif-

ferent RNA molecules (Jinek et al. 2012; Doudna and Charpentier 2014).  

Before the discovery of the CRISPR/Cas9 system, specific editing of genomic loci was only 

possible using tailor made proteins such as zinc finger nucleases (ZNFs) or transcription acti-

vator-like effector nucleases (TALENs). These had to be engineered for a specific locus which 

is challenging and time consuming. Using the CRISPR/Cas system, the Cas enzyme does not 

need to be changed for different loci. Cas enzymes bind to nucleic acids by complementarity of 

a CRISPR RNA (crRNA) transcribed from the CRIPSR region and mediate silencing or degra-

dation. In prokaryotes, this crRNA is complementary to e.g. viral sequences. In the Cas9 en-

zyme, one of several different Cas enzymes, the crRNA is complexed with a transactivating 

crRNA (tracrRNA). A Cas9 ribonucleoprotein is schematically shown in Figure 6A. The Cas9 

ribonucleoprotein (RNP) binds to double stranded DNA (dsDNA) in the protospacer region 

complementary to the sequence of the crRNA. Subsequently, the dsDNA is cleaved on both 

strands due to the conjunct action of two different endonuclease activities leading to a double 

strand break (DSB). crRNA and tracrRNA can be fused to a single RNA molecule referred to 

as guide RNA (gRNA) or single guide RNA (sgRNA) (Jinek et al. 2012; Knott and Doudna 

2018). The gRNA has a 20 nt long recognition motif which is complementary to the target 
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sequence called protospacer. This allows sequence specific edits in almost every locus of the 

genome. The only limiting prerequisite of the target locus is that Cas9 nucleases require a short 

sequence motif close to the protospacer, the protospacer adjacent motif (PAM), which differs 

depending on the type of Cas (Mojica et al. 2009). The structure of a locus recognized by the 

most used Cas9 protein from Streptococcus pyogenes (SpyCas9) is shown in Figure 6B. Spy-

Cas9 requires an NGG sequence at the 3ô end of the protospacer for cutting. The DSB is intro-

duced three nucleotides upstream of the PAM site as indicated by scissors in Figure 6B. (Knott 

and Doudna 2018; J. Y. Wang and Doudna 2023) 

 

Figure 6: The CRISPR/Cas9-system.  A: Cas9 ribonucleoprotein guided by the gRNA intro-

duces sequence specific DSBs. B: Sequence requirements of SpyCas9 and location of the cut 

site. Figure created with biorender.com. 

What makes CRISPR/Cas so special is its high efficiency of DSB generation at a specific locus 

given by the gRNA. Therefore, the gRNA selection is also crucial for specificity of the genome 

editing. In a study by Fu et al. the tolerance of Cas9 for mismatches was evaluated and found 

that already two mismatches are often not tolerated especially if they are proximal to the PAM 

(Y. Fu et al. 2013). However, in some cases editing with up to seven mismatches was observed 

(Pattanayak et al. 2013). Rational design can easily help to reduce off target edits when consid-

ering some of the following findings. Mismatches are better tolerated if they are located distal 

to the PAM. Hsu et al. proposed that gRNAs should have no off target with less than three 

mismatches followed by a PAM site. At least two mismatches should lie proximal to the PAM 

of the off target site and consecutive mismatches should be preferred (Hsu et al. 2013). Addi-

tionally, gRNAs with a high GC content may have many off target effects and should be avoided 

(Tsai et al. 2015). To date, online tools allow for easy identification of gRNAs with a favourable 

off target profile (Concordet and Haeussler 2018; J. Y. Wang and Doudna 2023). Genetic engi-

neering of Cas9 has also led to several high fidelity versions of the SpyCas9 which have an 

enhanced specificity and activity (Vakulskas et al. 2018) 
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The introduction of DSBs at specific sites in the genome is extremely useful for genome engi-

neering. The cellular repair mechanisms for DSBs can be exploited to knock-out genes, modify 

the sequence close to the DSB or to knock-in DNA sequences into the locus. DSB are predom-

inantly repaired by non-homologous end joining (NHEJ) which mediates ligation of free DNA 

ends. NHEJ is error prone and therefore often introduces or deletes bases during repair of DSBs. 

These small insertions or deletions, called InDels, can introduce frameshift mutations and there-

fore allow to easily generate gene knockouts (Sander and Joung 2014). In presence of a homol-

ogous template to the locus with DSB, homology directed repair (HDR) can be used by the cell 

to accurately repair DSB. This mechanism can be exploited to correct mutations, introduce 

small base changes or even small fragments of DNA into the DSB locus. The template must 

have homologous sequences aligning to the sides of the DSB and can contain additional se-

quences or small changes to the sequence which are then integrated at the target side by HDR 

(Ran et al. 2013). HDR is predominantly active during S-phase of the cell cycle where the sister 

chromatid can be used as template for repair. Therefore, it is restricted to actively cycling cells 

and can vary significantly among different cell types. It is also generally occurring at lower 

frequencies than NHEJ (Saleh-Gohari and Helleday 2004). Therefore, NHEJ based approaches 

are more efficient than HDR mediated strategies. HDR on the other hand is the more accurate 

approach.  

The combination of multiple gRNAs at a time allows for more efficient and better defined 

knockouts, even of slightly larger regions in the genome (Cong et al. 2013). NHEJ can also be 

exploited to knock in DNA into a specific locus independent from homology. This technology 

called homology independent targeted integration (HITI) is more efficient than HDR integra-

tion, but not as accurate regarding the exact integration at the locus (Suzuki et al. 2016). 

1.3.5 CRISPR/Cas applications in gene therapy  

The CRISPR/Cas9 system has allowed preclinical and clinical evaluation of gene therapies for 

many different diseases. For its use in gene therapy, Cas9 and gRNA need to be delivered to the 

target cell as well as the integration template in additive strategies. For this purpose, several 

different methods exist. Cas9 and gRNA can be distributed in form of DNA, RNA or as pre-

complexed ribonucleoprotein (RNP). For ex vivo gene therapies e.g. in HSCs or T-cells, DNA 

delivery is usually not considered for therapeutic editing of cells because prolonged Cas9 ex-

pression increases the risk of unwanted off target edits (X. Wu, Kriz, and Sharp 2014). Separate 

delivery of gRNA and Cas9 mRNA, or delivery of the Cas9-RNP is relatively easy with elec-

troporation. Ex vivo delivery however is only applicable for few cell types, which are easy to 

isolate and can be reimplanted such as HSCs or T-cells. But many diseases are caused by mu-

tations affecting tissues that cannot be isolated and reimplanted such as neurons. In vivo deliv-

ery of the components is much more challenging and is often accomplished using different viral 

vectors such as AAV or lentiviruses or nonviral delivery with lipid nanoparticles (Behr et al. 

2021). This study focusses on therapies for osteopetrosis which can be cured by HSCT. There-

fore, in vivo delivery methods will not be discussed here.   

In December of 2023, the FDA approved the first gene therapy based on CRISPR/Cas9 for the 

treatment of sickle cell disease (Philippidis 2024). Sickle cell disease is caused by the dysfunc-

tion of ɓ-globin due to HBB mutations. The therapy named Casgevy relies on autologous HSCs 

in which the erythroid specific enhancer region of the repressor of fetal haemoglobin expression 
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BCL11A is modified, leading to expression of fetal haemoglobin which is able to cure sickle 

cell disease (Frangoul et al. 2024). The therapy is now also approved for ɓ-thalassemia (Loca-

telli et al. 2024).  

HDR based approaches for ex vivo HSC gene therapy lag behind NHEJ-based knockout gene 

therapies in terms of clinical development. HDR based mutation correction or even sequence 

knock in have not yet reached therapeutically relevant efficiencies. This is mostly due to the 

fact, that long term engrafting HSCs are slow proliferating cells and have low rates of HDR 

(Ferrari et al. 2023). Optimizations in differentiated haematopoietic cells, such as T-cells how-

ever have reached up to 90 % HDR rates with recent optimizations (Shy et al. 2023).  

Due to the challenges of HDR mediated editing, more CRISPR-based methods have been es-

tablished in recent years, called next generation CRISPR. The most relevant next generation 

CRISPR methods are adenine base editors (ABEs), cytosine base editors (CBEs) and prime 

editors. All these methods rely on a modified Cas9 nickase (Cas9n), which only introduces 

single strand breaks or nicks. The Cas9n is coupled to an enzyme mediating the base editing or 

prime editing function. ABEs contain an adenosine deaminase which catalyses conversion from 

A to G at the locus defined by the gRNA (Gaudelli et al. 2017). In contrast, CBEs convert C to 

T by action of a cytidine deaminase (Komor et al. 2016). Therefore, base editors allow correc-

tion of certain mutations without introducing harmful DSBs. However, not all mutations can be 

corrected using base editors. Therefore, the group of David Liu aimed to develop a tool which 

can correct any small mutation and invented prime editing. Prime editing relies on a reverse 

transcriptase (RT) fused to Cas9n. By using a special prime editing gRNA, the pegRNA, the 

prime editor is guided to the intended locus and introduces a nick. Then, the pegRNA hybridizes 

with the nicked strand and serves as a primer for the RT. Subsequently, the RT reverse tran-

scribes the information encoded on the pegRNA and creates a DNA overhang which is then 

introduced into the locus by the DNA repair machinery. This not only allows edits regardless 

from the base, but also insertions (Anzalone et al. 2019). Base editors and prime editors do not 

rely on DSBs and DNA templates. Additionally, they donôt require inefficient HDR repair there-

fore allowing for much higher efficiency especially in non-dividing cells (Zeballos C. and Gaj 

2021). Despite the first description of base editors and prime editors less than ten years ago, the 

first clinical trials using base editors or prime editors have already been started in 2023 and 

2024, respectively (Naddaf 2023; óFDA Clears Prime Editors for Testing in Humansô 2024). 

1.3.6 Future perspectives of gene therapies 

In the last decade, the first gene therapies have entered the market. Currently, the FDA has 

approved 38 gene or cell therapies relying on genome editing methods. In the USA, currently 

over 100 ongoing phase III clinical trials for gene therapies are listed on www.clinicaltrials.gov. 

Therefore, more gene therapies are likely to enter the market in the upcoming years.  

The development of the CRISPR/Cas genome editing technology has already impacted gene 

therapies. With novel next generation CRISPR methods emerging, some challenges have al-

ready been overcome. Forty clinical studies using CRISPR methods are currently ongoing in 

the USA according to www.clinicaltrials.gov including six phase III studies. Therefore, it is 

expected that the future will hold great potential for the field of gene therapies using CRISPR 

methods.  

http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
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However, careful evaluation of individual gene therapies is needed to identify possible adverse 

effects including off target editing for example. The oncogenic effects of the first viral gene 

therapies have highlighted the importance of this procedure. To test and evaluate gene therapies, 

animal models are often not suitable. Interspecies variability of genomic sequence and function 

of affected proteins may not allow to test gene therapies in animals. Therefore, new model 

systems resembling human physiology are needed. The discovery of human induced pluripotent 

stem cells has opened many new possibilities for such models.  

1.4 Induced pluripotent stem cells 

Cells isolated from the late blastocyst during mouse embryogenesis were shown to be capable 

to differentiate into all three germ layers, namely endoderm, mesoderm and ectoderm.  There-

fore these cells are a possible source of any cell type in the organism, a feature referred to as 

pluripotency (Evans and Kaufman 1981; Martin 1981). These pluripotent cells were termed 

embryonic stem cells (ESCs).  After the discovery of mouse ESCs (mESCs), the first isolation 

of human ESCs (hESCs) from blastocysts donated after in vitro fertilization was shown in 1998 

(Thomson et al. 1998). ESCs were soon considered to be a powerful tool for developmental 

biology, regenerative medicine and many other fields. mESCs can be used to generate trans-

genic mouse models by in vitro editing of mESC cell lines (Robertson et al. 1986; Gossler et 

al. 1986). The use of hESCs comes along with ethical concerns regarding the embryonic origin 

of hESCs and is therefore strictly regulated and restricted to certain fields of research (Elstner 

et al. 2009). 

In 2006, Takahashi and Yamanaka showed for the first time, that somatic cells can be repro-

grammed to a pluripotent state by ectopic expression of the four transcription factors Oct3/4, 

Sox2, c-Myc and Klf4 in mouse fibroblasts (K. Takahashi and Yamanaka 2006). These repro-

grammed cells were termed induced pluripotent stem cells (iPSCs). Shortly after the first re-

programming of mouse iPSCs, Takahashi et al could show that the homologous factors OCT4, 

SOX2, c-MYC and KLF4 also allow reprogramming of human fibroblasts into iPSCs (K. 

Takahashi et al. 2007).  

1.4.1 iPSCs in regenerative medicine 

The possibility of generating patient specific stem cells has long been a critical hindrance to the 

development of regenerative tissues. In regenerative medicine, damaged tissues are meant to be 

replaced with healthy tissues. Due to the recognition of foreign cells and related immunological 

complications, transplantations are limited to matching donors. The generation of relevant cell 

types, tissues or even whole organs from patient derived stem cells for transplantation has be-

come one step closer to fulfilment after the groundbreaking discovery of iPSCs. However, the 

generation of a fully functional organ from iPSCs is extremely challenging and has not been 

achieved yet. However, significant advances in the development of complex iPSC-derived cell 

models, called organoids, have been made including multiple relevant cell types and vasculature 

(Z. Zhao et al. 2022; Adlakha 2023). In some diseases the pathology is mostly linked to one 

specific cell type. These diseases have been primary targets of iPSC-based cell replacement 

therapies and have led to some clinical trials to date (Cerneckis, Cai, and Shi 2024). Current 

therapeutic strategies based on iPSC-derived cells under clinical evaluation comprise transplan-

tation of ɓ-cells in type 1 diabetes (Ghoneim et al. 2024), dopaminergic neurons in 
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parkinsonism (Morizane 2023), retinal pigmented epithelial cells in age-related macular degen-

eration (Dehghan et al. 2022) and cardiomyocytes or myocardial tissue patches in heart failure 

(Zimmermann 2020; Eschenhagen, Ridders, and Weinberger 2022) among others.  

1.4.2 iPSC-based disease modelling 

Besides applications in regenerative medicine, the discovery of iPSCs has significantly im-

pacted the possibilities to model diseases and has proven to be especially useful to gain 

knowledge on genetic diseases. For this purpose, patient specific iPSCs are generated and dif-

ferentiated into functionally relevant cells, which can then be used to identify the disease mech-

anisms (Y. Shi et al. 2017). Over the years, several groups have published protocols to generate 

numerous different cell types from various organs including bone related cell types. With 

emerging genome editing technologies such as CRISPR/Cas, mutations can be easily induced 

in iPSCs and subsequently differentiated cell types (Hockemeyer and Jaenisch 2016). iPSCs 

represent a valuable source to generate large amounts of specific cell types using standardized 

protocols and conditions. This allows to generate sophisticated in vitro models, such as organ-

oids, which allowed to study complex physiological processes. These organoids recapitulate 

organ tissues including multiple relevant cell types, physiological environments and 3D archi-

tecture which allows to study disease mechanisms and physiological processes in a well-defined 

but physiologically relevant setting (Takebe and Wells 2019). iPSC derived disease models have 

been used to develop new therapeutic strategies and identify drug candidates for clinical use 

(Nicholson et al. 2022).  

1.4.3 Differentiation of iPSCs into OCs 

For the differentiation of iPSCs it is useful to look at the developmental origin of the cell type 

of interest. As explained in detail in chapter 1.1.6, OCs differentiate from MNCs or MCs which 

arise from the haematopoietic lineage. Haematopoietic progenitors first appear in the yolk sac 

and arise from mesodermal cells in multiple waves during embryogenesis (Kauts, Vink, and 

Dzierzak 2016; Calvanese and Mikkola 2023). Therefore, OCs also have multiple developmen-

tal origin. In early embryogenesis, the first OCs arise from erythro-myeloid progenitors (EMPs) 

formed during primitive haematopoiesis via MCs (Jacome-Galarza et al. 2019; Yahara et al. 

2020). At later stages, OCs differentiate from MNCs arising from HSCs formed during defini-

tive haematopoiesis.  

For differentiation of iPSCs into OCs, MNC or MC need to be differentiated as intermediate 

step (Yahara et al. 2022). For this purpose, mesodermal differentiation of iPSCs is induced. This 

is typically done by formation of a 3D structure called embryoid body and a cocktail of cyto-

kines in the culture medium which together induce mesodermal differentiation. A protocol al-

lowing for efficient induction of mesodermal differentiation was established by the laboratory 

of Uwe Kornak and relies on EB formation in presence of the cytokines BMP4, vascular endo-

thelial growth factor (VEGF) and stem cell factor (SCF) on ultra-low attachment plates for four 

consecutive days (Rºssler et al. 2021). Lachmann et al. identified that EBs cultured in serum-

free medium undergo haematopoietic specification in presence of interleukin 3 (IL3) and dif-

ferentiation into monocyte and macrophage lineages in presence of IL3 and M-CSF (Lachmann 

et al. 2015). The combination of EB formation with BMP4, VEGF and SCF and subsequent 

haematopoietic specification to monocyte and macrophage lineages in presence of IL3 and M-
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CSF yields suspension cells resembling characteristics of monocytes. These iPSC derived MNC 

(iMNC) arise over several weeks and can be differentiated into iPSC-derived OCs (iOCs) 

(Rºssler et al. 2021). iMNCs were found to be less mature than peripheral blood MNCs and 

maturated over time. iMNCs could be equally differentiated to iOCs than primary cells by cul-

ture in presence of RANKL and M-CSF. The differentiated iOCs exhibited typical OC charac-

teristics in term of morphology, gene expression and bone resorption function but appeared to 

be larger compared to OCs from MNCs isolated from peripheral blood. Rºssler et al postulated 

that iOCs are immature compared to peripheral blood derived OCs and therefore may resemble 

the characteristics of more immature bone marrow OCs (Rºssler et al. 2021).    

1.4.4 Differentiation of iPSCs into MSC-like cells 

The developmental origin of mesenchymal precursor cells involved in the formation of bones 

are even more diverse than the origin of OCs. Most osteogenic precursors or MSCs arise from 

the mesodermal lineage, but parts of the skull and facial bones are formed by MSCs originating 

from the neural crest. Most bones from the central body such as ribs, vertebrae and scapulae 

are formed by cells originating from the paraxial mesoderm. The bones found in the limbs orig-

inate from the lateral plate mesoderm. (Tani et al. 2020; Galea et al. 2021) 

Therefore, several pathways to differentiate MSCs from iPSCs exist. Additionally to well de-

fined differentiation pathways via neural crest, paraxial mesoderm and lateral plate mesoderm, 

several undirected approaches were published which yield MSCs ranging from simple culture 

of iPSCs in MSC medium to undirected EB formation and outgrowth (Jiang et al. 2019). Undi-

rected differentiation has significant disadvantages in terms of reproducibility especially when 

different iPSC lines are used, therefore the focus of this study was set on directed differentiation 

of iPSC using both neural crest and paraxial mesoderm differentiation pathways.  

During embryonic development, the neural crest arises from the neural tube of the ectoderm 

(Gilbert 2000). Neural crest cells (NCCs) can differentiate into a population of MSCs, the ec-

tomesenchyme. This mechanism was exploited by Fukuta et al. to develop NCC derived MSCs 

from iPSCs (NCC-iMSC) and ESCs. NCC can be differentiated from iPSCs in a single step 

protocol by inhibition of TGF-ɓ signalling and activation of Wnt signalling. This can be 

achieved by small molecule inhibition of TGF-ɓ using SB431542 and inhibition of glycogen 

synthase kinase 3 (GSK3) using CHIR-99021, which causes Wnt activation. After one week, 

Fukuta and colleagues obtained 70-80 % NCCs which they further differentiated into NCC-

iMSCs by reseeding the cells and subsequent culture in MSC medium comprising alpha mini-

mal essential medium (alphaMEM) and fetal bovine serum (FBS). NCC-iMSCs exhibited MSC 

morphology, largely overlapping transcriptomes and trilineage potential. (Fukuta et al. 2014) 

The paraxial mesoderm is one of three mesodermal subgroups. The differentiation of the mes-

oderm into its subgroups paraxial, intermediate and lateral plate mesoderm is controlled by 

BMP signalling. During further differentiation, the paraxial mesoderm generates somites which 

comprise the sclerotome and the dermomyotome. The sclerotome contains MSCs which form 

the bones of the central body, whereas the dermomyotome gives rise to muscles and the dermis 

of the back (Tani et al. 2020). Therefore, induction of the sclerotome is a possible route of 

differentiation for MSCs from iPSCs and was shown by Nakajima and colleagues (Nakajima et 

al. 2018). In a study by Shahriyari et. al, skeletal muscle organoids were generated from the 
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dermomyotome. They achieved paraxial mesoderm induction using Wnt activation with CHIR-

99021 and BMP inhibition by LDN-193189 as well as addition of fibroblast growth factor 2 

(FGF2). The paraxial mesoderm was then further differentiated by cultivation with FGF2, 

hepatocyte growth factor (HGF) and the Notch-1 inhibitor DAPT which successfully induced 

somitogenesis. For skeletal muscle generation, the cells were further differentiated into the my-

otome. During and after somitogenesis, Shahriyari et al. identified a cluster of cells resembling 

the sclerotome in this differentiation protocol (Shahriyari et al. 2022). Therefore, this protocol 

may be adapted to isolate MSCs from the sclerotome at intermediate steps.  

1.5 Advanced in vitro bone models 

Complex in vitro models, such as organoids, have been developed recapitulating the physiolog-

ical appearance of several tissues and organs (Z. Zhao et al. 2022). Organoids can be seeded in 

3D matrices such as hydrogel with predefined cell configurations and often self-organize within 

these structures. The 3D organization of cells in a tissue and the surrounding matrix have been 

identified as crucial factors for biomimetic appearance and function of many cell types and 

tissues (Jensen and Teng 2020). With growing complexity and size of organoid structures, the 

supply of nutrients and oxygen is often limited by the missing vasculature (X. Zhao et al. 2021). 

Microfluidic flow systems can help to overcome this issue by providing sufficient supply of 

nutrients and oxygen by creating a flow of the growth medium in the tissue. This does not only 

allow to generate larger organoids but also influences the cells due to applied shear force. The 

flow can help to stimulate tissues and generate gradients (Saorin, Caligiuri, and Rizzolio 2023). 

Ultimately, the development of a tissue in a microfluidic chamber called organ-on-a-chip allows 

to connect different tissue models with each other which enables modelling of complex pro-

cesses involving multiple organs and organ-organ crosstalk. This multiple organ model is com-

monly referred to as human-on-a-chip and holds promise especially for drug discovery to pre-

dict adverse effects (Ingber 2022).  

Cell-cell interactions are especially important in bone tissues as explained earlier. Therefore, 

the co-culture of bone related cells in their natural environment is interesting to study. However, 

bones are intrinsically difficult to study because of their composition. This has also complicated 

the development of Bone-on-a-chip models (Mansoorifar et al. 2021). Whereas many organ 

models can be 3D printed in a matrix using collagen or hydrogels, bone tissue poses the chal-

lenge of its matrix mineralization. A mineralized tissue is not only hard to print but also difficult 

to study using optical methods. Furthermore, the composition of the bone matrix is complex 

but important. Additionally, bone tissue comprises many different cell types, with some of them 

being challenging to isolate or generate in vitro such as osteocytes. Ultimately, mechanical load 

plays a crucial role in the homeostasis of bone tissues which poses another challenge for rele-

vant bone-on-a-chip models (Y. Zhang et al. 2023). 

Most of the studies which have applied 3D culture to bone related cells have focussed on 3D 

bioprinting using native or synthetic matrix materials and have mostly addressed cell matrix 

interactions. These studies are often used for the development of matrix materials useful for 

regenerative medicine. The used matrices often rely on simplified polymers and minerals such 

as calcium phosphate ceramics, synthetic hydroxyapatite or ɓ-tricalcium phosphate. These 

compositions do not recapitulate the complexity of human bone which comprises over 200 non-

collagenous proteins and important growth factors (Mansoorifar et al. 2021). Additionally, 3D 
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bone models often rely on cell lines, animal or human primary cells. The availability of human 

primary cells is limited especially regarding bone marrow MSCs whereas animal cells or cell 

lines cannot recapitulate human cells in all terms. This issue can be overcome by the use of 

iPSC-derived bone related cells (Jeon et al. 2016). Current bone models focus on the main cell 

types involved in bone remodelling such as OBs, MSCs and OCs. However, bone is a multicel-

lular tissue including many other cell types which makes modelling complex and difficult (Y. 

Zhang et al. 2023). Most importantly, bones house the bone marrow. So far, models have inde-

pendently addressed either bone or bone marrow but not the interplay between these cell types 

which is indeed crucial for bone homeostasis (Glaser et al. 2022).   

Taken together, there is still no bone-on-a-chip model which fully recapitulates all components 

of the bone namely 3D architecture, involved cell types including bone marrow, mechanical 

load and matrix composition. This highlights the need for more sophisticated bone models to 

further elucidate the mechanisms of bone remodelling, homeostasis and disease.   

1.6 Aim of the project 

Pathogenic mutations in the CLCN7 gene encoding the chloride/proton transporter ClC-7 cause 

autosomal dominant osteopetrosis type 2 and lethal autosomal recessive osteopetrosis. ARO 

can be cured by HSCT, but this treatment is limited to a suitable donor and still bears a risk of 

serious adverse events and mortality. Therefore, it is only applicable in patients with life threat-

ening ARO but not for patients with intermediate ARO or ADO2. For ADO2 and intermediate 

ARO, no curative treatment is available.  

In this study, new approaches for the treatment of ARO and ADO2 will be tested, and functional 

outcomes will be evaluated in vitro. These strategies comprise an allele specific knockout of 

the mutated allele using CRISPR/Cas9 for the most abundant CLCN7 mutation in ADO2 pa-

thology, p.G215R. For this purpose, patient-derived MNCs will be used to test efficacy of this 

approach.  

For the treatment of ARO, two different strategies will be tested. The first strategy is a 

CRISPR/Cas-based correction of two disease causing mutations. The second strategy is an ad-

ditive gene transfer based on the Sleeping Beauty transposon system in combination with mini-

circle technology, which aims to provide a functional copy of the CLCN7 coding sequence 

(CDS) driven by a strong promotor to compensate the loss of function in ARO. Due to the 

severity of the disease, its manifestation in early childhood and its low incidence, patient mate-

rial is only available in very limited quantities. Therefore, therapeutic strategies for ARO will 

be evaluated in patient derived iPSCs in our previously published ARO cell line BIHi002-A 

(Hennig et al. 2019). The iPSC will afterwards be differentiated by an established protocol of 

iPSC to osteoclast differentiation (Rºssler et al. 2021) to functionally evaluate the therapeutic 

benefit.  

Gene therapies are difficult to test in animal models due to interspecies differences. Therefore, 

another part of this project is the development of a bone-on-a-chip model for preclinical evalu-

ation of therapeutic strategies for bone diseases including the gene therapy approaches. This 

project is carried out in cooperation with the group from Sven GeiÇler at Charit® ï Universi-

tªtsmedizin Berlin. For modelling of genetic bone diseases, a suitable cell source needs to be 

established. For this purpose, protocols for the generation of freezable iPSC-derived precursors 
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of iMSC/iOBs and iOCs will be established and evaluated. iOC differentiation is already estab-

lished in our lab, but freezing of iOC precursors was not achieved yet.   

Differentiation of iPSCs into iMSCs is not yet established. For this purpose, two different strat-

egies will be tested, neural crest-derived iMSCs and sclerotome-derived iMSCs. These differ-

entiations will be established and subsequently, the cells will be extensively characterized in 

this study. The best differentiation route will be used for the generation of larger quantities of 

iMSC.   

iMSCs and iOC precursors will then be shipped to our cooperation partners, where they will be 

tested in dynamic co culture on decellularized human bone scaffolds. This bone-on-a-chip 

model aims to contribute to the field of advanced bone models by implementation of the iPSC 

technology and a highly relevant human bone matrix. The use of iPSC-derived cells will not 

only allow better reproducibility of experiments due to the standardized source of cells, but also 

modelling of genetic diseases and gene therapy strategies by genomic engineering of iPSCs and 

their derivatives. 
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2. Material and methods 

2.1 Materials 

2.1.1 Primers 

Table 1: Primer sequences 

Name Sequence Application 

CLCN7 Ex10 TIDE F CGCTTTTCGTTAGAGGGTAGAGG TIDE analysis 

CLCN7 Ex10 TIDE R ACCATGCCCACCACCAACTC TIDE analysis 

CLCN7 Ex14 TIDE F GGGATGGATGGGATTTCCTGTAAG TIDE analysis 

CLCN7 Ex14 TIDE R AGAGCCAGGCGGTGAAGGTT TIDE analysis 

CLCN7 Ex7 TIDE F CCACTACCACGACAGCTTCCA TIDE analysis 

CLCN7 Ex7 TIDE R GTGTCTGCTGCTCTCCTCAGC TIDE analysis 

B2M TIDE F AGCCTTAATGTGCCTCCAGC TIDE analysis 

B2M TIDE R CCGAAAGGGGCAAGTAGCG TIDE analysis 

CLCN7 Ex10 DeepSeq 

F 
CATGTCGTACAGGCCCTCAAT Deep sequencing 

CLCN7 Ex10 DeepSeq 

R 
GAGACCGTTCCTTCCAACACA Deep sequencing 

CLCN7 Ex14 DeepSeq 

F 
CCGCACTTTTCCTCCGGT Deep sequencing 

CLCN7 Ex14 DeepSeq 

R 
AGGAGTGTAAACCCCATTCCAC Deep sequencing 

CLCN7 Ex7 DeepSeq F GGCTTTCATAGAGCCGGTG Deep sequencing 

CLCN7 Ex7 DeepSeq R ATCATCGGCCCTTCCTTTCCC Deep sequencing 

CLCN7 Ex 6 

CopyNumber F 
ACTGTCCTTCTCCCTGTTGC Copy number analysis 

CLCN7 Ex 7 

CopyNumber R 
TGAGGAAGCACTTGATCTGG Copy number analysis 

CLCN7 Ex 19 

CopyNumber F 
AGCAACGTGACCTACGGCTT Copy number analysis 

CLCN7 Ex20 

CopyNumber R 
CATGTCGTACAGGCCCTCAAT Copy number analysis 

ALB CopyNumber F TGTTGCATGAGAAAACGCCA Copy number analysis 

ALB CopyNumber R GTCGCCTGTTCACCAAGGAT Copy number analysis 

F8 CopyNumber F CTACCATCCAGGCTGAGGTTTATG Copy number analysis 

F8 CopyNumber R CACCAACAGCATGAAGACTGACA Copy number analysis 

POLR2A qRT-PCR F 
GCTGGAGCTGGATCGGAA-

GCACAT 
qRT-PCR 

POLR2A qRT-PCR R CGATGCAGCGCAGGAAGACAT qRT-PCR 

CLCN7 Ex19 qRT-PCR 

F 
AGCAACGTGACCTACGGCTT qRT-PCR 

CLCN7 Ex20 qRT-PCR 

R 
CATGTCGTACAGGCCCTCAAT qRT-PCR 

OSTM1 qRT-PCR F CCTTGCAGTGACACAGTGCCT qRT-PCR 

OSTM1 qRT-PCR R TGGACTTGAGACGTTTGGGCAG qRT-PCR 
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OCT4 qRT-PCR F 
GACAGGGGGAGGGAG-

GAGCTAGG 
qRT-PCR 

OCT4 qRT-PCR R 
CTTCCCTCCAACCAGTT-

GCCCCAAAC 
qRT-PCR 

SOX2 qRT-PCR F 
GGGAAATGGGAGGGGTGCAAAA-

GAGG 
qRT-PCR 

SOX2 qRT-PCR F 
TTGCGTGAGTGTGGATGG-

GATTGGTG 
qRT-PCR 

NGFR qRT-PCR F AACTCCACAGCGACAGTGGCATC qRT-PCR 

NGFR qRT-PCR R GAGAAGCTTCTCCACCTCCTC qRT-PCR 

TFAP2A qRT-PCR F 
TAGTAGAGGGAGAA-

GCTGTCCACC 
qRT-PCR 

TFAP2A qRT-PCR R AGCAGGTCGGTGAACTCTTTGC qRT-PCR 

RHOB qRT-PCR F ATCCCCGAGAAGTGGGTCC qRT-PCR 

RHOB qRT-PCR R CGAGGTAGTCGTAGGCTTGGA qRT-PCR 

SOX10 qRT-PCR F CTCTGGAGGCTGCTGAACGAAAG qRT-PCR 

SOX10 qRT-PCR R CCAAGTGGGCGCTCTTGTAGTG qRT-PCR 

RUNX2 qRT-PCR F CTCCTACCTGAGCCAGATGA qRT-PCR 

RUNX2 qRT-PCR R CGGGGTGTAAGTAAAGGTGG qRT-PCR 

ENG qRT-PCR F GCTTGTTGCGCATTTGAAGTGC qRT-PCR 

ENG qRT-PCR R CACCGCCTCATTGCTGATC qRT-PCR 

CD44 qRT-PCR F 
GAGACCTG-

CAGGTATGGGTTCATAG 
qRT-PCR 

CD44 qRT-PCR R GGTGGAGCTGAAGCATTGAAGC qRT-PCR 

NT5E qRT-PCR F GGCTGCTGTATTGCCCTTTG qRT-PCR 

NT5E qRT-PCR R TACTCTGTCTCCAGGTTTTCGG qRT-PCR 

THY qRT-PCR F GGTCCTCTACTTATCCGCCTTC qRT-PCR 

THY qRT-PCR R CAGTTTGTCTCTGAGCACTGTG qRT-PCR 

CA5B OffTarget F GTCATAGCAGGCTGAATGGAC Off target analysis 

CA5B OffTarget R GTCAGTAATTTCTAGCTGATGGGC Off target analysis 

OR12D1 OffTarget F CTGGTCACGGAATAGCTGAG Off target analysis 

OR12D1 OffTarget R AATCTCAGCCCCAGGCTG Off target analysis 

GSG1 OffTarget F AGTGCTTTGGAAGTGTAGAGG Off target analysis 

GSG1 OffTarget R GAACCAGCCATGTTCTTCCAG Off target analysis 

ZBED5 OffTarget F ACTGTTCTGGCTCCCAGGAG Off target analysis 

ZBED5 OffTarget R TCCCTGATTGAGCTCATGGT Off target analysis 

EPS15 OffTarget F 
CTCTCTTCAAGTCTTATTTAA-

GAGCC 
Off target analysis 

EPS15 OffTarget R CTCATCTATTATGAGCTAAACAC Off target analysis 

 

2.1.2 Instruments 

Table 2: Instruments 

Instrument Manufacturer Application 

Rebel Microscope Echo 
Widefield microscopy, cell 

counting 

Revolve Microscope Echo 
Widefield and fluorescence 

microscopy 
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QuadroMACS Separator Miltenyi Biotec MACS isolation 

NanoDrop Thermo Fisher Scientific Photometric applications 

EPOCH2 plate reader BioTek ELISA, AP assay 

MrFrosty Nalgene Cell freezing 

QuantStudio 5 Applied Biosystems 
qRT-PCR, copy number 

analysis 

C1000 Touch  

Thermal Cycler 
Bio-Rad PCR 

Gel Doc Nippon Genetics Europe Gel electrophoresis 

ChemiDoc Touch Imaging 

System  
Bio-Rad Western blot 

LSR Fortessa X20 BD Biosciences Flow cytometry 

4D-Nucleofector with X-

Unit 
Lonza Transfection iPSCs & MNCs 

Trans-Blot Turbo Transfer 

System 
Bio-Rad Western blot 

2.1.3 Kits 

Table 3: Kits 

Kit Manufacturer Application 

RNeasy Mini Kit Qiagen RNA isolation 

QIAShredder Qiagen RNA isolation 

RevertAid First Strand 

cDNA synthesis kit 
Thermo Fisher Scientific cDNA synthesis 

DNeasy Blood&Tissue Kit Qiagen DNA isolation from cells 

NucleoSpin Plasmid Mini 

Kit 
Macherey-Nagel Miniprep 

NucleoBond Xtra Midi Kit Macherey-Nagel Midiprep 

QIAquick Gel Extraction Kit Qiagen Gel extraction 

Gibson Assembly Cloning 

Kit 
New England Biolags Gibson cloning 

MSC Duraclone SC Mesen-

chymal Stem Cell 
Beckman Coulter Flow cytometry MSCs 

Inside Stain Kit Miltenyi Biotec Flow cytometry 

Crosslaps for Culture CTX-I 

ELISA kit 
IDS  CTX-I ELISA 

P3 Primary Cell 4D-Nu-

cleofector X Kit S 
Lonza Transfection iPSC & MNCs 

Platinum SuperFi DNA Pol-

ymerase 
Thermo Fisher Scientific PCR 

HOT FIREpol EvaGreen 

qPCR Supermix 
Solis Biodyne qRT-PCR 

StemDiff Neural Crest Dif-

ferentiation Kit 
STEMCELL Technologies NCC differentiation 

MC-Easy Minicircle DNA 

Production Kit 
System Biosciences Minicircle production 

EndoFree Plasmid Maxi Kit Qiagen Minicircle production 

Pierce BCA Protein Assay 

Kit 
Thermo Fisher Scientific Protein quantification 
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Rapid DNA Ligation Kit Thermo Fisher Scientific Ligation 

QuantiNova Sybr Green 

PCR Kit 
Qiagen Copy number analysis 

 

2.1.4 Chemicals 

Chemicals were obtained from Sigma-Aldrich, Merck or Carl Roth if not stated otherwise. 

Table 4: Chemicals 

Chemical Manufacturer Application 

Thiazovivin STEMCELL Technologies 
iPSC differentiation and 

freezing 

Gibco ɓ-mercapto-ethanol 

55 ÕM 
Thermo Fisher Scientific Myeloid differentiation 

10 % BSA stock solution Miltenyi Biotec Buffers 

PrestoBlue cell viability rea-

gent 
Thermo Fisher Scientific AP assay 

NBT/BCIP Stock Solution Roche AP staining 

Fast Gene Agarose Nippon Genetics Europe Gel electrophoresis 

GelRed Nucleic Acid Stain 

10,000X 
Biotium Gel electrophoresis 

GeneRuler 100 bp / 1 kB Thermo Fisher Scientific Gel electrophoresis 

6x DNA Loading Buffer Thermo Fisher Scientific Gel electrophoresis 

QuickExtract DNA extrac-

tion solution 
Lucigen 

DNA extraction from small 

cell numbers 

Phalloidin AlexaFluor488 Thermo Fisher Scientific OC staining 

Fluoromount G Corning OC staining 

WesternBright Chemilumi-

nescence Substrate 
Biozym Scientific Western blot 

 

2.1.5 Cell culture materials 

Table 5: Cell culture materials 

Material Manufacturer Application 

Matrigel Matrix Growth 

Factor Reduced 
Corning 

Coating of cell culture ves-

sels 

Gibco DPBS (sterile, w/o 

Ca2+/Mg2+) 
Thermo Fisher Scientific diverse 

Gibco StemFlex Thermo Fisher Scientific iPSC culture 

Gibco Essential8 Thermo Fisher Scientific iPSC culture 

mTeSR1 STEMCELL Technologies iPSC culture 

UltraPure 0.5 M EDTA, pH 

8.0 
Thermo Fisher Scientific iPSC culture, buffers 

Cell culture grade DMSO Sigma-Aldrich Cell freezing 

Gibco TrypLE Select Thermo Fisher Scientific Cell detachment 

Gibco StemPro Accutase Thermo Fisher Scientific Cell detachment 

X-Vivo 15 Lonza Myeloid differentiation 
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Gibco Penicillin/Streptomy-

cin 
Thermo Fisher Scientific Cell culture media 

Gibco GlutaMAX supple-

ment 
Thermo Fisher Scientific Cell culture media 

EmbryoMax 0.1 % Gelatin 

Solution 
Merck 

Coating of cell culture ves-

sels 

Synth-a-Freeze cryoconser-

vation medium 
Thermo Fisher Scientific Macrophage freezing 

Gibco 0.4 % TrypanBlue Thermo Fisher Scientific Cell counting 

AlphaMEM eagle modifica-

tion 
PAN biotech Cell culture media 

FBS superior Sigma-Aldrich Cell culture media 

Histopaque-1077 Sigma-Aldrich Isolation of PBMCs 

Pan Monocyte Isolation Kit, 

human 
Miltenyi Biotec Isolation of MNCs 

 

2.1.6 Consumables 

All plastic ware and consumables were obtained from Labsolute, Greiner or Starlab if not stated 

otherwise. 

Table 6: Other consumables 

Material Manufacturer Application 

Matrigel Corning 
Coating of cell culture ves-

sels 

Ultra-low attachment 96-

well plates 
Corning EB formation 

8-well chamber, removable ibidi OC culture 

Bovine cortical bone slices 

0.4 mm 
Boneslices.com Bone resorption assay 

LS columns Miltenyi Biotec Isolation of MNCs 

384-well qPCR plates and 

foils 
Thermo Fisher Scientific 

qRT-PCR & copy number 

analysis 

Tissue culture treated 6-well 

plates 
Corning OC differentiation for RNA 

4-20 % Mini PROTEAN 

TGX Precast Gel 
Bio-Rad Western blot 

PVDF membrane Bio-Rad Western blot 

 

2.1.7 Enzymes 

Table 7: Enzymes 

Enzyme Manufacturer Application 

Shrimp thermosensitive Al-

kaline Phosphatase 
Promega 

Sanger sequencing of PCR 

products 

Exonuclease I New England Biolabs 
Sanger sequencing of PCR 

products 
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Fast Digest restriction en-

zymes 
Thermo Fisher Scientific Restriction cloning 

Alt-R S.p. Cas9 Nuclease 

V3 
IDT ARO mutation correction 

Alt-R S.p. HiFi Cas9 Nucle-

ase V3 
IDT G215R knockout 

2.1.8 Bacteria 

Table 8: Bacterial strains 

Bacteria Manufacturer Application 

E. coli TOP10 chemo com-

petent cells 
Thermo Fisher Scientific 

Transformation, cloning, 

plasmid production 

E. coli ZYCY10P3S2T 

chemo competent minicircle 

producer strain 

System Biosciences Minicircle production 

 

2.1.9 Cytokines 

All cytokines were recombinant human cytokines produced in E. coli and obtained from Pepro-

tech if not stated otherwise. Recombinant human M-CSF was obtained from R&D systems. 

Recombinant human insulin was obtained from Sigma-Aldrich. Cytokines were reconstituted 

according to the manufacturerôs instructions and stored at -20 ÁC for short term, or at -80 ÁC for 

long term storage. 

2.1.10 sgRNAs 

All sgRNAs were lyophilized CRISPRevolution sgRNAs synthesised by Synthego. sgRNAs 

were reconstituted to 2 Õg/ÕL in TE buffer and stored at -80 ÁC. 

Table 9: Sequences of sgRNAs 

Name Sequence 5ô-3ô Target 

C7E10 gRNA cactccggccgcagcctctg Mutated CLCN7 Exon 

10 

C7E14 gRNA tcctcacctgatttgaaaca Mutated CLCN7 Exon 

14 

C7E7 G215R gRNA gatcaagtgcttcctcaaca Mutated CLCN7 Exon 7 

B2M gRNA ggccacggagcgagacatct B2M 

 

2.1.11 Software 

Table 10: Software 

Software Developer Application 

FIJI FIJI community Image analysis 

Inkscape Inkscape community Generation of figures 

Benchling Benchling.com In silico DNA works 
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FlowJo 
FlowJo LLC/ BD biosci-

ences 
Analysis of flow cytometry 

ImageLab Bio-Rad Western blot 

Biorender ScienceSuite Inc Generation of figures 

GraphPad Prism 10 GraphPad Software 
Analysis of data and genera-

tion of figures 

 

2.2 Methods 

2.2.1 Molecular biology 

2.2.1.1 DNA isolation 

2.2.1.1.1 Column based DNA isolation 

Adherent cells were washed with DPBS and harvested using either enzymatic detachment or 

were physically detached using a cell scraper. For suspension cells, a suitable number of cells 

was washed once with DPBS using centrifugation and resuspended in DPBS. Cell suspension 

was transferred to a microcentrifuge tube and centrifuged at max speed for 1 min. The super-

natant was carefully removed. Cell pellets were either stored at -20 ÁC or immediately isolated. 

DNA isolation was performed with the DNeasy Blood and Tissue kit following the instructions 

for cultured cells. Recommended additional wash steps were carried out. Elution was performed 

using 50 ÕL of elution buffer to obtain higher concentrated DNA samples. The concentration 

was determined using a NanoDrop. Samples were stored at -20 ÁC.  

2.2.1.1.2 QuickExtract of DNA 

QuickExtract was used to obtain DNA from transfected MNC/MCs on 96-well plate. 1 or 2 96-

wells were used. Medium was aspirated and cells were washed with DPBS. Then, 35 ÕL 

QuickExtract solution were added onto the cell layer and incubated for 30 min at room temper-

ature. The solution was then transferred to a PCR tube and incubated for 6 min at 65 ÁC and for 

2 min at 98 ÁC.  

2.2.1.2 RNA isolation 

For RNA isolation from tissue culture or primary cell samples, the Qiagen RNeasy Mini Kit 

combined with the Qiagen QiaShredder was used. Cells were lysed in RLT buffer without added 

ɓ-mercapto ethanol according to the manufacturerôs instructions regarding cell number and vol-

ume of lysis buffers. After cell lysis, the lysate was transferred to a QiaShredder column and 

centrifuged in a microcentrifuge for 1 min at max speed. The column was removed and samples 

were either stored at -80 ÁC or isolated immediately. If frozen lysates were used, the lysates 

were thawed at 37 ÁC before proceeding with RNA isolation. RNA isolation was carried out 

according to the manufacturerôs instructions. Elution was performed with 30 ÕL RNase free 

water. RNA concentrations and quality were determined at a NanoDrop. RNA was stored at -

80 ÁC.  

2.2.1.3 PCR 

The PlatinumTM SuperFiTM DNA Polymerase mastermix was prepared according to Table 11. 

The PCR was performed according to the cycling protocol in  
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Table 12 in 8-well PCR strips on a PCR Cycler. The annealing temperature was modified ac-

cording to the obtained results between 60 and 65 ÁC. PCR products were analysed using aga-

rose gel electrophoresis. 

Table 11: Mastermix for SuperFi PCR reactions 

Ingredient Volume [ÕL] 

5x Buffer 5 

5x GC Enhancer 5 

10 mM dNTPs 0.5 

10 ÕM Forward Primer 1.25 

10 ÕM Reverse Primer 1.25 

DNA Polymerase 0.25 

Template Variable 

Nuclease free Water Ad 25 ÕL 

 

Table 12: Cycling protocol for SuperFi PCR 

Step Temperature [ÁC] Time Cycles 

Initial Denaturation 98 30 sec 1 

Denaturation 98 10 sec 

30 Annealing 60-65 10 sec 

Elongation 72 10 sec/kb 

Final extension 72 5 min 1 

 

2.2.1.4 Agarose gel electrophoresis 

1 % agarose was dissolved in 0.5X TBE buffer by heating the solution. Afterwards, GelRed 

was added in a dilution of 1:20.000. It was thoroughly mixed before pouring the gel. After gels 

became solid, they were transferred to a gel chamber with 0.5X TBE buffer. Loading buffer 

was added to the samples resulting in 1X final concentration. GeneRuler 100 bp or GeneRuler 

1 kB ladders were used. Gel electrophoresis was carried out at 120 V for 30-60 min before 

analysis.  

2.2.1.5 cDNA synthesis 

cDNA was synthesized using the RevertAid First Strand cDNA synthesis kit. 1 Õg of RNA was 

used for cDNA synthesis. cDNA was stored at -20 ÁC.  

2.2.1.6 qRT-PCR 

Gene expression was measured by qRT-PCR using the HOT FIREpol EvaGreen qPCR Mix 

Plus on 384-well plates. cDNA was generated as described previously and was diluted 1:25. A 

mastermix was prepared containing 2 ÕL/reaction EvaGreen supermix, 1 ÕL primermix 

(fwd+rev at 10 ÕM) and 2 ÕL water. 5 ÕL/384well mastermix were pipetted to each well and 5 

ÕL diluted cDNA were added. Technical triplicates were performed. Then, the qRT-PCR was 

performed according to the cycling protocol in Table 13. The relative gene expression was cal-

culated based on the ȹȹCT method. First, the gene of interest was normalized to the control 
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(POLR2A) and then the change to the condition of interest was calculated. The fold change of 

expression was calculated with 2- ȹȹCT. 

Table 13: Cycling parameters for qRT-PCR 

Step Temperature [ÁC] Time Cycles 

Initial denaturation 95 12 min 1 

Denaturation 95 15 sec 

40 Annealing 60 20 sec 

Elongation 72 20 sec 

Denaturation 95 1 min 

Melting Curve Annealing 55 30 sec 

Melting 95 30 sec 

 

2.2.1.7 Restriction digest 

Fast Digest restriction enzymes were used for DNA digests. 0.5 to 1 Õg DNA were digested for 

1 h at 37 ÁC with 0.5 ÕL per restriction enzyme in 20 ÕL total volume containing Fast Digestion 

buffer diluted to 1X. The digested template was then loaded onto a 1 % agarose gel. For cloning 

purposes, the band corresponding to the digested product was cut out and DNA was extracted 

with the QIAquick gel extraction kit according to the manufacturerôs instructions.  

2.2.1.8 Ligation 

Ligation for restriction cloning was performed using the Rapid DNA Ligation Kit. The insert 

was used in a threefold molar excess to the plasmid. 50 ng plasmid were used for ligation. The 

needed amount of insert was calculated using an online tool available at nebiocalcula-

tor.neb.com/#!/ligation . The ligation was performed according to the manufacturerôs instruc-

tions.  

2.2.1.9 Gibson Cloning 

Gibson cloning was performed with the Gibson Assembly Cloning Kit according to the manu-

facturerôs instructions. The plasmid was linearized with a suitable restriction enzyme. One or 

several inserts were amplified by SuperFi PCR. Primers were designed using the NEBuilder 

assembly tool (nebuilder.neb.com). 50 ng linearised plasmid and a three-fold molar excess of 

insert were used for assembly. Transformation was carried out with 2 ÕL assembly product. 

2.2.1.10 Deep Sequencing 

The locus of interest was amplified by PCR. Successful PCR was checked using agarose gel 

electrophoresis. Then, PCR samples were sent to the Diagnostics Facility of the Institute of 

Human Genetics at the University Medical Centre Gºttingen. The obtained sequencing data 

was analysed using the online tool Cas-Analyzer (rgenome.net/cas-analyzer) (Park et al. 2017).  

2.2.1.11 Western Blot 

Protein lysates were obtained in RIPA buffer with protease inhibitor (10mM Tris-HCl, 1mM 

EDTA, 0.5mM EGTA, 1% Triton X-100, 0.1% Sodium deoxycholate. 0.1% SDS, 140mM 

NaCl, pH 8.0). Lysates were cleared by centrifugation and the concentration was determined 

using the Pierce BCA Protein Assay Kit according to the manufacturerôs instructions. 

https://nebiocalculator.neb.com/#!/ligation
https://nebiocalculator.neb.com/#!/ligation
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20 Õg protein were mixed with reducing agent and Laemmli buffer. The samples were vortexed 

and heated for 5 min at 55 ÁC. Gel electrophoresis was performed using 4-20 % Mini-PRO-

TEAN TGX Precast gels. Afterwards, the proteins were blotted to a PVDF membrane using 

semi dry blotting using a TransBlot Turbo Transfer system. The membrane was blocked in 5 5 

milk for 1 h. Subsequently, the primary antibody was added. ClC-7-HA was detected using rat-

anti-HA (RRID: AB_390918). GAPDH was detected as loading control with rabbit-anti-

GAPDH (https://www.citeab.com/antibodies/122875-2118-gapdh-14c10-rabbit-mab). Both 

primary antibodies were used in 1:1000 dilution in 2 % milk in TBS-T and incubated at 4 ÁC 

over night. Afterwards membranes were washed three times in TBS-T before secondary anti-

bodies were added. Secondary antibodies were mouse anti-rabbit IgG-HRP 

(https://www.citeab.com/antibodies/3244058-sc-2357-mouse-anti-rabbit-igg-hrp) and goat-

anti rat IgG-HRP (ThermoFisher). Both were used in 1:10.000 dilution and incubated for 1 h at 

RT. Afterwards the membrane was washed twice in TBS-T and twice in DPBS before detection. 

Detection was carried out using luminol solution on a Chemidoc Imager.   

2.2.1.12 Copy number analysis 

The vector copy number was determined by quantitative PCR using the QuantiNova SYBR 

Green Mix. The PCR reaction was carried out on 384 well plates using the QuantStudio. Ge-

nomic DNA was diluted to three different concentrations resulting in a final amount of 2.5 ng, 

5 ng and 10 ng per PCR reaction. PCRs were performed on F8, ALB and CLCN7 using the 

cycling protocol in Table 14. ALB has 2 copies/genome whereas F8 for male cells used in these 

experiments has only 1 Copy/genome. The CLCN7 primers were designed on exon boundaries 

and only allowed amplification of the transgene, but not native CLCN7. The average copy num-

ber of CLCN7 was calculated based on the fold change compared to the controls F8 and ALB. 

Table 14: Cycling protocol for the copy number analysis 

Step Temperature [ÁC] Time Cycles 

Initial denaturation 95 2 min 1 

Denaturation 95 5 sec 

40 Annealing & elonga-

tion 
60 20 sec 

Denaturation 95 1 min 

Melting Curve Annealing 55 30 sec 

Melting 95 30 sec 

 

2.2.1.13 CTX-I ELISA 

To exclude dilution effects of medium changes during cell culture, the last medium change was 

always performed exactly 3 days before the supernatants were collected for CTX-I ELISA. 

Supernatants of 8 bone chips were pooled and stored at -20 ÁC until analysis. CTX-I was quan-

tified using a commercially available ELISA kit, the Crosslaps for Culture CTX-I ELISA. A 

control of the culture medium was measured with the samples and subtracted to account for 

CTX-I from the FBS in the medium. The CTX-I ELISA was performed according to the man-

ufacturerôs instructions. Technical duplicates were measured.  

https://www.citeab.com/antibodies/122875-2118-gapdh-14c10-rabbit-mab
https://www.citeab.com/antibodies/3244058-sc-2357-mouse-anti-rabbit-igg-hrp
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2.2.2 Induced pluripotent stem cells (iPSCs) 

2.2.2.1 iPSC subculture 

The iPSC lines listed in Table 15 were used as specified. iPSCs were cultured at 37 ÁC and 5 % 

CO2 on Matrigel coated 6-well plates. Matrigel was stored at -20 ÁC. For coating, frozen Mat-

rigel was diluted in cold DPBS to a dilution of 1:80 by pipetting up and down vigorously. 1 mL 

was used for each 6-well. Prior to use, plates were prewarmed at least 30 min at 37 ÁC. Cells 

were cultured in StemFlex, mTeSR1, or Essential 8 stem cell medium which was changed every 

day. Once a week, cells did not need to be fed if they got the double amount of medium on the 

day before. Cells were usually split twice a week. For this purpose, medium was aspirated, and 

cells were washed with 1 mL 0.05 mM EDTA in DPBS. Afterwards, cells were incubated for 3 

min in EDTA solution at 37 ÁC. EDTA solution was aspirated, and 3 mL of medium were added. 

Cells were detached using a scraper and carefully resuspended. Here, it was not intended to 

break clumps into single cells but rather keep them in small clumps (colony split). Cell suspen-

sion was then added to new wells with 2mL of medium. Splitting ratios were from 1:10 (6 

drops) to 1:60 (1 drop). Cells were routinely checked for differentiation under the microscope 

and was removed manually. Cell banks were checked for presence of mycoplasma using the 

Mycoplasma Check Service from Eurofins.  

Table 15: Detailed information on iPSC lines 

Cell line Full name RRID Disease 
Gen-

der 
Abbreviation 

isWT7 UMGi20-B CVCL_A4KB Wildtype F WT1 

BIH4A BIHi004-A CVCL_IT55 Wildtype F WT2 

TC1133 RUCDRi002-A CVCL_RH35 Wildtype M WT3 

BIH1A BIHi001-A CVCL_IT54 Wildtype M WT4 

BIH2A BIHi002-A CVCL_UM44 ARO M ARO 

2.2.2.2 Cryopreservation of iPSCs 

iPSCs were cultured to confluency. Cells were detached using 0.05 mM EDTA in DPBS for 

3 min. EDTA was aspirated and 1.5 mL medium were added to each well. Cells were detached 

with a cell scraper but not resuspended to single cells. 0.5 mL of cell suspension were added to 

a cryotube prefilled with 0.5 mL 2x iPSC cryopreservation medium according to the recipe in 

Table 16. Cryotubes were inverted once for mixing. Then, tubes were transferred to a Mr.Frosty 

cryo container filled with isopropanol and transferred to -80 ÁC for at least 24 h. Afterwards 

cryos were transferred to -150 ÁC for long term storage.  

Table 16: Recipe of iPSC cryopreservation medium 

Ingredient Volume for 1 mL Final Concentration 

Stem Cell Medium 800 ÕL - 

DMSO 200 ÕL 20 % 

Thiazovivin 2 ÕL 4 ÕM 

2.2.2.3 Myeloid differentiation of iPSCs 

iPSCs were differentiated into monocytes by a two-step protocol previously published by our 

group with minor modifications (Rºssler et al. 2021). iPSCs were first differentiated into 
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mesoderm by embryoid body (EB) formation. EBs were subsequently transferred to plates 

where they underwent myeloid differentiation directed into monocyte/macrophage lineages.  

iPSCs were cultured in mTeSR1 or StemFlex medium at least one week before differentiation. 

Approximately three days before the differentiation started, cells were split in a ratio of 1:10 to 

1:30 depending on confluency. Cells were dense but not overconfluent on the day of differen-

tiation and without visible differentiation. Any unspecific differentiation was removed before 

starting the protocol. Medium was aspirated and cells were washed once with DPBS. Then, 1 

mL of TrypLE Select was added to each 6-well and cells were incubated at 37 ÁC; 5 % CO2 for 

5 min. 3 mL of medium with 2 ÕM thiazovivin were added to detach cells. Cells are singularized 

by pipetting, collected in a 50 mL tube and centrifuged for 7 min at 400 g. Cells were resus-

pended in DPBS and counted using trypan blue and the Echo Counting software on an Echo 

Rebel microscope. Cells were transferred to a new 50 mL tube and centrifuged for 5 min at 

300 g. The supernatant was aspirated carefully. Cells were then resuspended in EB medium 

specified in Table 17 with thiazovivin. 1.25x104 cells/well were seeded per 96-well in 100 ÕL 

on ultra-low attachment plates with conical bottom. The plates were then centrifuged for 3 min 

at 100 g. 

Table 17: Recipe of EB medium for mesodermal induction of iPSCs 

Ingredient 
Stock concen-

tration 

Volume for 

1 mL 

Final concen-

tration 

mTeSR1 - 977 ÕL - 

Penicillin/Streptomycin 10,000 U/mL 10 ÕL 100 U/mL 

rhBMP4 50 Õg/mL 1 ÕL 50 ng/mL 

rhSCF 2 Õg/mL 10 ÕL 20 ng/mL 

rhVEGF 50 Õg/mL 1 ÕL 50 ng/mL 

Thiazovivin (only for EB seed-

ing) 
2 mM 1 ÕL 2 ÕM 

 

EBs were cultured at 37 ÁC and 5 % CO2. After 24 h a single EB of 300-600 Õm formed in each 

96-well. On days 1 and 2 half of the medium (50 ÕL) was carefully removed without disturbing 

the EB. Then, 50 ÕL/well of fresh EB medium without thiazovivin was added.   

Table 18: Recipe of MCFC medium for myeloid and monocyte specification 

Ingredient 
Stock concen-

tration 

Volume for 1 

mL 
Final concentration 

X-Vivo 15 - 985.2 ÕL - 

Penicillin/Streptomycin 10,000 U/mL 10 ÕL 100 U/mL 

ɓ-mercapto-ethanol 55 mM 1 ÕL 55 ÕM 

rhM-CSF 30 Õg/mL 3.3 ÕL 100 ng/mL 

rhIL3 50 Õg/mL 0.5 ÕL 25 ng/mL 

 

After four days, EBs had grown to a size of ~1 mm. They were transferred to new plates where 

myeloid specification was performed. For this purpose, 6-well plates were coated with 0.1 % 

gelatine solution by adding 1 mL/well and incubating at room temperature for at least 1 h. 



2. Material and methods 2.2 Methods 

38 

  

Monocyte forming complex (MCFC) medium was prepared according to the recipe in Table 18 

below.  

To transfer EBs to the new plates, a 1000 ÕL pipette tip was used. The tip was cut off with a 

scalpel so that EBs were not destroyed while pipetting. Coating solution was aspirated. 8 EBs 

were taken up carefully with the 1000ÕL micropipette by going to the ground of each well in 

and sucking up a little bit of medium in upright position including the EB. EBs sink down in 

the pipette tip and were transferred to the new well without transferring the medium. Then, 

3 mL of MCFC medium were added. The EBs were equally distributed over the well for effi-

cient production. Plates were placed in at 37 ÁC and 5 % CO2 and were not moved for the next 

five days. During this time, differentiated cells grew out of the EB and formed a round cell layer 

around them. The EBs were considered MCFCs from now on. After 5 days, the cell layer around 

the MCFCs had a size of 5-10 mm in diameter. Medium of MCFCs was first changed after 

5 days, and then every 7 days. After 3 weeks the production of monocytes started. For medium 

changes, plates needed to be handled very carefully because the MCFCs could easily detach 

which lowered production and complicated collection of monocytes. Medium was collected 

with a micropipette in a 50 mL centrifuge tube. Wells were flushed with the growth medium 

carefully to make sure that all monocytes were collected. It is very important to not add parts 

of MCFCs or the cell layer if cells are intended to be used for further differentiation. This leads 

to contamination of monocytes with dividing cells which will grow over the culture during the 

further cultivation period. After cell harvest, fresh MCFC medium was added to the well im-

mediately by pipetting very slowly to the edge of the well.  The collected supernatant was cen-

trifuged for 7 min at 400 g to pellet monocytes. Supernatant was aspirated and cells were re-

suspended in 10 mL DPBS for 1-2 harvested 6-well plates. Cells were counted and used for 

further differentiation, RNA or DNA isolation, protein lysis or flow cytometry according to the 

individual protocols. 

2.2.2.4 Differentiation of iPSCs into NCC-iMSCs 

The differentiation of iPSCs into neural crest cells (NCCs) was performed using a commercially 

available kit for NCC differentiation, the StemDiff Neural Crest Differentiation Kit. iPSCs were 

cultured in mTeSR1 at least one week before starting the differentiation and were cultured to 

confluency before starting the differentiation. Medium was aspirated and cells were washed 

once with DPBS before 1 mL/6well TrypLE Select was added to enzymatically detach the cells 

for 5 min at 37 ÁC. Then, 3 mL mTeSR1 with 2 ÕM thiazovivin were added and the cells were 

resuspended thoroughly. The cells were counted using Trypan blue and centrifuged at 400 g for 

7 min. Then, 5x105 cells/6well were resuspended in 2 mL/6well of StemDiff neural crest dif-

ferentiation medium with 2 ÕM thiazovivin and seeded on matrigel coated plates. Cells were 

subsequently incubated at 37 ÁC and 5 % CO2. For the following five days medium was re-

placed daily with 2 mL/6well StemDiff neural crest differentiation medium. At day 6, neural 

crest cells are generated. The medium was then changed to 3 mL/6well iMSC-medium accord-

ing to the recipe in Table 19. The medium was changed on the next two days and on day 3 cells 

were split for the first time. Cells were detached using TrypLE Select as described previously 

and were reseeded on gelatin-coated 6-wells afterwards (no expansion). Subsequently, cells 

were split on larger vessels when they reached confluency. Vessels were gelatin coated until 
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cells reached confluency on a T175 flask. From this time point on the flasks were not coated 

anymore. At day 28 cells were considered NCC-iMSCs.  

Table 19: Recipe for iMSC culture medium 

Ingredient Stock concentration Final concentration 

Alpha MEM eagle modifica-

tion 
- - 

FBS - 10 % 

Penicillin/Streptomycin 10.000 U/mL 100 U/mL 

GlutaMax 100X 1X 

 

2.2.2.5 Differentiation of iPSCs into sclerotome cells 

iPSC-derived sclerotome cells were kindly differentiated from three iPSC lines by Malte Rinn 

in the group of Malte Tiburcy (Department of Pharmacology and Toxicology, University Med-

ical Centre Gºttingen) according to a previously published protocol (Shahriyari et al. 2022). 

Briefly, cells were differentiated into paraxial mesoderm followed by somitogeneis and myo-

genic maturation. The sclerotome cells were sorted out of this differentiation on day 22 using 

anti fibroblast beads and MACS sorting, a method suitable for mesenchymal cells. Isolated cells 

were expanded before freezing in 10 % DMSO containing medium using standard freezing 

protocols.  

2.2.3 Primary cells 

2.2.3.1 Isolation of PBMCs from peripheral blood  

Peripheral blood mononucleated cells were isolated from whole blood density gradient centrif-

ugation. Blood samples were drawn in the morning of the experiment in heparin tubes. Samples 

were stored at room temperature. Before isolation, samples were filtered through a 70 Õm cell 

strainer. Then, the samples were diluted with one volume DPBS. 50 mL centrifuge tubes were 

prefilled with 15 mL of room temperature Histopaque 1077. Diluted blood was carefully lay-

ered over Histopaque by pipetting slowly onto the edge of the falcon. The samples were centri-

fuged at 400 g for 30 min with centrifuge brakes disabled. During this centrifugation, blood 

samples separate into different phases. The diluted serum is on top, followed by a layer of 

PBMCs over the Ficoll and a pellet of granulocytes and erythrocytes. The serum was aspirated 

carefully until 2 cm above the PBMC layer. PBMCs were then collected with a micropipette 

without taking the Histopaque solution. Each fraction was collected into an individual tube. 

After collecting all fractions, tubes were filled up to 50 mL with DPBS and centrifuged for 

7 min at 400 g at RT. The supernatant was aspirated, pellets were resuspended in 50 mL DPBS 

and centrifuged for 10 min at 250 g. The supernatant was aspirated and pellets were united by 

resuspension in 50 mL DPBS. Tubes were centrifuged for 7 min at 400 g and the supernatant 

was aspirated. The pellet was resuspended in 10 mL DBPS and cells were counted. It was pro-

ceeded with isolation of CD14+ monocytes afterwards.  

2.2.3.2 Isolation of CD14+ monocytes from PBMCs 

Freshly isolated PBMCs were used with the PAN Monocyte Isolation Kit with LS columns on 

a Quadromacs magnet. This kit uses magnetic beads for negative selection of CD14+ MNCs 
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from PBMCs. The yield of MNCs was estimated with 10 % to calculate the needed number of 

PBMCs to obtain enough MNCs. CD14+ MNCs were isolated according to the manufacturers 

protocol. The cells were counted using Trypan Blue after isolation and subsequently used for 

osteoclast differentiation or transfection.  

2.2.4 Macrophages and osteoclasts  

2.2.4.1 Macrophage and osteoclast differentiation  

The differentiation of OCs was started by differentiation of MNCs into MCs for three days 

before OC differentiation was induced. MNCs were either isolated from PBMCs or harvested 

from myeloid differentiations (see respective sections). If not stated otherwise, the cell numbers 

and volumes for the different well formats were according to Table 20. Cells were seeded in 

macrophage differentiation medium MC10 according to the recipe in Table 21.   

Table 20: Cell numbers and volumes for OC differentiation on different cell culture vessels 

Well-Format Volume [mL] 
PBMC-MNCs 

[cells/well] 

iMNCs  

[cells/well] 

6-well 2 1x106 1x106 

12-well 1.5 3.5x105 3.5x105 

8-well Chamberslide 0.4 1x105 1x105 

96-well 0.2 3x104 6x104 

 

Table 21: Recipe for MC10 medium used for macrophage differentiation 

Ingredient 
Stock concentra-

tion 

Volume for 1 

mL 

Final concen-

tration 

Alpha MEM eagle modifica-

tion 
- 879 ÕL - 

FBS - 100 ÕL 10 % 

Penicillin/Streptomycin 10,000 U/mL 10 ÕL 100 U/mL 

GlutaMax 100X 10 ÕL 1X 

rhM-CSF 30 Õg/mL 

1 ÕL for seed-

ing / 2 ÕL for 

feeding 

30 ng/mL 

 

Cells were incubated at 37 ÁC and 5 % CO2. The first medium change was performed after three 

days. For this purpose, İ of the volume was removed and replaced by the same volume of 

MC10 for macrophage differentiation (Table 21), or OC10 for OC differentiation (Table 22), 

respectively. The medium contained 2x cytokine concentration to account for the dilution with 

the remaining medium. Dilution resulted in final concentrations of 30 ng/mL rhM-CSF and 

50 ng/mL rhRANKL in the well. Afterwards, medium was exchanged every 2-3 days. Except 

for the first medium change, where cells had not fully attached to the surface, the whole medium 

was removed and then İ of the volume of old medium was refilled into the well. Then, İ fresh 

medium was added. This was performed to account for evaporation. OC differentiations were 

observed carefully because the time course of differentiation differs in between different 
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experiments. Usually, first osteoclasts appeared on day 5 to day 7. This day was noted, and 

subsequent experiments oriented on the day of first osteoclast appearance.  

Table 22: Recipe for OC10 medium used for osteoclast differentiation 

Ingredient 
Stock concentra-

tion 

Volume for 1 

mL 

Final concen-

tration 

Alpha MEM eagle modifica-

tion 
- 879 ÕL - 

FBS - 100 ÕL 10 % 

Penicillin/Streptomycin 10,000 U/mL 10 ÕL 100 U/mL 

GlutaMax 100X 10 ÕL 1X 

rhM-CSF 30 Õg/mL 2 ÕL 30 ng/mL 

rhRANKL 50 Õg/mL 2 ÕL 50 ng/mL 

 

2.2.4.1 In vitro bone resorption assay 

To test the capability of OCs to resorb bone, OCs were differentiated on bovine cortical bone 

slices. Bone slices were transferred from the bottle to a petri dish, ethanol was aspirated, and 

slices were washed three times with 20 mL of DPBS.  Afterwards, bone slices were dried for 

24 h under the cell culture hood with closed lid. Before seeding bone slices were placed in wells 

of a 96-well plate. Then, MNCs were seeded according to the chapter macrophage and osteo-

clast differentiation onto the bone chips. Two wells without bone slices served as control to 

observe osteoclast differentiation. From the first appearance of OCs, cells were cultured for 10 

days until the experiment was stopped. Medium changes were performed as for normal osteo-

clast differentiation 3 times a week. For evaluation of bone turnovers markers cells received the 

last medium change exactly 3 days before stopping the experiment. To stop the experiment, 

medium was removed and stored at -20 ÁC for later analysis. Then, ddH2O was added to the 

bone chips. They were washed twice with ddH2O and then stored in ddH2O for later analysis 

using toluidine staining or lectin staining for resorbed areas.  

2.2.4.2 Cryopreservation of osteoclast progenitors 

For cryopreservation of iPSC derived myeloid cells, iMNCs needed to be differentiated into 

iMCs in a 6-day protocol. After monocyte harvest, cells were counted using Trypan Blue. 1-

1.5x106 viable cells were seeded per well of an untreated 6-well plate in 2 mL of MC20 medium 

specified in Table 23. The use of untreated culture vessels allowed growth of macrophages but 

did not permit growth of unwanted cell types. 

Table 23: Recipe of MC20 medium for differentiation of iMCs for freezing 

Ingredient 
Stock concentra-

tion 

Volume for 1 

mL 

Final concen-

tration 

Alpha MEM eagle modifica-

tion 
- 779 ÕL - 

FBS - 200 ÕL 20 % 

Penicillin/Streptomycin 10,000 U/mL 10 ÕL 100 U/mL 

GlutaMax 100X 10 ÕL 1X 

rhM-CSF 30 Õg/mL 1 ÕL 30 ng/mL 
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After three days, half of the medium was exchanged with MC20 containing 60 ng/mL rhM-

CSF to account for the dilution. After 6 days macrophages had formed and attached to the sur-

face. For cryopreservation, medium was aspirated, and cells were washed with DPBS before 

addition of 1 mL Accutase per 6-well and incubation at 37 ÁC for 30-45 min. Afterwards, 3 mL 

medium were added, and cells were detached using a cell scraper. Cell suspension was collected 

in a 50 mL centrifuge tube and counted. Then, cells were centrifuged 7 min at 400 g. Superna-

tant was aspirated and cells were resuspended in Synth-a-Freeze cryopreservation medium 

(1 mL/cryo; 2-4x106 cells/cryo). The suspension was transferred into cryo tubes and frozen in 

a MrFrosty freezing container filled with isopropanol at -80 ÁC. After at least 24 h cells were 

transferred to -150 ÁC for long term storage.  

2.2.5 MSCs 

2.2.5.1 Primary MSCs 

Primary bone marrow MSCs (pMSCs) obtained from femoral heads during hip surgery were 

kindly provided by Sven GeiÇler (Charit® ï Universitªtsmedizin Berlin). pMSCs were cultured 

in the growth medium according to Table 24. pMSCs were only used for functional characteri-

zation until passage 5. 

Table 24: Culture medium for pMSCs 

Ingredient Stock Final concentration 

DMEM low glucose (1 g/L) - - 

FBS - 10 % 

Penicillin/Streptomycin 10.000 U/mL 100 U/mL 

GlutaMax 100X 1X 

 

2.2.5.2 Cryopreservation of MSCs 

All MSCs, iMSCs and iSOPs were cryopreserved using the same procedure. Cells were enzy-

matically detached with TrypLE, thoroughly resuspended in MSC medium and centrifuged for 

7 min at 400 g. Then, cells were resuspended in culture medium supplemented with 10 % 

DMSO in isopropanol filled Mr.Frosty freezing containers at -80 ÁC for at least 24 h and were 

then transferred to -150 ÁC for long term storage. 

2.2.5.3 Osteogenic differentiation 

Prior to osteogenic differentiation, cells were cultured to confluency in T175 cell culture flasks. 

Cells were seeded on 48-well plates one day before start of differentiation. For this purpose, 

medium was removed, and cells were washed once with DPBS. Then, 5 mL TrypLE Select 

were directly added onto the cells and incubated for 5 min at 37 ÁC. Afterwards, the reaction 

was stopped by addition of 15 mL culture medium followed by resuspension. Cells were cen-

trifuged for 7 min at 400 g. The supernatant was aspirated, and the cells were resuspended in a 

small volume of culture medium. Then, cells were counted using Trypan Blue and the Echo 

counting software on the Echo Rebel microscope. Afterwards, cells were seeded with a density 

of 1.3x104 cells/well in 0.5 mL/well of MSC culture medium.  
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Cells should be confluent before starting the differentiation. If confluency was not reached, the 

cells were cultured until the next day and controlled again. Due to the different properties of 

the used cells regarding size and proliferation rate, this step was necessary for efficient osteo-

genic induction. Osteogenic differentiation was started by changing the medium to osteogenic 

induction medium (OIM) according to the recipe in Table 25. For half of the wells a medium 

change with their corresponding MSC culture medium to serve as controls. A minimum of 4 

wells per condition was performed for every experiment. After starting the osteogenic differen-

tiation, medium changes were performed three times a week every 2-3 days.  

Table 25: Recipe for OIM used for osteogenic differentiation 

Ingredient 
Stock concentra-

tion 

Volume 

for 1 mL 

Final concen-

tration 

DMEM low glucose (1 g/L) - 900 ÕL - 

FBS - 100 ÕL 10 % 

GlutaMax 100X 10 ÕL 1X 

Penicillin/Streptomycin 10,000 U/mL 10 ÕL 100 U/mL 

ɓ-Glycerophosphat 1 M 10 ÕL 10 mM 

L-Ascorpic acid 2-phosphate 10 mM 5 ÕL 50 ÕM 

Dexamethasone 1 mM 0.1 ÕL 100 nM 

2.2.5.4 Adipogenic differentiation 

Prior to adipogenic differentiation, cells were cultured to confluency in T175 cell culture flasks. 

Cells were seeded on 48-well plates one day before starting differentiation. For this purpose, 

cells were washed once with DPBS after aspirating the culture medium. Then, 5 mL TrypLE 

Select were directly added onto the cells and incubated for 5 min at 37 ÁC. Afterwards, the 

reaction was stopped by addition of 15 mL culture medium followed by resuspension. Cells 

were centrifuged for 7 min at 400 g. The supernatant was aspirated, and the cells were resus-

pended in a small volume of culture medium. Then, cells were counted using Trypan Blue and 

the Echo counting software on the Echo Rebel microscope. Afterwards, cells were seeded with 

a density of 1.3x104 cells/well in 0.5 mL/well of MSC culture medium. On the next day, cells 

were controlled under the microscope. Confluency is needed for adipogenic differentiation. If 

this was achieved, the differentiation was started. Otherwise, the cells were cultured until the 

next day and controlled again. Due to the different properties of the used cells regarding size 

and proliferation rate, this was necessary.  

For adipogenic differentiation, adipogenic induction medium (AIM) was prepared according to 

the recipe in  

Table 26. Medium was passed through a sterile filter before addition of FBS to remove cytotoxic 

indomethacin crystals. Insulin, IBMX and Indomethacin were stored at -80 ÁC. Adipogenic dif-

ferentiation was started by changing the medium to AIM. An equal amount of control wells was 

continued with the normal culture medium. Medium was changed three times a week every 2-

3 days. Adipogenic differentiation took 2 to 3 weeks depending on the cell type. pMSC were 

stopped after 2 weeks and iSOPs were stopped after 3 weeks. A minimum of four biological 

replicates for adipogenic differentiation and control were performed for each experiment. 

 



2. Material and methods 2.2 Methods 

44 

  

Table 26: Recipe for AIM used for adipogenic differentiation 

Ingredient 
Stock concentra-

tion 

Volume for 1 

mL 

Final concentra-

tion 

DMEM high glucose 

(4.5 g/L) 
- 870 ÕL - 

Glutamax 100X 10 ÕL 1X 

Penicillin/Streptomycin 10,000 U 10 ÕL 100 U/mL 

Insulin 335 ÕM 6 ÕL 2 ÕM 

IBMX 500 mM 1 ÕL 500 ÕM 

Indomethacin 50 mM 2 ÕL 100 ÕM 

Dexamethasone 1 mM 1 ÕL 1 ÕM 

Sterile Filtration 

FBS - 100 ÕL 10 % 

2.2.6 Transfections 

2.2.6.1 Mutation correction in ARO iPSCs 

iPSCs were cultured in StemFlex at least one week before transfection. On the day before trans-

fection, cells were seeded at single cells. For this purpose, medium was aspirated, and cells 

were washed once with DPBS. Then, cells were detached using 1 mL TrypLE Select per 6-well 

for 5 min. 3 mL medium with 2 ÕM thiazovivin were added and cells were resuspended and 

counted. The cell suspension was centrifuged for 7 min at 400 g and the supernatant was aspi-

rated. Cells were resuspended in StemFlex with 2ÕM thiazovivin and seeded at 

5x105 cells/6well on Matrigel coated plates. 

The CRISPR/Cas9 RNP was prepared shortly before the transfection. 1.8 Õg sgRNA (according 

to Table 9) was mixed with 3 Õg Alt-R Spy Cas9 Nuclease V3 and incubated for 15 min at room 

temperature. Afterwards, 4 Õg of the respective antisense single stranded oligo deoxynucleotide 

ssODN (IDT, reconstituted in TE buffer at 4 Õg/ÕL, Table 27), which served as donor for HDR, 

were added and RNPs were stored on ice or at -20 ÁC until use.  

Table 27: ssODN HDR donors for ARO mutation correction 

Name Sequence 

C7E10 anti-

sense ssODN 

ctgtccctgttgcagatcttcgagtacttccgcagagacacagagaagcgg-

gacttcgtctccgctggggcggccgcaggagtgtcagcggcgtttggagcccccgtgggtgaggagggc

cgcaccgggtccaatgctttgcc 

C7E14 anti-

sense ssODN 

tttcaaagggcctgtgtggccacgcctgccaacgcgatatgcaatgcggtttctcctcac-

ctgatccggaacatggtcagccagtagttcaaggcattgaacactgctccaagcacaccgcctgcgaaca

gggg 

 

On the day of transfection, cells were detached with 0.5 mL/6well TrypLE Select and the reac-

tion was stopped after 3 min at 37 ÁC with 2.5 mL StemFlex with 2 ÕM thiazovivin. Cells were 

counted and 1x106 cells/transfection were passed to a new tube which was filled up with DPBS 

to 10 mL. Then, cells were centrifuged for 7 min at 400 g, supernatant was aspirated, and cells 

were resuspended in 1 mL DPBS and transferred to a 1.5 mL screw cap tube. Then, the tube 

was centrifuged for 7 min at 400 g and the supernatant was removed completely. The pellet was 
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resuspended in 20 ÕL/transfection of premixed electroporation buffer P3 and added to the pre-

pared RNP mix. Suspension was mixed and transferred to an electroporation stripe. Electro-

poration was carried out using the Nucleofector X-Unit with the program CA-137. After elec-

troporation, 80 ÕL StemFlex with 2 ÕM thiazovivin was added immediately to the electro-

poration stripe and the cell suspension was transferred to a Matrigel coated 12-well plate. Cells 

were incubated at 37 ÁC and 5 % CO2. Medium changes were performed daily with an addi-

tional wash step with DPBS to remove dead cells if necessary. 2 ÕM thiazovivin was added to 

the culture medium for the until cells recovered from transfection. DNA was harvested during 

the first split (3-6 days after transfection) and analysed using deep sequencing.  

2.2.6.2 Additive gene transfer in ARO iPSCs 

iPSCs were cultured in StemFlex at least one week before transfection. On the day before trans-

fection, cells were seeded at single cells. For this purpose, medium was aspirated, and cells 

were washed once with DPBS. Then, cells were detached using 1 mL TrypLE Select per 6-well 

for 5 min. 3 mL medium with 2 ÕM thiazovivin were added and cells were resuspended and 

counted. The cell suspension was centrifuged for 7 min at 400 g and the supernatant was aspi-

rated. Cells were resuspended in StemFlex with 2ÕM thiazovivin and seeded at 

5x105 cells/6well on Matrigel coated plates. 

On the day of transfection, cells were detached with 0.5 mL/6well TrypLE Select and the reac-

tion was stopped after 3 min at 37 ÁC with 2.5 mL StemFlex with 2 ÕM thiazovivin. Cells were 

counted and 1x106 cells/transfection were passed to a new tube which was filled up with DPBS 

to 10 mL. Then, cells were centrifuged for 7 min at 400 g, supernatant was aspirated, and cells 

were resuspended in 1 mL DPBS and transferred to a 1.5 mL screw cap tube. Then, the tube 

was centrifuged for 7 min at 400 g and the supernatant was removed completely. If not stated 

otherwise, 1 Õg minicircle and a four-fold molar excess of SB100X mRNA was transfected. 

SB100X mRNAs were generated by in vitro transcription and kindly provided by Manfred 

Gossen (Helmholtz Centre Hereon Teltow). Unmodified, 5ô methoxy uridine (5ôMoU) modi-

fied, or pseudouridine (PU) and 5ô methylcytidine (5ôMeC) modified mRNAs were used as 

indicated. The pellet was resuspended in 20 ÕL/transfection of premixed electroporation buffer 

P3 and added to the prepared minicircle/mRNA mix. Suspension was mixed and transferred to 

an electroporation stripe. Electroporation was carried out using the Nucleofector X-Unit with 

the program CA-137. After electroporation, 80 ÕL StemFlex with 2 ÕM thiazovivin was added 

immediately to the electroporation stripe and the cell suspension was transferred to a Matrigel 

coated 24-well plate. Cells were afterwards incubated at 37 ÁC and 5 % CO2. Medium changes 

were performed daily with an additional wash step with DPBS to remove dead cells if necessary. 

2 ÕM thiazovivin was added to the culture medium for the until cells recovered from transfec-

tion. Cells were split to a 6-well plate upon confluency and then regularly subcultured.  

2.2.6.3 Allele-specific knockout in ADO2 MNCs 

CRISPR/Cas9 RNPs were prepared using either C7E7 G215R sgRNA for therapeutic editing 

or B2M sgRNA as control (Table 9). 3 ÕL sgRNA were mixed with 1 ÕL Alt-R S.p. HiFi Cas9 

Nuclease V3 and incubated for 10 min at RT before storage on ice until use. Freshly isolated 

CD14+ MNCs were centrifuged for 7 min at 400 g. 1x106 cells/transfection were used in a nu-

cleofection stripe. The supernatant was aspirated, and cells were resuspended in 1 mL DPBS 
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and transferred to a 1.5 mL screwcap tube and centrifuged again at 400 g for 7 min. The super-

natant was completely aspirated, and the cell pellet was resuspended in 20 ÕL premixed P3 

nucleofection solution per transfection. 20 ÕL cell suspension were added to the premixed RNP 

and transferred to the nucleofection stripe. Nucleofection was performed using the Nucleofector 

X-unit and the programme CM-137. Afterwards, medium was added to the well and cells were 

transferred to a new tube. Seeding of transfected MNCs was performed in 20 % FCS containing 

MC10 medium (Table 21). Cells were seeded at higher densities to account for potential cell 

death due to the transfection procedure. Here 1x105 cells/96-well and 2x106 cells/6well. For 

chamber slides, the same cell number (1x105 cells) was used as for normal osteoclast differen-

tiation. DNA was harvested 5 days after transfection to perform TIDE analysis and deep se-

quencing using quick extract DNA isolation. 

2.2.7 Colorimetric assays 

2.2.7.1 Alkaline phosphatase assay 

7 days after osteogenic differentiation, alkaline phosphatase (AP) was measured to determine 

its induction. Due to variability regarding the proliferative potential of the cells, a cell viability 

assay was performed immediately before the AP assay. The PrestoBlue cell viability assay was 

used for this purpose. PrestoBlue was prediluted 1:10 in DMEM low glucose and warmed to 

37 ÁC. Medium of cell cultures was aspirated and 200 ÕL PrestoBlue dilution were added to 

each 48-well. Cells were incubated at 37 ÁC, 5 % CO2 for 1 h. Then, 100 ÕL of the supernatant 

were transferred to a flat bottom 96-well plate for measurement at a plate reader. The plate was 

stored at 4 ÁC in the dark until measurement. The absorption at 570 nm and 600 nm was meas-

ured using an EPOCH2 plate reader. The ratio of A570 divided by A600 was used to normalize 

AP values to cell viability.   

AP can be detected by a colorimetric reaction based on the degradation of p-Nitrophenyl phos-

phate (pNPP) by AP to the yellow p-Nitrophenol (pNP) in alkaline environments. AP substrate 

contained 1 mg/mL pNPP in 1 M Diethanolamine, pH 9.8.  

The remaining supernatant was aspirated, and cells were washed with 0.5 mL DPBS followed 

by a wash with 300 ÕL prewarmed AP-buffer (100 mM NaCl, 100 mM Tris, 1 mM MgCl2, pH 

9.0) per 48-well. AP substrate was prediluted 1:2 in AP buffer and preheated to 37 ÁC shortly 

before use. 300 ÕL ALP substrate/buffer mixture are added to each well. Due to the natural 

degradation of pNPP, a blank without cells was measured for every experiment and used to 

correct all measurements. The plate was incubated at 37 ÁC, 5 % CO2 in the dark for 10 min. 

Then, the reaction was stopped by addition of 300 ÕL 1 M NaOH. 100 ÕL of each well were 

transferred to a flat bottom 96-well plate. Technical duplicates were performed. The absorption 

at 405 nm was measured using an EPOCH2 plate reader. The average of technical replicates 

was calculated and corrected by the blank. The values were then normalized to A570/A600 from 

the corresponding PrestoBlue measurement. A minimum of four biological replicates for oste-

ogenic differentiation and control were performed for each experiment.  
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2.2.8 Stainings 

2.2.8.1 Toluidine staining of bone chips 

For microscopical analysis of bone resorption, bone chips from resorption experiments were 

stained. For this purpose, a 1 % toluidine blue solution was prepared. Bone chips stored in 

ddH2O were carefully removed from the wells and placed on a sheet of paper with the cell side 

facing the paper. Then, the remaining cell debris was removed by vigorously wiping the cell 

side of the bone chips over paper. Then, bone chips were washed by dipping into water and 

dried on a tissue. The cell surface was then completely covered with toluidine solution and 

incubated for roughly 1 min. The staining solution was completely removed with a wipe. This 

removes all staining solution on the surface that was not eroded. The little pits and trenches 

created by OCs remain stained. Bone chips were subsequently analysed. 

2.2.8.2 Osteoclast staining 

OCs were differentiated on 8-well chamber slides with glass surface for osteoclast staining. 

OCs were always fixed 2 days after OCs first appeared. Medium was removed, cells were 

washed twice with DPBS and fixed with cold 4 % formaldehyde in DPBS for 15 min at 4 ÁC. 

Then, cells were washed with DPBS twice and stored at 4 ÁC until staining for up to one month. 

First, TRAP staining was performed. For this purpose, TRAP solution was freshly prepared 

using TRAP buffer (40 mM sodium acetate, 10 mM sodium tartrate, pH 5.0) supplemented with 

0.6 mg/mL Fast Red Violet LB salt and 10 ÕL/mL naphthol solution (1 mg Naphthol-AS-MX-

phosphate in 100 ÕL NN-dimethyl formamide. 100 ÕL TRAP solution were added to each well 

after aspiration of DPBS and incubated for 45 min at 37 ÁC. Afterwards, cells were washed 

twice with DPBS before permeabilization. To permeabilize cells, 200 ÕL/well 0.1 % saponin 

were added and incubated for 20 min at room temperature. Afterwards, cells were washed twice 

with DBPS. Phalloidin-AlexaFluor488 dissolved in methanol was diluted 1:400 in 3 % BSA in 

DPBS. 100 ÕL phalloidin solution were added to each well and incubated at 4 ÁC in a humidi-

fied chamber overnight. On the next day, wells were washed three times with DPBS. Then, 

100 ÕL of a DAPI solution (1 Õg/mL in DPBS with 3 % BSA) were added and incubated for 

15 min at room temperature in the dark. Then cells were washed two times with DPBS and once 

with ddH2O before mounting with Fluoromount G.  

2.2.8.3 Alkaline phosphatase staining 

On day 7 of the osteogenic differentiation, cells were fixed and stained using a colorimetric 

reaction catalysed by AP. Medium was removed and the wells were washed twice with DPBS. 

Then, 200 ÕL cold 4 % formaldehyde in DPBS were added to each 48-well and incubated at 

4 ÁC for 15 min. The solution was discarded, and plates were washed twice with DPBS and 

stored with 0.5 mL/well DPBS at 4 ÁC until staining. 

For AP staining, CHAP buffer (100 mM NaCl, 100 mM Tris, 50 mM MgCl2, pH 9.5) was pre-

pared. CHAP buffer was stored at RT. NBT/BCIP solution was stored at 4 ÁC. DPBS was aspi-

rated, and cells were washed with CHAP buffer. Then, 200 ÕL of NBT/BCIP solution diluted 

1:50 in CHAP buffer were added to each well and incubated in the dark for 10 min at 37 ÁC. 

Afterwards, staining solution was aspirated, and wells were washed with DPBS twice, and left 

in 0.5 mL DPBS. For analysis, plates were imaged at the Echo Revolve microscope. A minimum 
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of four biological replicates for osteogenic differentiation and control were performed for each 

experiment. 

2.2.8.4 Alizarin Red S staining   

On day 14 of the osteogenic differentiation, cells were fixed to be stained for calcified matrix 

with Alizarin Red S. A 0.5 % Alizarin Red S solution was prepared in water and adjusted to pH 

4.0. Medium was removed and the cells were washed twice with DPBS. Then, 200 ÕL cold 4 % 

formaldehyde in DPBS were added to each 48-well and incubated at 4 ÁC for 15 min. The so-

lution was discarded, and plates were washed twice with DPBS and stored with 0.5 mL/well 

DPBS at 4 ÁC until staining. DPBS was removed and wells were washed twice with ddH2O. 

Then, 200 ÕL of Alizarin Red S solution were added to each 48-well and incubated for 10 min. 

The solution was aspirated, and wells were washed once with ddH2O without incubation. Af-

terwards, three wash steps with ddH2O for 5 min were performed. After the last washing step, 

0.5 mL of DPBS were added to each well. Cells were imaged with the Echo Revolve micro-

scope. A minimum of four biological replicates for osteogenic differentiation and control were 

performed for each experiment. 

2.2.8.5 Nile Red staining 

Nile Red staining was performed on adipogenic differentiations to stain for lipid vesicles which 

are typical for adipocytes. The cells were fixed at day 14 or day 21 as indicated. Medium was 

removed and the cells were washed twice with DPBS. Then, 200 ÕL cold 4 % formaldehyde in 

DPBS were added to each 48-well and incubated at 4 ÁC for 15 min. The solution was dis-

carded, and plates were washed twice with DPBS and stored with 0.5 mL/well DPBS at 4 ÁC 

until staining.  

A 1 g/L Nile Red solution was prepared in water and stored at RT, protected from light. A 1 g/L 

DAPI solution and 1 % saponin solution were prepared and stored at -20 ÁC. DPBS was aspi-

rated from wells and 150 ÕL Nile Red staining solution according to the recipe in Table 28 were 

added to each 48-well. Samples were incubated for 20 min at RT protected from light. Then, 

staining solution was aspirated, and samples were washed twice with DPBS. After washing, 

0.5 mL/well DPBS were added. Samples were stored at 4 ÁC in the dark. Samples were imaged 

at the Echo Revolve microscope using DAPI and TX red filters.  

Table 28: Recipe for Nile Red staining solution used for staining of adipocytes 

Ingredient 
Stock concentra-

tion 
Volume for 1 mL Final concentration 

DPBS - 798 ÕL - 

Saponin 1 % 200 ÕL 0.2 % 

Nile Red 1 g/L 1 ÕL 1 mg/L 

DAPI 1 g/L 1 ÕL 1 mg/L 

2.2.9 Flow cytometry 

2.2.9.1 Flow cytometric analysis of HA-positive cells 

HA-tagged ClC-7 was used to measure numbers of transgenic cells using flow cytometry. 

1x106 cells were harvested and washed in DPBS. Cells were centrifuged at 400 g for 7 min and 
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resuspended in 1 mL FACS buffer (DPBS, 0.5 % BSA, 2 mM EDTA, pH 7.2). 5x105 cells/re-

action were used and an unstained control was always included. Cells were permeabilized using 

the Inside Stain Kit according to the manufacturerôs instructions. A Anti-HA-PE antibody was 

used to stain ClC-7-HA (https://www.citeab.com/antibodies/7058458-130-120-786-ha-anti-

body-pe?des=54a41deaed90434b). All centrifugation steps were carried out at 400 g for 7 min. 

Before analysis, cells were passed through a 70 Õm cell strainer. After staining, samples were 

stored on ice. Analysis was performed at the same day at an LSR Fortessa X20 at the Cell 

Sorting Facility of the University Medical Centre Gºttingen.  

2.2.9.2 Flow cytometric analysis of MSCs 

Cells were harvested on the day of analysis by enzymatic detachment. 1-5x105 cells were used 

for each sample. An unstained sample following the same procedure without staining was al-

ways performed. The cells were washed once with DPBS and centrifuged at 400 g for 7 min. 

The supernatant was aspirated, and cells were resuspended in 250 ÕL DPBS and passed through 

a 70 Õm cell strainer. 100 ÕL of this solution were then added to a MSC Duraclone SC Mesen-

chymal Tube containing commercially available antibody panel for the detection of MSC mark-

ers. The remaining solution was used for the negative control. Tubes were vortexed for 6-8 sec 

and incubated at room temperature in the dark for 15 min. Then, 3 mL DPBS were added to the 

tubes, mixed and centrifuged for 7 min at 400 g. The supernatant was decanted, and the samples 

were resuspended in 500 ÕL 0.1 % formaldehyde in DPBS and stored on ice until measurement. 

The measurement was performed at an LSR Fortessa X20 at the Cell Sorting Facility of the 

University Medical Centre Gºttingen.  

2.2.10 Microbiological methods 

2.2.10.1 Transformation 

Chemo competent E. coli TOP10 or E. coli ZYCY10P3S2T were transformed using heat shock. 

Bacteria were thawed on ice and mixed with a small amount of plasmid by flicking the tube. 

Then, bacteria were incubated for 30 min on ice. Afterwards, bacteria were heat shocked for 

45 sec at 42 ÁC and transferred on ice for 2-5 min. 250 ÕL SOC medium were added to the 

bacteria followed by 1 h incubation at 37 ÁC and 600 rpm on an orbital shaker. Then, bacterial 

culture was spread out on LB agar plates with antibiotic according to Table 29 and incubated 

at 37 ÁC over night. 

2.2.10.2 Miniprep 

For minipreps the NucleoSpin Plasmid Mini Kit from Macherey-Nagel was used. Approxi-

mately 16 hours before the miniprep, a bacterial culture was inoculated. 5 mL of LB-medium 

were inoculated with 1 bacterial colony or a small volume of preculture or glycerol stock. An-

tibiotics were added according to the following table depending on the resistance gene in the 

plasmid.  

Table 29: Antibiotics for bacterial applications 

Antibiotic Stock Final concentration 

Kanamycin 10 mg/mL 50 Õg/mL 

Ampicillin 10 mg/mL 100 Õg/mL 

 

https://www.citeab.com/antibodies/7058458-130-120-786-ha-antibody-pe?des=54a41deaed90434b
https://www.citeab.com/antibodies/7058458-130-120-786-ha-antibody-pe?des=54a41deaed90434b
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Cultures were grown over night at 37 ÁC and 180 rpm. After incubation cultures were stored at 

4 ÁC if not processed immediately. If they were not processed on the same day, bacteria were 

pelleted and frozen at -20 ÁC. Minipreps were done according to the manufacturers protocol 

using 4 mL of starting material and following the high copy number protocol. Elution was per-

formed in 30 ÕL of elution buffer and concentrations and quality were determined using the 

NanoDrop. Plasmids were stored at -20 ÁC.  

2.2.10.3 Midiprep 

200 mL LB medium with antibiotic according to Table 29 were inoculated with a bacterial col-

ony, glycerol stock or bacterial culture. The culture was incubated in an orbital shaker at 37 ÁC 

and 180 rpm for approximately 16 h. The culture was harvested using centrifugation at maxi-

mum speed and the plasmid isolation was carried out with the Xtra Midi Prep Kit according to 

the manufacturerôs instructions. The obtained pellet was dissolved in TE buffer (10 mM Tris, 1 

mM EDTA pH 8.0). The concentrations were measured using the NanoDrop. 

2.2.10.4 Minicircle production 

The EFS-CLCN7 construct was cloned flanked by SB ITRs by restriction cloning and sent to 

PlasmidFactory. PlasmidFactory produced a suitable plasmid for minicircle production and sub-

sequently produced a minicircle.  

The CAGGS-CLCN7 minicircles (with and without HA-tag) were produced in our lab using 

the MC-Easy Minicircle DNA production kit. The constructs were cloned in the pMC.BESPX-

MCS2 vector by restriction and Gibson cloning. SB ITRs flanked the expression cassette. Then, 

the minicircle production vector was transformed into the minicircle producer E. coli strain 

ZYCY10P3S2T. A maxiprep culture (200 mL) was set up in Growth Medium provided within 

the kit in the evening and incubated over night at 30 ÁC and 150 rpm. After max. 16 h the OD600 

was measured at the nanodrop. At an OD600 between 4 to 6 200 mL of Induction Medium pro-

vided within the kit were to the culture. Then, the culture was incubated for 3 h at 30 ÁC and 

150 rpm. After 3 h the temperature was increased to 37 ÁC for 1 h. Pellets were harvested by 

centrifugation and the minicircle was isolated using the EndoFree Plasmid Maxi Kit. The suc-

cessful minicircle induction was proven by gel electrophoresis. Residual plasmid and genomic 

DNA were digested according to the manufacturerôs protocol to yield a pure minicircle. Mini-

circle quality was evaluated using a suitable restriction enzyme for digestion and gel electro-

phoresis.  

2.2.11 TIDE Analysis 

To determine efficiency of CRISPR Knockouts, TIDE Analysis was used. For this purpose, an 

amplicon of 500-800 bp length with the expected breakpoint in the centre was produced by 

PCR as indicated. For Tide Analysis, a PCR product from an edited and from an unedited sam-

ple was sequenced. The PCR products were purified from primers using Alkaline Phosphatase/ 

Exonuclease I digest and sequenced by Sanger sequencing in both directions by Microsynth 

GmbH. To analyse the InDel frequency, the online tool Tracking of Indels by Decomposition 

(TIDE) developed by Brinkman et al. was used (available under shinyapps.datacurators.nl/tide/) 

(Brinkman et al. 2014).  
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2.2.12 Analysis of eroded surfaces on bone chips 

Stained bone chips were photographed with the Echo Revolve microscope in brightfield set-

tings. Four images were taken at the most strongly resorbed areas of each bone chip using the 

10x objective. The bone resorption on these photos was analysed manually by marking eroded 

areas in Fiji. The sum of eroded areas of all four photos was divided by the total area analysed 

to obtain the relative eroded surface which was displayed in percent. Each bone chip was con-

sidered as one replicate.  

2.2.13 Statistics 

Statistical significance was calculated using the Mann-Whitney test in GraphPad Prism10 if not 

stated otherwise. Statistical significance was displayed as shown in Table 30. 

Table 30: p-values and corresponding significance 

p-value Significance 

p > 0.05 Not significant (ns) 

p Ò 0.05 * 

p Ò 0.01 ** 

p Ò 0.001 *** 

p Ò 0.0001 **** 

  

2.2.14 Data Analysis and visualization 

Bone resorption was manually quantified using FIJI. Flow cytometry data was analysed using 

FlowJo. All data was visualized using either FlowJo or GraphPad Prism. Figures were prepared 

using InkScape and biorender.com.  
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3. Results 

3.1 Benchmarking of iPSC-derived bone cells 

3.1.1 Primary MSCs 

Primary MSCs (pMSCs) are a valuable tool for studying bone formation as they can differenti-

ate into osteoblasts. In bone organoids MSCs can also provide the bone marrow stroma and 

form bone marrow adipocytes (Frenz-Wiessner et al. 2024). However, they have several disad-

vantages including low expansion potential, limited possibilities of genome editing, missing 

compatibility of different donors and donor variability in general (Kannan et al. 2024). There-

fore, a part of this project was dedicated to establishing an iPSC-derived OB model. The gen-

eration of progenitor cells capable of differentiating into OBs is crucial to study bone formation 

in a well optimized and standardized setting. The use of iPSC-derived cells will also allow 

disease modelling and evaluation of therapeutic strategies in the future.  

To investigate whether the iPSC-derived MSCs (iMSCs) resemble the characteristics of 

pMSCs, pMSCs of three donors were characterized to define optimal conditions for MSC anal-

ysis. This dataset served as a basis of comparison for the subsequent differentiations of iMSCs.   

3.1.1.1 Characterization of primary MSCs 

pMSCs can be obtained from different sources. Here, pMSCs from human bone marrow were 

used which were kindly provided by Sven GeiÇler (Charit® ï Universitªtsmedizin Berlin). Bone 

marrow MSCs displayed a heterogeneous morphology which is shown in Figure 7A. pMSCs 

were large, elongated cells with a fibroblast-like appearance. However, some large, flattened, 

more circular cells were observed in the cultures. 

According to the criteria of the International Society for Cellular Therapy (ISCT), MSCs must 

express surface markers CD73, CD90 and CD105. Furthermore, MSCs can be positive for 

CD31 and CD146. According to ISCT criteria, MSCs must be negative for monocyte marker 

CD14, B-cell marker CD19, HSC marker CD34, lymphoid marker CD45 and human leukocyte 

antigen HLA-DR (Dominici et al. 2006). To assess surface marker expression a commercial 

antibody panel was used for flow cytometry. Single cells were gated based on forward scatter 

(FSC) and side scatter (SSC) as shown in Supplementary Figure 1A. For the fluorophores, a 

compensation was carried out according to the manufacturerôs instructions once and then ap-

plied to all samples.  

In Figure 7B the histograms obtained from flow cytometric analysis of pMSC-3 are shown. 

pMSCs showed a strong expression of the canonical MSC markers CD73, CD90, CD105 and 

complied with ISCT criteria. Additionally, pMSCs showed CD146 expression and were nega-

tive for CD14, CD19, CD31, CD34 and CD45. CD14 and CD19 were stained with the same 

fluorophore and therefore could not be distinguished. HLA-DR expression was not assessed in 

this analysis as newer findings have proposed that HLA-DR expression is not a suitable crite-

rion for MSCs (Lin et al. 2013). Therefore, the analysed pMSCs fulfilled ISCT criteria except 

for HLA-DR expression.  
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Figure 7: Characterization of pMSCs.  A: Morphology of bone marrow MSCs from three dif-

ferent donors. Scale bar 200 Õm. B: Exemplary flow cytometric analysis of putative markers 

for MSC characterization for pMSC-3. C: Percentages of positive cells calculated from flow 

cytometric analysis.  

The percentage of positive cells was calculated according to the gates displayed in the histo-

grams. The same gates were applied to all samples. The histograms for pMSC-1 and 2 are shown 

in Supplementary Figure 1B-C. The numbers of positive cells for each marker are displayed in 

Figure 7C and showed consistent patterns for all three donors. All tested pMSCs fulfilled mod-

ified ISCT criteria regarding marker expression and microscopic appearance. Additionally to 
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marker expression, MSCs must be able to differentiate into osteoblasts, adipocytes and chon-

drocytes (Dominici et al. 2006).  
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Figure 8: Osteogenic differentiation of pMSCs.  A: Schematic representation of osteogenic dif-

ferentiation and timepoints of functional assays. B: Alkaline phosphatase activity normalized 

to cell viability at day 7 in control (light) and differentiated cells (dark). n=4 biological repli-

cates. C: Alkaline phosphatase staining at day 7, AP stained in blue. D: Alizarin Red S staining 

of calcified ECM at day 14. Calcified matrix is stained in red. Scale bars = 200 Õm 

3.1.1.2 Osteogenic differentiation of pMSCs 

According to ISCT criteria MSCs must be able to undergo osteogenic, adipogenic and chon-

drogenic differentiation (Dominici et al. 2006). For this study, differentiation into OBs was the 

most important criterion and therefore the experimental focus. For bone formation OBs need to 

proliferate, differentiate, and then secrete and mineralize an extracellular matrix (ECM) mainly 

consisting of type 1 collagen (Florencio-Silva et al. 2015). These aspects must be monitored in 

any in vitro OB model. 

The osteogenic differentiation was induced by seeding the cells at high confluency and applying 

an osteogenic medium containing dexamethasone, ɓ-glycerophosphate and L-ascorbate-phos-

phate. Differentiated cells were compared to control cells which were kept in MSC medium for 

the whole culture period Figure 8A.  

Alkaline phosphatase (AP) activity is needed to provide phosphate to form calcium hydroxy-

apatite crystals within the extracellular matrix. Induction of AP during osteogenic differentia-

tion is an important criterion for successful osteogenic induction (Szulc and Bauer 2013). AP 

activity was evaluated at day 7 using a colorimetric assay and normalized to cell viability meas-

ured using PrestoBlue. The normalized AP activity was significantly induced in osteogenically 

differentiated pMSCs compared to controls for all three pMSC donors Figure 8B. Additionally, 

cells were fixated and stained for AP activity. Representative photos are shown in Figure 8C. 

Osteogenically differentiated pMSC exhibited a stronger staining for AP and appeared more 

confluent than controls indicating an increased proliferation rate. 

Calcification of the ECM as detected by Alizarin Red was observed after 14 days of osteogenic 

culture. Alizarin Red binds calcium ions in the hydroxyapatite secreted by OBs and stains cal-

cified tissues red. Alizarin Red staining of osteogenically differentiated pMSCs is displayed in 

Figure 8D. Whereas the controls did not show any red staining, osteogenic differentiation led 

to a strong red staining of the osteogenically differentiated cells. The amount of calcified matrix 

produced by pMSC-1 appeared to be lower than for the two other donors. pMSC-3 did not show 

a continuous cell layer. Large holes without cells or ECM were visible. Nevertheless, all pMSCs 

were successfully differentiated to functional osteoblasts. Therefore, the adipogenic differenti-

ation potential was assessed next.  

3.1.1.3 Adipogenic differentiation of pMSCs 

Bone marrow MSCs give rise to bone marrow adipocytes which contribute to the fat storage of 

the bone marrow. Therefore, adipocyte differentiation must be shown for MSCs. (Dominici et 

al. 2006). For this purpose, pMSCs from three donors were differentiated into adipocytes ac-

cording to the scheme depicted in Figure 9A. Like for osteogenic differentiation, cells were 

seeded at high confluency before an adipogenic induction medium containing high glucose lev-

els, indomethacin, dexamethasone, insulin and IBMX was applied. Control cells were cultured 

in MSC culture medium for the whole culture period. The successful induction of adipogenesis 
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was evaluated by Nile Red staining at day 14. Nile Red is a lipid binding fluorescent dye which 

stains the lipid vesicles formed by adipocytes. Nile Red and DAPI staining of adipogenically 

differentiated pMSCs is shown in Figure 9B. Vesicle containing cells were observed in all three 

adipogenically differentiated pMSCs. While the lipid vesicles continuously differed in size, the 

cells showed either large numbers of vesicles or none. In the control condition no specific stain-

ing of circular structures was observed proving that the selected culture conditions successfully 

induced the formation of adipocytes for all donors.  

 

Figure 9: Adipogenic differentiation of pMSCs. A: Schematic representation of adipogenic dif-

ferentiation. B: Nile Red staining of lipid vesicles in red and nuclei in blue (DAPI). Adipogenic 

differentiation is indicated by presence of lipid vesicles. Scale bars = 200 Õm.  

Apart from osteogenic and adipogenic differentiation, MSCs must also be capable to differen-

tiate into cartilage forming chondrocytes (Dominici et al. 2006). Chondrogenic differentiation 

cannot be carried out in 2D cultures and is challenging (Solchaga, Penick, and Welter 2011). 

Therefore, it was not included as a standard assay for MSCs in this study. However, as a man-

datory criterion for MSCs it was intended to be performed for iPSC-derived cells in case they 

fulfilled all other MSC criteria.  

3.1.2 Neural crest-derived iMSC (NCC-iMSCs) 

From a developmental point of view MSCs arise from multiple origins. The bones are formed 

by different MSC subpopulations. This allows many possibilities to differentiate MSCs from 
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pluripotent stem cells such as iPSCs. During embryonic development, some bones of the skull 

and the upper vertebra are formed by MSCs originating from the neural crest (Galea et al. 2021). 

Figure 10: Differentiation of iMSCs via neural crest cells. A: Schematic representation of the 

differentiation protocol and time points of functional assays. Figure created with biorender.com 

B: Representative photos of WT-1 NCC-iMSC differentiation at different timepoints. C: Mor-

phology of NCC-iMSCs at day 28. D: Change of OCT4 (pluripotency marker) expression 

throughout the differentiation. E: Change of SOX10 (NCC marker) expression throughout the 

differentiation. F:  Change of RUNX2 (OB marker) expression throughout the differentiation. 

Scale bars = 200 Õm. 
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Neural crest cells (NCC) can be easily differentiated within one week from iPSCs. Therefore, 

NCCs can be an easy produceable progenitor of iMSCs (Fukuta et al. 2014).  

In Figure 10A the differentiation pathway of iMSCs via NCCs is schematically depicted. A 

commercially available kit was used for NCC differentiation. iPSCs were seeded in single cells 

in NCC differentiation medium to start NCC differentiation. Exemplary images of differentia-

tion stages of iPSC WT-1 are shown in Figure 10B. After six days, a heterogenous culture was 

obtained with morphologically different cell types (Figure 10B, NCC). The culture medium 

was changed to MSC medium without splitting the cells to induce mesenchymal transition. 

Within three days a morphological change was observed (Figure 10B, NCC-iMSC d3). After 

three days cells were split for the first time and subsequently subcultured until day 28 where 

they were considered iMSCs. During subculturing the NCC-iMSCs became homogenous and 

yielded fibroblast-like cells with similar morphology than pMSCs Figure 10C.  

To validate induction of the neural crest, RNA samples were collected during differentiation 

and qRT-PCR was performed. The pluripotency marker OCT4 was strongly downregulated at 

day 7 of the differentiation indicating loss of pluripotency Figure 10D. The pluripotency marker 

SOX2 on the other hand, was not downregulated within the first days of differentiation (Sup-

plementary Figure 2A). The neural crest marker SOX10 was strongly upregulated at day 7 (Fig-

ure 10E). SOX10 upregulation was much stronger in WT-1 compared to the other two cell lines. 

The expression of the additional NCC marker genes TFAP2A, RHOB and NGFR was induced 

by NCC differentiation in all cell lines (Supplementary Figure 2B). A stronger induction for 

WT-1 was only observed for NGFR, whereas for TFAP2A and RHOB consistent induction was 

observed for all three cell lines.  

During mesenchymal transition the expression of pluripotency marker OCT4 steadily decreased 

(Figure 10D) whereas the expression of SOX2 started to decrease in NCC-iMSCs compared to 

earlier time points of differentiation (Supplementary Figure 2A).  The expression of SOX10 

only slightly decreased or stayed at a similar level during mesenchymal transition. Next, MSC 

marker genes were quantified. The OB transcription factor RUNX2 was strongly induced during 

mesenchymal transition (Figure 10F). Interestingly, RUNX2 was higher expressed in ARO-de-

rived cells throughout the whole differentiation and reached the strongest induction in NCC-

iMSCs. In contrast, ARO cells showed the strongest decrease of NCC marker genes after mes-

enchymal transition was induced, indicating a stronger differentiation. Further MSC marker 

genes ENG, CD44, NT5E and THY were induced in a comparable manner than RUNX2 (Sup-

plementary Figure 2C). Taken together, the gene expression analysis proved induction of MSC 

genes at day 28.  

The obtained NCC-iMSCs were of fibroblast shape and proliferated, therefore marker expres-

sion was analysed using flow cytometry. Histograms of WT-1 NCC-iMSCs are shown exem-

plarily in Figure 11A, whereas the histograms of WT-2 and ARO are shown in Supplementary 

Figure 3B-C. Each histogram displays unstained and stained samples in grey and blue, respec-

tively. The summary of marker expression calculated from the gates depicted in the histograms 

in Figure 11A is displayed in Figure 11B. Whereas all three cell lines were mostly positive for 

CD73, CD105 and CD146, WT-1 and WT-2 NCC-iMSCs were partially negative for CD90. 

However, the histograms did not show two separated peaks. Therefore, this may be caused by 
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the gating strategy developed using pMSCs with high autofluorescence in the green channel. 

Here, the same gates were applied. However, the ARO NCC-iMSCs expressed CD90 on a 

higher level than the wildtypes. Regarding the expression of CD14, CD19, CD31, CD34 and 

CD45 all three NCC-iMSCs were negative. Therefore, NCC-iMSCs fulfilled most but not all 

MSC marker criteria. The NCC-iMSCs were then osteogenically differentiated in the next step.  

 

Figure 11: Characterization of NCC-iMSCs.  A: Exemplary flow cytometric analysis of putative 

markers for MSC characterization for WT-1 NCC-iMSCs. B: Percentages of positive cells cal-

culated from flow cytometric analysis. 

3.1.2.1 Osteogenic differentiation of NCC-iMSCs 

After successful differentiation of MSC-like cells from iPSCs via NCCs, these NCC-iMSCs 

were osteogenically differentiated to confirm their osteogenic potential. The differentiation pro-

tocol was the same as for pMSCs. AP was measured at day 7 of differentiation and normalized 

to cell viability measured by PrestoBlue assay. For all three NCC-iMSCs a significant induction 

of AP was detected in osteogenically differentiated cells (Figure 12A). However, both control 

and osteogenic AP levels differed among the cell lines. WT-1 showed the weakest AP induction 

after osteogenic differentiation. WT-2 displayed a robust AP activity and a similar induction.  
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Figure 12: Osteogenic differentiation of NCC-iMSCs.  A: Alkaline phosphatase activity nor-

malized to cell viability at day 7 in control (light) and differentiated cells (dark). n=4 biological 

replicates. B: Alkaline phosphatase staining at day 7, AP stained in blue. C: Alizarin Red S 

staining of calcified ECM at day 14. Calcified matrix is stained in red. Scale bars = 200 Õm 
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ARO cells showed the strongest AP activity after osteogenic differentiation. What is striking 

about the ARO NCC-iMSCs is that already the control condition showed a much higher AP 

activity compared to the other two cell lines. The AP stainings shown in Figure 12B displayed 

similar trends compared to the AP assay. Whereas for both WT-1 and WT-2 not all cells in the 

control condition stained positive for AP, all ARO control NCC-iMSCs stained positive at this 

stage. In osteogenically differentiated NCC-iMSCs, a stronger AP staining was observed for all 

cell lines compared to controls. However, only ARO NCC-iMSC showed an increased prolif-

eration of osteogenically differentiated cells.  

The Alizarin Red staining of calcified matrix after 14 days of osteogenic differentiation revealed 

that only ARO NCC-iMSCs were capable of ECM calcification, indicated by a strong red stain-

ing (Figure 12C). Both wildtype NCC-iMSCs failed to produce calcified ECM and therefore 

did not show any red staining. Taken together, these results indicated that MSC differentiation 

via NCC was promising but needed more optimization for the wildtype cell lines. Additionally, 

ARO NCC-iMSCs failed to successfully differentiate into OBs after freezing (data not shown). 

Therefore, a different route of differentiation via paraxial mesoderm was tested.   

3.1.3 Sclerotome-derived iMSCs (iSOPs) 

Most mesenchymal cell populations originate from mesoderm during embryonal development. 

Both paraxial and lateral plate mesoderm give rise to populations of bone forming cells. The 

sclerotome derives from the paraxial mesoderm and gives rise to the bones of the central body 

such as rips and vertebrae. (Tani et al. 2020). The group from Malte Tiburcy (University Med-

ical Centre Gºttingen) works on the generation of skeletal muscle from iPSCs. After somito-

genesis, single cell transcriptome analysis of skeletal muscle differentiations revealed not only 

myogenic progenitors, belonging to the dermomyotome, but also MSCs resembling expression 

characteristics of the sclerotome (Shahriyari et al. 2022). Here, sclerotome cells obtained from 

skeletal muscle differentiations were isolated and characterized. Malte Rinn (University Medi-

cal Centre Gºttingen) kindly helped with differentiation of three cell lines and isolation of the 

sclerotome cells at day 21. The schematic process of myogenic iPSC differentiation is shown 

in Figure 13A and was previously published (Shahriyari et al. 2022). Briefly, cells were forced 

to differentiate into paraxial mesoderm followed by somitogenesis. Afterwards, cells underwent 

myogenic maturation until at day 21 the sclerotome cells were sorted by MACS. After expan-

sion, this procedure yielded proliferating fibroblast-like cells shown in Figure 13B. The proto-

col was established for WT-3. Therefore, WT-3 was used instead of WT-2 in the following ex-

periments.   

Flow cytometric analysis of the putative MSC surface markers was performed. Cells were gated 

for single cells according to Supplementary Figure 4A. Afterwards marker expression was as-

sessed. Exemplary histograms of WT-1 are shown in Figure 13C. Histograms of WT-3 and ARO 

sclerotome cells are displayed in Supplementary Figure 4B-C. The percentages of positive cells 

calculated from the respective gates shown in the histograms are displayed in Figure 13D. The 

sclerotome derived cells were positive for CD73, CD105 and CD146. Additionally, sclerotome 

cells were negative for CD14, CD19, CD31, CD34 and CD45. However, only 50 to 70 % ex-

pressed CD90 independent from the used iPSC line. Only WT-3 derived sclerotome cells dis-

played two clearly separated populations for CD90 (Supplementary Figure 4B).  
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Figure 13: Differentiation of sclerotome mesenchymal cells (iSOPs).  A: Schematic represen-

tation of the differentiation process of iSOPs via paraxial mesoderm. Figure created with bio-

render.com B: Morphology of iSOPs compared to pMSCs. C: Exemplary flow cytometric anal-

ysis of putative markers for MSC characterization for WT-1 iSOPs. D: Percentages of positive 

cells calculated from flow cytometric analysis. Scale bars = 200 Õm. 
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Figure 14: Osteogenic differentiation of iSOPs. A: Alkaline phosphatase activity normalized to 

cell viability at day 7 in control (light) and differentiated cells (dark). n=4 biological replicates. 

B: Alkaline phosphatase staining at day 7, AP stained in blue. C: Alizarin Red S staining of 

calcified ECM at day 14. Calcified matrix is stained in red. Scale bars = 200 Õm 
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To be considered as MSCs according to ISCT criteria, cells must be positive for CD90. There-

fore, the sclerotome cells were subsequently termed iPSC derived sclerotome osteoblast pro-

genitors (iSOPs). 

3.1.3.1 Osteogenic differentiation of iSOPs 

The osteogenic potential of iSOPs was evaluated next. iSOPs were osteogenically differentiated 

as described before. AP was quantified at day 7 and normalized to cell viability. The normalized 

AP activities are shown in Figure 14A. AP was significantly induced in WT-1 iSOPs, but com-

pared to the other two cell lines the AP activity was generally lower. Interestingly, WT-3 iSOPs 

displayed very high AP activity in both osteogenically differentiated and control cells without 

induction of AP. In contrast, the AP activity of ARO iSOPs was significantly induced and 

reached similar levels of AP activity as WT-3 iSOPs.  

Additionally, cells were stained for AP at day 7. The stainings are shown in Figure 14B and 

showed similar trends than the AP assay. WT-1 iSOPs appeared to not have a proliferative boost 

due to the osteogenic induction. In those areas where the cells appeared denser, the AP staining 

was stronger. Whether this was due to a generally lower proliferation rate of WT-1 iSOPs was 

not assessed. For WT-3 iSOPs no difference of neither the appearance nor intensity of AP stain-

ing was observed in both control and osteogenic conditions. ARO iSOPs on the other hand 

showed a strong induction of AP staining including a more densely packed cell layer after os-

teogenic differentiation.  

After 14 days of osteogenic differentiation, cells were fixed and stained with Alizarin Red to 

detect calcified ECM. Representative photos are displayed in Figure 14C and showed calcified 

ECM in all three osteogenically differentiated iSOPs. The controls showed no red staining, 

proving that the staining was specific. WT-1 iSOPs were capable of matrix deposition, however 

the red staining appeared weaker compared to WT-3 and ARO iSOPs. The amount of deposited 

matrix was not quantified, but this hinted to a lower potential of WT-1 iSOPs compared to the 

other two lines which may be associated with donor variability.  

Generally, osteogenic differentiation could be shown for all three iSOP lines. This proved their 

potential as a valuable tool for in vitro bone formation studies. However, generation of large 

cells banks and cryo storage of the cells is a crucial criterion to use these cells for standardized 

assays. Therefore, the long-term osteogenic potential was assessed in the next experiment.  

3.1.3.2 Long-term osteogenic potential of iSOPs 

The differentiation of iPSC into bone related cell types and their validation is time consuming, 

expensive and batch effects may significantly affect reproducibility. Therefore, it is of utmost 

importance that cells can be generated in larger quantities and stored frozen. To test the long-

term osteogenic differentiation potential after multiple passages and freezing, WT-3 derived 

iSOPs were differentiated at two different time points. In this experiment, the AP activity at day 

7 and the matrix deposition at day 14 were evaluated. Cells were differentiated at passage 5 

with one freezing cycle and at passage 10 with two freezing cycles. The results are displayed 

in Figure 15. The AP activity after osteogenic differentiation did not decrease after multiple 

passages and an additional freeze cycle. Interestingly, the induction was stronger at passage 10 

compared to passage 5 (Figure 15A). The capability of matrix calcification remained strong, 
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indicated by Alizarin Red staining shown in Figure 15B. Therefore, the iSOPs exhibited long 

term osteogenic potential. Here, not all cell lines were tested individually because they under-

went functional quality controls when tested on the 3D scaffolds by our cooperation partners. 

Larger cell banks of all three iSOP lines from one single differentiation were generated and 

used for further experiments.  

 

Figure 15: Long term osteogenic potential of WT-3 iSOPs.  A: AP activity normalized to cell 

viability at day 7 at two different passages and with freezing cycles in control (light) and dif-

ferentiated cells (dark). B: Alizarin Red S staining at day 14 of WT-3 iSOPs at two different 

passages and with freezing cycles. Calcified matrix is stained in red. Scale bars = 200 Õm. 

3.1.3.3 Adipogenic differentiation of iSOPs 

After successfully showing the osteogenic potential of iSOPs, the adipogenic differentiation 

potential was tested next. For this purpose, cells were differentiated in adipogenic induction 

medium as described for pMSCs with one modification. In contrast to pMSC differentiation 

(14 days of culture), the adipogenic differentiation was carried out for 21 days. Nile Red stain-

ing of adipogenically differentiated iSOPs is shown in Figure 16. Nuclei were stained with 

DAPI to allow for identification of cells, and lipid vesicles were stained with Nile Red. Both 

WT-1 and ARO iSOP failed to form adipocytes, indicated by the absence of lipid vesicles. 

However, WT-3 successfully generated lipid vesicles which were stained in red. As stated be-

fore, the adipogenic differentiation potential was not the most important property for the 3D 

bone model. However, the successful adipogenic differentiation of WT-3 iSOPs indicated that 

sclerotome cells have the plasticity to generate multiple cell types. Further optimization will 

probably lead to successful adipogenic differentiation of the other cell lines as well.  
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3.1.3.4 Chondrogenic differentiation of iSOPs 

During growth of long bones, bone formation occurs via a cartilage intermediate state in en-

chondral ossification (Biga et al. 2019). Therefore, MSCs can give rise to chondrocytes which 

must be shown for MSCs (Dominici et al. 2006).  

Figure 17: Chondrogenic differentiation of iSOPs. Successful chondrogenic differentiation is 

indicated by increased proteoglycan deposition. Proteoglycan content was measured by ELISA 

and normalized to total protein. pMSCs were included for better interpretation but from an 

independent experiment previously published by Textor et al. Statistics calculated by unpaired 

T-test. Experiments were performed and analysed by Nina Stelzer (Charit® ï Universi-

tªtsmedizin Berlin). 

Figure 16: Adipogenic differentiation of iSOPs. Nile Red staining of lipid vesicles in red and 

nuclei in blue (DAPI). Adipogenic differentiation is indicated by presence of lipid vesicles. 

Scale bars = 200 Õm.  
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iSOPs were chondrogenically differentiated by Nina Stelzer (Charit® ï Universitªtsmedizin 

Berling) according to a previously published protocol in 3D pellet cultures (Textor et al. 2023). 

For better interpretation of data six previously published pMSC differentiations were included 

which were characterised in a separate differentiation (Textor et al. 2023).  Chondrogenic po-

tential was evaluated by ELISA-mediated detection of proteoglycans, a main component of 

cartilage ECM (Kokenyesi et al. 2000). Proteoglycan was normalized to total protein content. 

The results of the chondrogenic differentiation of pMSCs and iSOPs are shown in Figure 17. 

Chondrogenically differentiated pMSCs exhibited a significant increase in proteoglycans com-

pared to control cultures in MSC medium. WT-1 and ARO iSOPs showed significant deposition 

of proteoglycans after chondrogenic culture. ARO iSOPs had the highest proteoglycan content 

indicating the strongest chondrogenic differentiation. WT-3 iSOPs did not show an increase in 

proteoglycan deposition compared to control. However, the control proteoglycan content of all 

iSOPs was much higher compared to pMSC controls and was at the same level as chondrogen-

ically differentiated pMSCs. This may indicate a pre-disposition of iSOPs towards chondro-

genic differentiation like the observations made during osteogenic differentiation.  

Taken together, all three iSOP lines could be differentiated successfully to chondrocytes but 

exhibited large variability in proteoglycan formation.  

3.1.4 Primary osteoclasts 

To study bone resorption processes in vitro, osteoclasts (OCs) can be differentiated from mon-

ocytes (N. Takahashi, Udagawa, et al. 2007). Monocytes (MNCs) can be obtained from periph-

eral blood, bone marrow, or differentiated from iPSCs. In this study, peripheral blood MNC 

were used for differentiation of primary OCs. These PBMC-derived osteoclasts (PBMC-OCs) 

were used to validate our iPSC differentiation protocol and can also be directly used to study 

OC related processes in vitro. A schematic representation of the in vitro OC differentiation pro-

cess is shown in Figure 18A. First, PBMCs were isolated from peripheral blood by density 

gradient centrifugation. Then, CD14+ MNCs were isolated using MACS separation. The ob-

tained MNCs were then seeded for OC differentiation. After stimulating MNCs with M-CSF 

they attached to the cell culture dish and formed elongated macrophages (MCs, Figure 18B). 

After MCs had formed, cells were subcultured in M-CSF and RANKL containing medium 

which triggered formation of pre-OCs which then started to fuse to large, multinucleated OCs 

(Figure 18B). The process of OC formation took roughly one week. Since there was significant 

variation depending on the donor, the culture was observed carefully to evaluate when OCs first 

formed. The timepoints of functional assays for OCs referred to the day when OCs were first 

observed. Two days after OC formation, cells were fixed and stained using DAPI for the nuclei, 

phalloidin for actin, and an enzymatic TRAP staining. An exemplary OC staining of a PBMC-

OC is shown in Figure 18C. OCs appeared as large, multinucleated cells (nuclei, blue channel) 

with a ring-like actin structure (green channel) and TRAP staining (red channel). However, the 

TRAP staining varied significantly depending on the origin of the cells and is also not specific 

for OCs.  

OCs resorb bone in vivo. To analyse their capability of bone resorption in vitro, the differentia-

tion process was carried out on bovine bone chips. Successful differentiation and the timepoint 

of OC appearance were controlled on additional wells without bone chips carried out in parallel. 
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10 days after OC formation, the bone chips were stained for bone resorption which is exempla-

rily shown in Figure 18D. OCs have two modes to resorb bone (Merrild et al. 2015). On the 

one hand, OCs can stay in one place and form one or multiple resorption lacunae. This results 

in round pits as shown in Figure 18D indicated by blue arrows. On the other hand, they can also 

migrate while resorbing bone. This more aggressive resorption mode is called trench mode 

(Merrild et al. 2015), and the resulting trenches are indicated by red arrowheads in Figure 18D.  

3.1.4.1 Characterization of PBMC-derived osteoclasts 

To generate a benchmark for iPSC-derived OCs, PBMC-OCs of three different healthy donors 

were differentiated in vitro and their morphology and resorption function were examined as 

described in chapter 3.1.4. Donor dependent variation of OC morphology and resorption is 

demonstrated in Figure 19. 

Figure 18: In vitro osteoclast differentiation. A: Sources for MNCs and route of differentiation 

for OCs. Figure created with biorender.com. B: Exemplary photos of MNCs, MCs and OCs. 

C: Fluorescent staining of OCs for nuclei with DAPI (blue), actin with phalloidin (green), and 

TRAP (red). D: Different resorption modes by OCs cultured on bovine bone chips. Scale bars 

= 200 Õm or as indicated in the images. 
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Exemplary photos of the stainings of PBMC-OCs are shown in Figure 19A. For PBMC WT-1 

large multinucleated OCs with strong TRAP staining were observed. In contrast, PBMC WT-3 

developed much smaller OCs, whereas the size of PBMC WT-2 OCs ranged between both other 

wildtypes. Regarding the intensity of TRAP staining, PBMC WT-2 and WT-3 showed a weaker 

TRAP staining. Even though these differences in size and TRAP staining were not quantified, 

they clearly demonstrate the variability of OCs from different healthy donors.  

The bone resorption of PBMC-OCs was evaluated next. OCs were cultured for 10 days on bone 

chips and then stained with toluidine blue solution Figure 19B or fluorescent lectin WGA (Fig-

ure 19C). In the toluidine stainings, resorbed areas appeared darker than the background. In 

Figure 19: Osteoclast differentiation from PBMCs of three different donors. A: Fluorescent 

staining of osteoclasts for nuclei with DAPI (blue), actin with phalloidin (green), and TRAP 

(red). B: Resorbed bone surfaces stained by toluidine in grey. C: Resorbed bone surfaces stained 

by lectin WGA in green. Bone resorption was stopped 10 days after first OCs were visible. D: 

CTX-I concentration in supernatants of bone resorption assays. n=1. Scale bars = 200 Õm. 
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contrast, fluorescent lectin stained the resorbed areas whereas unresorbed areas were not 

stained. Interestingly, PBMC-OCs of all three donors mostly formed resorption pits but rarely 

trenches. The resorption pits of WT-1 were much larger than those of WT-2 and WT-3 which 

correlated with the observed differences in OC size. All three wildtypes resorbed large areas of 

the bone surface. During bone resorption, OCs release degradation products into the culture 

medium which can be measured to quantify the bone resorption. For this purpose, the medium 

was collected at the end of the experiment. CTX-I is a degradation product from Collagen-Type 

I and can be measured using ELISA to quantify the bone resorption (Szulc and Bauer 2013). 

CTX-I was detected in all three wildtype cultures ranging at concentrations from 150 nM to 

almost 400 nM (Figure 19D). There was a large variation between different donors which cor-

related with the variability of PBMC-OCs discussed before. These findings highlight the im-

portance of standardized cell models such as iPSC-derived cells to reduce variability between 

experiments compared to the use of primary cells from different donors.  

3.1.5 Differentiation of iPSCs into osteoclasts 

 

Figure 20: Myeloid differentiation of iPSCs into monocytes.  A: Schematic representation of 

the differentiation process and the involved cytokines to induce each step. Figure created with 

biorender.com B: Photos of different timepoints corresponding to the steps in A. iPSC colony, 

embryoid body, monocyte forming complex (MCFC) without MNCs, MCFC with MNCs. Scale 

bars as indicated. 

3.1.5.1 Myeloid differentiation of iPSCs 

To generate iPSC-derived osteoclasts (iOCs), iPSCs need to be differentiated into MNCs in the 

first step. iMNCs can be differentiated from iPSCs by EB formation and mesoderm induction 

followed by culture in presence of IL3 and M-CSF (Lachmann et al. 2015; Rºssler et al. 2021). 

A schematic view of the myeloid differentiation protocol is shown in Figure 20A. At first, EBs 

were formed from iPSCs and cultured in stem cell medium containing the factors BMP-4, 

VEGF, and SCF.  After four days, the resulting EBs had a diameter around 1 mm as exemplarily 

displayed in Figure 20B. EBs were transferred to new plates where they underwent myeloid 

specification to macrophage lineages by addition of IL3 and M-CSF to serum free 
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hematopoietic cell medium. After five days of culture, a large layer of differentiated cells grew 

out of the 3D complex as shown in Figure 20B. After three weeks of culture, iMNCs appeared 

as suspending cells around the monocyte forming complex (MCFC). iMNCs were carefully 

harvested by collecting the medium and subsequently used for OC differentiation. The MCFCs 

were subcultured and iMNCs could be harvested once a week for two months. In this study, no 

extensive analysis on this differentiation process was performed because this was already pub-

lished in a previous study by Rºssler et al. In summary, the harvested iMNCs resemble charac-

teristics of MNCs. However, they appear less mature than PBMCs and maturate over time 

which is indicated by decrease of CD34 expression (Rºssler et al. 2021). 

 

3.1.5.2 iPSC-derived osteoclasts 

Figure 21: Differentiation of iPSC-derived OCs (iOCs).  A: Fluorescent staining of OCs as 

shown in Figure 19 and iOCs for nuclei with DAPI (blue), actin with phalloidin (green), and 

TRAP (red). B: Resorbed bone surfaces stained by toluidine in grey. Bone resorption was 

stopped 10 days after first OCs were visible. C: CTX-I concentration in supernatants of bone 

resorption assays at day 10 after first OCs were visible. n as indicated in the graph. 
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To demonstrate robust iOC differentiation, three different wildtype iPSC-lines were differenti-

ated into iOCs, which were subsequently functionally characterized as shown in Figure 21. 

iOCs derived from wildtype iPSC lines WT-1, WT-2 and WT-3 showed similar morphology 

compared to PBMC-OC (Figure 21A). In all differentiations multi nucleated cells with an actin 

ring and TRAP staining were formed. This indicated successful differentiation of iOCs from all 

iPSC wildtypes. The characteristics of iOCs generated by the protocol of Rºssler et al. were not 

further characterized as this was already performed in a previous study. In summary, OC-spe-

cific genes are induced. iOCs form larger OCs with more nuclei compared to PBMC-OCs which 

may be due to the immature nature observed already in iMNCs (Rºssler et al. 2021).  

Next, the functional aspects of iOCs were evaluated by in vitro bone resorption assays. All iOCs 

showed largely eroded bone surfaces as demonstrated in Figure 21B. Interestingly, remarkable 

differences were observed for the three different wildtypes with WT-3 showing less resorption 

than WT-1 and WT-2. Additionally, trench formation was observed more often for WT-2 than 

for the other wildtypes.  

The concentration of CTX-I in collected medium from in vitro bone resorption experiments was 

quantified using ELISA (Figure 21C). Compared to the PBMC-OCs tested before, the iPSC 

wildtypes showed a comparable CTX-I release. What is striking about this result, is that big 

differences between the iPSC wildtypes were observed. WT-1 showed the highest CTX-I con-

centration in the medium, indicating the strongest bone resorption. WT-2 showed a lower bone 

turnover, but still resorbed much stronger than WT-3. This resembled the variability observed 

for different donors in PBMC-OCs and pointed out the need for standardized cell models to 

allow more reproducible experimental results.  

Taken together, all three iPSC wildtypes could be successfully differentiated into iOCs which 

showed typical OC morphology and were capable to resorb bone. However, significant varia-

tion in between the cell lines was observed pointing towards donor variability.   

3.1.5.3 Freezing of iPSC-derived osteoclast progenitors 

For the development of a standardized bone co-culture model, iPSC-derived OC progenitors 

are a useful tool. However, differentiation of iOC progenitors is time consuming and cost in-

tensive. Therefore, freezing of iOC progenitors is extremely helpful because it allows to thaw 

and seed the cells whenever needed. Additionally, to the benefits for handling, this reduces 

batch effects because larger batches can be produced and used for related experiments.  

In contrast to PBMC or bone marrow MNCs, iMNCs did not survive the freezing process. 

Therefore, a different route had to be investigated. For this purpose, iMNCs were differentiated 

into iMCs which were then cryopreserved. The generation of iOC progenitors for freezing is 

schematically drawn in Figure 22A. iMC could be thawed, however a fair number of cells died 

during this process (data not shown). Additionally, unspecific differentiation arising from im-

purities in iMNCs caused problems. Therefore, adjustments were made on the protocol, yield-

ing a freezing protocol which allowed to recover around 50 % of the macrophages after thaw-

ing. This included culture in FBS enriched medium for 6 days on non-treated cell culture ves-

sels. Frozen iMCs could be differentiated into iOCs as shown in Figure 22B. These iOC exhib-

ited bone resorption after thawing as depicted in Figure 22C proving their function. The freezing 
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protocol may be optimized in the future to yield even better recovery. No extensive analysis on 

the thawed macrophages was performed here because iOCs were analysed extensively when 

thawed for the 3D model by the cooperation partners in Berlin. 

Taken together, here the first protocol to freeze iOC precursor cells was developed, which al-

lowed the differentiation of functional iOCs from frozen iMCs afterwards. 

 

Figure 22: Freezing of iPSC-derived osteoclast precursors.  A: Schematic representation of the 

freezing strategy for iPSC-derived OC precursors. Figure created with biorender.com. B: Wide-

field image of iOCs differentiated from frozen iMCs. C: iOC resorption function of WT-2 iOCs 

after freezing. Scale bars = 200 Õm. 

3.1.5.4 iPSC-based modelling of ARO 

After the successful generation of functional iOCs from three wildtype iPSC lines, the CLCN7-

deficient ARO patient cell line described by Hennig et al. was differentiated into iOCs in the 

next step. The cell line was reprogrammed from a patient with severe neuropathic ARO caused 

by two compound heterozygous mutations in exons 10 and 14 of CLCN7 (p.G292E and 

p.R403Q) which are shown in Figure 23A. These missense mutations cause amino acid changes 

in conserved regions of ClC-7. These changes reduce protein stability and ion exchange func-

tion therefore significantly impair ClC-7 function. (Hennig et al. 2019; Rºssler et al. 2021) 
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The iMNCs obtained from myeloid differentiation of ARO iPSCs could successfully be differ-

entiated into iOCs which was proven by osteoclast staining shown in Figure 23B. ARO iOCs 

appeared as multinucleated, TRAP positive cells with a ring-like actin structure. However, they 

were much larger compared to wildtype iOCs. ARO iOCs displayed hyperfusion and formed 

very large OCs with hundreds of nuclei which after a few days of culture covered a whole cell 

Figure 23: iPSC-based model of autosomal recessive osteopetrosis. A: Compound heterozygous 

missense mutations in CLCN7 causing ARO in patient iPSCs. Created with benchling.com. B: 

Fluorescent staining of WT (as shown in Figure 21) and ARO iOCs for nuclei with DAPI (blue), 

actin with phalloidin (green), and TRAP (red). C: Resorbed bone surfaces stained by toluidine 

in grey. Bone resorption was stopped 10 days after first OCs were visible. D: CTX-I in the 

supernatant of bone resorption experiments of WT and ARO iOCs. Medium from 8 bone chips 

was pooled. n as indicated in the graph. Scale bars = 200 Õm. 
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culture well (data not shown). The increased size was already described by Rºssler et al for 

iOCs derived from this iPSC line (Rºssler et al. 2021). It resembles a phenotype observed in 

histologic sections of bones from osteopetrotic patients where enlarged OCs are observed. This 

is not only a feature of CLCN7 dependent ARO but is observed for multiple affected genes 

(Kornak et al. 2001; Barnea-Zohar et al. 2021).  

Next, the functional aspects of ARO iOCs were analysed. In contrast to wildtype iOCs, ARO 

iOCs were incapable of pit or trench formation as exemplarily shown in Figure 23C. No bone 

resorption was observed. The detection of CTX-I in the culture medium showed a strong de-

crease in ARO iOC cultures compared to wildtype iOCs as shown in Figure 23D. Taken to-

gether, these experiments prove that the ARO iPSC line resembled the bone phenotype of ARO 

in vitro and will provide a useful tool to develop therapeutic approaches for ARO.  

3.1.6 iPSC-derived cells in a 3D model of bone 

 

Figure 24: iPSC-derived bone cells in a 3D bone model.  A: Bone specific alkaline phosphatase 

(BALP) determined by ELISA. Bone marrow pMSCs or iSOPs were seeded at day 11 and 

BALP was quantified afterwards in the culture medium. B: CTX-I concentration determined by 

ELISA of bone marrow MNC or iMCs seeded on human bone scaffolds. Experiments were 

performed and analysed by Nina Stelzer (Charit® ï Universitªtsmedizin Berlin). 

The functions of OCs and OBs are mutually connected by their close interaction and paracrine 

signalling (Weivoda et al. 2020). Therefore, co-culture of both cell types represents a physio-

logical interaction of these cell types. To examine if iOCs and iSOPs/iOBs together contribute 

to bone remodelling and homeostasis these cells were evaluated in 3D cultures. Additionally, 

the ARO derived cells were used to model the phenotype of CLCN7-dependent ARO in vitro.  

Frozen precursor cells of both iOBs and iOCs were sent to the cooperating group from Sven 

GeiÇler (Charit® ï Universitªtsmedizin Berling). There, Nina Stelzer (Charit® ï Universi-

tªtsmedizin Berling) tested the iPSC-derived cells in a 3D dynamic co-culture on human decel-

lularized bone scaffolds to model the human bone. Whether the cells formed or resorbed bone, 

was evaluated by quantification of bone specific alkaline phosphatase (BALP) or CTX-I. The 

first obtained results are shown in Figure 24. Primary cells from bone marrow were used in 

parallel as benchmark. In Figure 24A BALP concentration is shown for iSOPs cultured on the 

3D model. iSOPs or MSCs were seeded at day 11 in the co culture system, therefore BALP 
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concentration was not evaluated before. All different iSOP cell lines (WT-1, WT-3 and ARO) 

showed an increase in BALP concentration indicating successful differentiation into iOBs and 

start of bone formation by the iSOPs on the 3D model. The BALP concentration peaked at day 

22 and decreased afterwards. Both WT iSOPs exhibited a lower BALP production than primary 

WTs or ARO iSOPs.  

The successful bone resorption by iOCs differentiated from frozen iMCs was detected by CTX-

I release. The time course of CTX-I liberation is shown in Figure 24B. ARO iOCs were not able 

to resorb bone and therefore did not release any CTX-I.  WT-1 OCs released similar amounts 

of CTX-I compared to primary OCs beginning from day 7 after seeding. Interestingly, WT-3 

iOCs released much more CTX-I compared to primary OCs and WT-1 iOCs which contrasts 

with the findings in 2D culture. In 2D culture, WT-3 iOCs exhibited the lowest bone resorption 

of all three iPSC wildtypes. This finding demonstrated the dramatic effects of a physiological 

environment on the cells which significantly affects cellular function.  

Taken together these preliminary results prove that the 3D model could be loaded with cryo 

stored iPSC derived precursor cells of iOCs and iOBs which subsequently differentiated into 

functional cells on the scaffold. This will allow a more standardized physiological model of 

human bone in the future which will be helpful to address different aspects of bone biology and 

to model genetic bone diseases.  

3.2 Additive and corrective gene therapy for ARO 

3.2.1 Correction of disease-causing mutations in ARO 

To evaluate whether OC function can be rescued in ARO by reversing the missense mutations 

back to wildtype, Floriane Hennig (University Medical Center Gºttingen) developed a 

CRISPR-based approach to correct the mutations by HDR. For this purpose, sgRNAs were 

designed for co-transfection with ssODNs as repair template in ARO iPSCs. Clones were gen-

erated for the repair of the p.G292E mutation in exon 10 and the p.R403Q mutation in exon 14 

resulting in one wildtype allele per clone. These clones were subsequently differentiated but 

showed only a minor rescue which may have been due to differentiation difficulties with the 

clones. Therefore, new iPSC transfections were made in this study to evaluate the effect of the 

correction without doing a single cell clone isolation. (Hennig 2021) 

3.2.1.1 Mutation correction in ARO iPSC and differentiation of bulk transfections 

The CRISPR/Cas system can be used to introduce small changes into the genome by exploiting 

the cellular HDR for DSBs (Ran et al. 2013). To correct mutations in ARO iPSC, ARO iPSCs 

were co-transfected with CRISPR/Cas RNPs and HDR templates. Here, independent correction 

experiments were performed for either mutation in exon 10 or 14 respectively. For each muta-

tion, a sgRNA introducing a DSB close to the mutated site was used. The experimental approach 

is shown in Figure 25A. The sgRNAs were complexed with recombinant Cas9 and co-trans-

fected with an HDR template for the respective locus using nucleofection. ssODN served as 

HDR templates. These were homologous to the locus but included the correction of the muta-

tion and the introduction of silent mutations. After successful HDR correction  
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Figure 25: CRISPR-based mutation correction in ARO iPSCs. A: Schematic representation of 

the mutation correction. B: Workflow of mutation correction and results of one experiment per 

mutation. A&B created with biorender.com. C: Fluorescent staining of WT, ARO and corrected 

ARO iOCs for nuclei with DAPI (blue), actin with phalloidin (green), and TRAP (red). D: Re-

sorbed bone surfaces stained by toluidine in grey. Bone resorption was stopped 10 days after 

first OCs were visible. E: Quantified eroded surface normalized to WT-1 eroded surfaces. Each 

point represents one bone chip. Bone resorption experiments were performed from two different 

transfections in multiple separate iOC differentiations. F: CTX-I I in the supernatant of bone 

resorption experiments of WT, ARO and corrected ARO iOCs. Medium from 8 bone chips was 

pooled. n as indicated in the graph. Scale bars = 200 Õm. 
























































































































































