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1. INTRODUCTION 

1.1  Mesenchymal Stem Cells. 

Stem cells possess a unique combination of two features that defines their identity. 

Firstly, stem cells develop into differentiated functional cell types. Secondly, they 

possess self-renewing capacity as they can generate at least one stem cell upon 

cell division (Orford and Scadden, 2008). Embryonic stem cells (ES cells) are 

pluripotent and differentiate into all cell types of the body. Multipotent stem cells can 

generate a restricted subset of specialized progeny (Jaenisch and Young, 2008). 

Adult stem cells replenish cells within specialized tissues or organs postnatally. 

They maintain tissue integrity during steady state as well as in response to stress. 

This task requires a coordinated control of self-renewing divisions and lineage 

commitment (Jaenisch and Young, 2008; Orford and Scadden, 2008). 

In the 1960s McCulloch and Till postulated the existence of adult stem cells within 

the hematopoietic system. For the first time they provided experimental evidence 

for self-renewal and lineage differentiation through quantitative bone marrow 

transplantation experiments (McCulloch and Till, 1960). Subsequently, heterotopic 

bone marrow transplantation experiments revealed the presence of bone forming 

progenitors within the bone marrow (Friedenstein et al., 1966; Tavassoli and 

Crosby, 1968). Progenitor cells with osteogenic differentiation potential were 

separated from their hematopoietic counterpart by their ability to adhere to the 

culture dish. These spindle-shaped cells exhibited clonal growths and could form 

bone upon ectopic transplantation in vivo (Owen and Friedenstein, 1988). The 

discovery of these cells in human bone marrow samples led to the designation 

“colony forming unit fibroblasts” (CFU-F) (Castro-Malaspina et al., 1980). Further 

studies on CFU-Fs revealed an in vitro differentiation capacity into multiple 

specialized cell types including adipocytes, chondrocytes or myocytes. These 

findings led to the term “mesenchymal stem cell” for the in vitro expanded CFU-Fs 

(Caplan, 1991). The concept of “mesenchymal stem cells” was broadened by the 

proposal of a “mesengenic process” (Caplan, 1994). This concept implemented a 

common progenitor cell that would perpetuate a variety of mesenchymal tissues, 

including fat, bone, cartilage, muscle or tendon, throughout postnatal life (Caplan, 

1994). 
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The nomenclature “mesenchymal stem cell” was controversial because evidence 

for the existence of such a stem cell in vivo was lacking. Neither serial 

transplantation experiments nor in vivo fate demonstrations had been performed at 

that time. In the following decade, further controversies about “mesenchymal stem 

cells” arose, e. g. when these cells were differentiated into neurons (Woodbury et 

al., 2000) or successfully isolated from many different organs (da Silva Meirelles et 

al., 2006). It became evident that considerable heterogeneity existed among the in 

vitro cultured CFU-F clones and subsequently in the understanding of 

“mesenchymal stem cells” between different investigators (Bianco et al., 2008). To 

improve comparability and translational research in the field, the International 

Society for Cellular Therapy (ISCT) provided a definition for in vitro cultured human 

“multipotent mesenchymal stromal cells” (Horwitz et al., 2005). The terminology was 

proposed to demarcate the in vitro cultured CFU-Fs from mesenchymal stem cells 

with experimentally proven stem cell identity in vivo. For convenience, the 

abbreviation “MSC” was kept for multipotent mesenchymal stromal cells, though. 

The definition comprised adipogenic, osteogenic and chondrogenic differentiation 

potential as well as a distinct immunophenotype including CD73, CD90 and CD105 

expression (Horwitz et al., 2005; Dominici et al., 2006). 

Advances in microscopy, immunofluorescent labeling techniques and engineering 

genetic mouse models paved the way for the experimental demonstration of 

mesenchymal stem cell (MSC) self-renewal and multipotency in vivo. Accordingly, 

the existence of mesenchymal stem cells in the strict sense could be proven at the 

end of the 2000s: In various studies, MSCs were detected in perivascular regions 

of the bone marrow, where they exhibited an essential component of the 

hematopoietic stem cell (HSC) niche (Morikawa et al., 2009; Méndez-Ferrer et al., 

2010). Prospectively identified MSCs highly enriched for CFU-Fs, could be serially 

transplanted and differentiated into at least two cell types of skeletal tissue in vivo 

with the help of ingenious techniques (Morikawa et al., 2009; Méndez-Ferrer et al., 

2010). 

To the present day, our knowledge regarding murine MSC ontogeny, localization 

and differentiation has further emerged through meticulous in vivo studies, single 

cell analyses and transplantation experiments (Chen et al., 2018). Nevertheless, 

controversies regarding the MSC concept remain (Bianco, 2014). A consistent 
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definition for the identification of murine MSCs is lacking. Various surface marker 

combinations and transgene-based reporter strains have been proven to identify 

murine mesenchymal stem cell subsets (Table 1) (Mohamed and Franceschi, 2017). 

Considerable overlap among the cells that are identified by these different MSC 

signatures is assumed, but experimental data to proof this hypothesis is incomplete 

and conflicting results exist (Chen et al., 2018). More recently, the concept of 

skeletal stem cells (SSC) has been introduced (Bianco and Robey, 2015). SSCs are 

multipotent progenitors of skeletal tissues that can differentiate into osteoblasts and 

chondrocytes as well as into bone marrow adipocytes and stromal cells. This 

concept emphasizes the skeletal derivation and the skeletal progeny of the 

progenitor cell subset. Furthermore, the new terminology with an abbreviation 

clearly distinct from “MSC” underlines the fundamental difference to the multipotent 

mesenchymal stromal cell concept (Bianco and Robey, 2015). To date, the terms 

mesenchymal stem cell and skeletal stem cell are widely used interchangeably in 

mouse studies (Mohamed and Franceschi, 2017; Chen et al., 2018). Table 1 lists 

currently used signatures for the prospective identification of MSCs / SSCs in mouse 

models (modified from Mohamed and Franceschi, 2017). 
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Table 1. Putative murine MSC markers (modified from Mohamed and Franceschi, 2017). 

Marker Identified cells (progeny or MSC subset) Reference 

PDGFRα+ Sca-1+ 
Ocn-expressing osteoblasts, reticular cells, 

endothelial cells and 
perilipin+ adipocytes (in adipose tissue) 

Morikawa et al., 2009 

PDGFRα+ CD51+ Nes-GFP- and Nes-expressing cells Pinho et al., 2013 

CD51+ CD200+ Osteoblasts, chondrocytes, stromal cells Chan et al., 2015 

Nes-GFP 
Perivascular stromal cells endothelial cells, Osx-

expressing cells, osteoblasts, osteocytes 
Méndez-Ferrer et al., 

2010 

Mx1-Cre 
Osx-expressing cells and Ocn-expressing 

osteoblasts 
Park et al., 2012 

Prx1-Cre 
Osteolineages in osteogenic fronts, periosteum, 

dura and osteocytes 
Greenbaum et al., 

2013 

OSX-CreER Osteoblasts, stromal cells and Nes-GFP+ cells Mizoguchi et al., 2014 

Col2-CreER 
Chondrocytes, perichondrial cells in the growth 

plate, Col1(2.3)-GFP+ osteoblasts, osteocytes and 
CXCL12+ stromal cells 

Ono et al., 2014 

Sox9-CreER/Acan-
Cre-ER 

Sox9-expressing chondrocytes, perichondrial cells, 
and Col1(2.3)-GFP+ osteoblasts 

(also Ocn-positive) 
Ono et al., 2014 

LepR-Cre 
Col1(2.3)-GFP+ osteoblasts, perilipin+ adipocytes, 

and aggrecan+ chondrocytes (fracture only) 
Zhou et al., 2014 

Grem1-CreER 
Chondrocytes, Col1(2.3)-GFP+ osteoblasts and 

reticular marrow stromal cells Worthley et al., 2015 

Gli1-CreER 
Osteolineages in osteogenic fronts, periosteum, 

dura and osteocytes 
Zhao et al., 2015 

Axin2-CreER Osx-expressing osteoblasts and osteocytes Maruyama et al., 2016 

Hoxa11-GFP Sox9-expressing chondrocytes and Osx-
expressing osteoblasts 

Rux et al., 2016 
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1.2  The Ubiquitin Proteasome System. 

The Ubiquitin Proteasome System serves as an intracellular pathway of protein 

degradation: Firstly, the attachment of a ubiquitin chain tags a distinct intracellular 

protein for destruction. Secondarily, this protein is degraded through the 

downstream 26S proteasome and ubiquitin is released (Ciechanover, 2015). 

Ubiquitin is a highly conserved 76 amino acid polypeptide. Ubiquitination is the 

process of ubiquitin attachment to a substrate, which is catalyzed by the ubiquitin 

enzymes E1 - E3. This process is tightly regulated, highly specific and energy 

consuming (Ciechanover, 2015). The multistep process begins with an E1 (ubiquitin 

activating enzyme) that binds ubiquitin in an ATP-dependent manner. 

Subsequently, the E2 (ubiquitin conjugating enzyme) catalyzes the transfer of the 

activated ubiquitin to the E2 itself. The E3 (ubiquitin ligase) binds the substrate and 

mediates the ubiquitin transfer to this target protein. E3 ligases with different 

conjugation mechanisms exist (Glickman and Ciechanover, 2002). HECT 

(homologous to the E6-AP COOH terminus) type E3 ligases catalyze the ubiquitin 

transfer to themselves in an intermediate step. Then, ubiquitin is transferred to the 

substrate (Weissman, 2001). RING (really new interesting gene) finger type E3 

ligases directly catalyze the transfer of ubiquitin from E2 to the target protein 

(Weissman, 2001). Typically, ubiquitin will be covalently bound to internal lysine 

residues of the target protein. Several courses of ubiquitination can generate an 

ubiquitin chain attached to the lysine residue of a substrate. In this case, ubiquitin is 

conjugated to Lys-48 of the previously conjugated ubiquitin. This ubiquitin chain can 

be recognized by the 26S proteasome (Glickman and Ciechanover, 2002). The 

proteasome degrades the substrate protein and an attached deubiquitinating 

enzyme (DUB) cleaves ubiquitin for recycling. DUBs also exist independently from 

the proteasome complex and regulate the process of ubiquitination through 

counteracting the E3 ligase function (Clague et al., 2015). 

Finding a pathway for selective and specific proteolysis within a cell was the driver 

that led to the discovery of the Ubiquitin Proteasome System. This target specificity 

is mediated by E3 ubiquitin ligases (Ciechanover, 2015). E3 ligases bind their 

substrates through the identification of specific amino acid sequences or structural 

motifs. Further adaptor proteins may be involved in this process (Glickman and 



 

6 

Ciechanover, 2002). More than 600 different E3 ligases exist in mammalian 

genomes (Clague et al., 2015). E3 ligases typically interact with different substrates 

and many substrates can be identified by different E3 ligases. Most E3 ligases can 

bind different E2 enzymes sequentially (Glickman and Ciechanover, 2002). 

Approximately 40 E2 and only two E1 enzymes exist in mammals (Clague et al., 

2015). 

Regulation of protein stability through the Ubiquitin Proteasome pathway is involved 

in virtually all cellular processes including the degradation of misfolded and 

denatured proteins. Moreover, ubiquitinating and deubiquitinating enzymes exert 

regulatory roles in a wide range of cellular processes in a proteasome-independent 

mode (Glickman and Ciechanover, 2002). Different patterns of ubiquitination exist 

and these result in different ubiquitin moieties. Monoubiquitination has been shown 

to regulate cellular localization of proteins (Weissman, 2001). Polyubiquitination 

through Lys-63 of ubiquitin has been involved in a variety of cellular processes such 

as DNA repair and membrane trafficking (Glickman and Ciechanover, 2002). 

Several other ubiquitination patterns such as ubiquitination via further lysine 

residues, branched ubiquitin chains or N-terminal ubiquitination have been 

described (Clague et al., 2015). Some of these posttranslational modifications act 

in a proteasome-dependent and others in various proteasome-independent ways 

(Weissman, 2001). Moreover, polyubiquitin fusion proteins can be generated and 

exist within cells (Glickman and Ciechanover, 2002). The proteasome complex itself 

may not always degrade proteins to polypeptides without any function. Instead, 

protein processing to alter cellular activity, as for example by truncation, is a 

regulatory mechanism. Additionally, the proteasome complex may regulate cellular 

processes in a proteolysis-independent manner, e. g. as a scaffold or through 

adaptor functions (Glickman and Ciechanover, 2002). The proteasomal and multiple 

alternative pathways render a variety of mechanisms through which E3 ligases and 

deubiquitinases regulate cellular processes. Mutations in different genes that 

encode E3 ligases as well as deregulation of the ubiquitination process have been 

associated with a variety of disorders such as neurodegenerative and malignant 

diseases (Ciechanover, 2015). Because of the diversity of E3s and DUBs, many 

substrate relationships and regulatory mechanisms remain incompletely understood 

(Weissman, 2001). Deciphering these networks is expected to refine our current 
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understanding on a diverse range of biological processes and to identify a variety of 

novel drug targets (Weissman, 2001; Glickman and Ciechanover, 2002). 

 

1.3  The E3 Ubiquitin Ligase Itch. 

Itch belongs to the group of HECT-domain containing E3 ubiquitin ligases (Perry et 

al., 1998). The C-terminal HECT domain covalently binds ubiquitin prior to the 

transfer of ubiquitin to the substrate (Weissman, 2001). The protein further contains 

an N-terminal C2 domain and four WW domains (Figure 1) (Perry et al., 1998). The 

C2 domain mediates membrane associations through phospholipid binding. The 

WW domains mediate specific protein interactions through the recognition of 

proline-rich motifs and proline‐containing phosphoserine/phosphothreonine motifs 

(Aki et al., 2015). Itch has several known phosphorylation sites at different 

serine/threonine and tyrosine residues. Phosphorylation can regulate the E3 ligase 

activity as well as Itch autoubiquitination (Aki et al., 2015). Autoubiquitination as a 

regulatory mechanism leads to Itch activation but promotes proteasomal 

degradation of Itch protein (Noyes et al., 2016). 

The Itch gene locus that encodes the E3 ligase was discovered in 1998 through the 

study of a radiation-induced mutant mouse (Perry et al., 1998). This non-agouti 18H 

mouse had been generated and characterized to study the genetics of mouse coat 

color. The phenotype that comprised severe autoinflammation involving the skin 

suggested that another gene in addition to the agouti locus was mutated (Hustad et 

al., 1995). Subsequently, it was demonstrated that an inversion on chromosome 2 

disrupted a new gene resulting in a null allele (Perry et al., 1998). The structural 

analysis revealed that this gene encoded a HECT domain containing E3 ligase 

(Figure 1) (Perry et al., 1998). Itch or “Itchy, E3 ubiquitin protein ligase” and 

especially its human homologue, is also known as AIP4 (atrophin-interacting-protein 

4) (Aki et al., 2015). The mouse gene is located on chromosome 2. The encoded 

protein of 864 amino acids has a relative molecular weight of 113 kDa. The protein 

is widely expressed among a variety of different cell types and tissues (Perry et al., 

1998). 
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Itch-deficient mice on C57BL/6 background develop systemic autoinflammation at 

three to four months. This disease involves the skin, the lungs and the intestinal 

tract. They exhibit splenomegaly and lymphoid hyperplasia in lymph nodes and 

thymus. Most of the mice die at four to six months (Hustad et al., 1995). Several 

studies aimed to identify the role of Itch within the immune system. To date, Itch has 

been established as an important regulator of T cells. The E3 ligase is involved in 

the control of different T cell subsets as well as in the regulation of different T cell 

functions (Aki et al., 2015). The first landmark study to elucidate the autoimmune 

phenotype of the Itch knockout mouse identified Itch as a negative regulator of T 

helper cell 2 (Th2) polarization (Fang et al., 2002). Itch prevented the expression of 

Th2 cytokines interleukin 4 (IL-4) and interleukin 5 (IL-5) through negative regulation 

of the transcription factor JunB via ubiquitination and proteasomal degradation. Itch-

deficient mice exhibited increased IL-4 and IL-5 levels and a Th2 bias (Fang et al., 

2002). Besides adoptive immunity and particularly T cells, the role of Itch has been 

studied in innate immunity as well as in hematopoiesis. Though widely expressed, 

the function of Itch in non-hematopoietic cells remains incompletely understood (Aki 

et al., 2015). 

The first identified substrate of the E3 ligase Itch was Notch receptor. Itch was 

shown to interact with Notch and to ubiquitinate NICD (Notch intracellular domain) 

at the N-terminus (Qiu et al., 2000). To date, multiple Itch interaction partners and 

substrates have been identified. Itch is involved in the regulation of various signaling 

pathways (Table 2) (Aki et al., 2015). 
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Table 2. Selected Itch interaction proteins (modified from Aki et al., 2015). 

Substrates 
Other binding 

partners Transmembrane Signaling molecules 
Transcription 

factors 

CXCR4 c-FLIP Foxo1 ATM 

Erb4 c-IAP Gli1 Cbl-b 

Notch Dvl JunB CYLD 

TRPV4 LATS1 P45NF-E2 Fyn 

 MKK4 p63 JNK1 

 MAVS p73 NDFIP2 

 Smad2 TIEG1 Numb 

 TAK1  TAXBP1 

   USP9X 

  

Figure 1. Schematic structure of Itch protein (modified from Aki et al., 2015). Green: N-terminal 

C2 domain, amino acid (aa) 17 - 140. Blue: 4 central WW domains at aa 290, 322, 402, 442. Red: 

C-terminal HECT domain, aa 509 – 862. The N-terminal HECT domain lobe contains the E2 enzyme 

binding region. The E2-Ubiquitin (Ub) complex is bound (1.). The C-terminal HECT domain lobe 

contains the active site cysteine residue (C832) that binds the activated Ubiquitin (2.). 
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1.4  E3 Ubiquitin Ligases Regulate Stem Cell Functions. 

Stem cells require a tightly controlled intracellular signaling network to regulate fate 

decisions. Imbalances in self-renewal and commitment towards specialized cell 

types will compromise tissue integrity. Disturbances in the regulatory program that 

controls self-renewal have been associated with carcinogenesis (Orford and 

Scadden, 2008). Post-translational modifications play an essential role in the control 

of stem cell functions (Werner et al., 2017). 

Regulation through ubiquitination has been proven in embryonic as well as in adult 

stem cells (Strikoudis et al., 2014). Multiple mechanisms by which ubiquitination 

affects stem cell fate decisions have emerged (Werner et al., 2017). Stem cells need 

to adjust their program to local and systemic demands. Information will be provided 

through secreted molecules or cell-to-cell contact within specialized stem cell niches 

(Orford and Scadden, 2008). Localization and stability of receptor complexes can 

be regulated through ubiquitination for appropriate integration of extracellular 

signals (Werner et al., 2017). Downstream effector proteins can be altered in their 

activation state, binding partner affinity or stability via ubiquitin tags. Ubiquitin 

ligases further target transcription factors as well as cell cycle regulators. The latter 

process has been proven crucial for stem cell quiescence and thus maintenance of 

the systemic stem cell pool (Werner et al., 2017). Moreover, epigenetic mechanisms 

play a role in stem cell fate decisions and are particularly investigated in cell 

reprogramming, induced pluripotent stem cells (iPS cells) and carcinogenesis 

(Strikoudis et al., 2014). Ubiquitination of histones can lead to transcriptional 

activation as well as transcriptional repression. It may also result in subsequent 

chromatin modifications (Strikoudis et al., 2014). 

1.4.1 The E3 Ubiquitin Ligase Itch in Stem Cells. 

To date, the E3 ubiquitin ligase Itch has been primarily studied within the immune 

system and especially in the regulation of T cells (Aki et al., 2015). Itch protein is 

expressed in a wide range of different tissues and cells types, though. More recently, 

its role in the control of stem and progenitor cell populations has been discovered 

(Aki et al., 2015). 
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Liao et al. studied the function of Itch in embryonic stem cells (ES cells) through a 

loss-of-function approach (Liao et al., 2013). Down-regulation of Itch via sh-RNA 

resulted in decreased self-renewal in a murine ES cell line. The authors further 

demonstrated that Itch expression levels increased upon induction of somatic cell 

reprogramming. Knock-down of Itch diminished the yield of iPS clones following 

transduction with four reprogramming transcription factors (Oct4, Sox2, Klf4, cMyc). 

The positive regulation of ES cell self-renewal and induced somatic reprogramming 

was attributed to the interaction of Itch with the transcription factor Oct4 (Liao et al., 

2013). Oct4 is considered a core regulatory component of ES cell self-renewal 

(Jaenisch and Young, 2008). Oct4 ubiquitination through Itch in ES cells led to 

increased transcriptional activity (Liao et al., 2013). 

In contrast to the positive effect of Itch on ES cells, Rathinam et al. identified Itch as 

a negative regulator of hematopoietic stem cell self-renewal (Rathinam et al., 2011). 

The Itch knockout mouse showed increased frequencies of hematopoietic stem and 

progenitor cells, including long term HSCs. Itch-deficient HSCs hyperproliferated 

and exhibited an augmented repopulation activity in serial and competitive 

transplantation assays. The loss of Itch led to increased Notch1 signaling. Itch 

ubiquitinated Notch1 in HSCs and downregulation of Notch signaling in the absence 

of Itch partially rescued the HSC phenotype in vitro and in vivo (Rathinam et al., 

2011). 

Several studies have investigated the role of Itch in skin regeneration and wound 

healing (Rossi et al., 2006; Giamboi-Miraglia et al., 2015). Rossi et al. found that 

p63 ubiquitination through Itch in keratinocytes resulted in p63 degradation (Rossi 

et al., 2006). Itch levels increased whereas dNp63 levels concomitantly decreased 

during human and mouse keratinocyte differentiation. P63 has been established as 

a key regulator in the development and regeneration of different epithelial tissues 

and dNp63 is vital for basal layer formation (Rossi et al., 2006). It was further 

demonstrated that Itch-deficient keratinocytes hyperproliferated in vivo and that Itch 

knockout mice exhibited a thickened basal layer at developmental stages and as 

newborns (Giamboi-Miraglia et al., 2015). This hyperplasia was not present in adult 

mice. Itch-deficient skin further exhibited superior wound healing capacities. The 

absence of Itch resulted in increased p63, cJun and JunB protein levels as well as 

increased Notch signaling in keratinocytes (Giamboi-Miraglia et al., 2015). 
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Together, these results suggested that Itch negatively regulated stem cells within 

the skin basal layer. 

1.4.2 Mesenchymal Stem Cell Regulation Through E3 Ubiquitin Ligases. 

The molecular circuits that control hematopoietic stem cell functions have been most 

intensively investigated as compared with other tissues. A variety of E3 ligases are 

currently known to regulate HSC quiescence, self-renewal and differentiation 

(Strikoudis et al., 2014). Genetic mouse models sharpened our understanding of 

these regulatory mechanisms and established the basis for clinical applications 

(Orford and Scadden, 2008). Though HSCs serve as a paradigm for adult stem cell 

biology, the function of particular E3 ligases need to be investigated and interpreted 

independently in other stem cells (Strikoudis et al., 2014). 

A detailed understanding of the molecular network that guides MSC functions is just 

beginning to emerge. In contrast to HSCs, few E3 ligases have been identified to 

regulate MSC self-renewal and differentiation through direct in vivo identification of 

the stem cell subset: 

The von Hippel Lindau protein (VHL) is an E3 ubiquitin ligase and a critical negative 

regulator of hypoxia inducible factors (HIF) (Mangiavini et al., 2015). The Vhl-Hif 

axis has been investigated at multiple steps of skeletogenesis during development 

as well as in postnatal osteoblast and chondrocyte differentiation. Postnatally, Vhl 

seemed to positively regulate early chondroblast commitment and to restrict 

osteoblast differentiation in a Hif-dependent manner (Mangiavini et al., 2014; Weng 

et al., 2014). Interestingly, Prx1-Cre-driven conditional deletion of Vhl led to fibrosis 

and mesenchymal soft tissue tumors (Mangiavini et al., 2015). These findings were 

not described when Vhl was deleted at a later stage of osteoblast or chondrocyte 

commitment (Weng et al., 2014; Mangiavini et al., 2015). A detailed molecular 

signature of the vimentin and S100 positive, hyperproliferating, fibroblastic cells has 

not been described. The soft tissue tumor development was dependent on the Hif-

1α-inducible matrix protein Ctgf (connective tissue growth factor) (Mangiavini et al., 

2015). 

The E3 ligase Cbl was studied in early osteoblast commitment using the CblY737F 

knock-in mouse (Scanlon et al., 2017). Through a point mutation, the Cbl-Pi3k 
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interaction is abrogated. In a fracture model, CblY737F mice exhibited periosteal 

thickening with relative accumulation of Osx-RFP positive progenitors. This resulted 

in enhanced osteogenic differentiation and ossification of the fracture (Scanlon et 

al., 2017). 

 

1.5  Aim and Objectives of the Study. 

Mesenchymal stem cells are highly investigated in preclinical and clinical studies for 

a variety of applications (Bianco et al., 2013; Galipeau and Sensébé, 2018). One 

important strategy is MSC transplantation that holds a promise in regenerative 

medicine as well as an immunomodulatory concept. Furthermore, tissue 

engineering for regenerative purposes and ex vivo modeling of a hematopoiesis-

supporting environment with cultured MSCs remain major prospective goals. 

MSCs and their progeny are involved in various mechanisms of human diseases. 

For this purpose, they exhibit a potential target for many therapeutic approaches, e. 

g. the manipulation of osteoblast commitment to improve fracture healing or to treat 

osteoporosis. Another example is the role of MSCs within the hematopoietic stem 

cell niche, which is expected to render new drug targets to treat hematologic 

malignancies (Bianco et al., 2013). 

Until now however, MSC-based technologies have hardly reached the clinic, yet 

(Bianco et al., 2013; Galipeau and Sensébé, 2018). Incomplete understanding of 

MSC biology hampers novel translational strategies (Bianco, 2014). Compared to 

HSCs, the molecular mechanisms that control MSC functions in vivo remain poorly 

understood. The identification of MSC regulators in genetic mouse models provides 

the astonishing opportunity to connect a single gene with the functionality of a total 

organism. In contrast to clinical trials, consequent studies of MSCs in genetic mouse 

models in vivo have just begun to emerge. The controversies about the MSC 

concept contributed to this fact very likely. 

Knowledge on the molecular mechanisms that control the preservation of the stem 

cell pool within the skeleton will open new avenues for translational MSC research. 

Likewise, a thorough understanding of the signals that guide in vivo differentiation 
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of MSCs into specialized cell types will refine any translational approach to 

manipulate repair processes or the hematopoietic niche. 

The aim of this study was to identify novel regulatory mechanisms of 

mesenchymal stem cells through posttranslational modification. I 

hypothesized that the E3 ligase Itch regulates mesenchymal stem cell 

homeostasis and / or function based on the following facts: 

1. ITCH has been previously identified as a regulator of stem cells (Rossi et al., 

2006; Rathinam et al., 2011; Liao et al., 2013; Giamboi-Miraglia et al., 2015). 

2. Human ITCH deficiency is a rare syndrome that causes a syndromic disease 

including autoinflammation and dysmorphic features of the skeleton (Lohr et al., 

2010). The latter suggests a role for ITCH beyond the hematopoietic system but 

within the mesenchymal / skeletal tissue. 

3. The E3 ligase has been demonstrated to regulate signaling pathways such as 

Notch, Wnt and Hedgehog (Aki et al., 2015). These evolutionary conserved 

pathways play pivotal roles in the regulation of stem cells (Orford and Scadden, 

2008). 

To investigate the research hypothesis, I employed a loss of function approach 

through the Itch knockout mouse model. The first goal was to characterize the 

MSC pool in Itch-deficient mice. Methodologically, the MSC subset was identified 

by the immunophenotype CD45− TER119− PDGFRα+ Sca-1+ (PαS). These PαS 

MSCs showed highest enrichment in CFU-Fs, differentiated into osteoblasts and 

adipocytes upon systemic transplantation as well as they participated in the HSC 

niche (Morikawa et al., 2009; Zhou et al., 2014). 

The second goal was the investigation of the cellular phenotype of Itch-

deficient MSCs to elucidate a potential alteration of MSC number or function 

in the mouse. In vitro studies on cultured MSCs served as a model system to 

generate hypotheses on the cellular phenotype in vivo. Of note, the isolation and 

culture of murine MSCs is considerably impaired by low yield, growth capacity and 

purity of stem cells (Phinney et al., 1999). In contrast to human MSCs, different 

methodological refinements are required for successful murine MSC cultures. 

Hence, the basis for these in vitro experiments was the establishment of Itch 

knockout MSC cultures. 
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Thirdly, the functional consequences of the loss of Itch within the skeletal 

tissue were studied. Any affection of a progenitor cell compartment may potentially 

affect the descending cell types and tissues. Importantly, the global knockout of Itch 

in the mouse model needed to be considered. Skeletal phenotypes could not 

exclusively be attributed to a potential alteration of MSCs. 

Finally, I aimed to identify the molecular functions of Itch in MSCs. For this 

purpose, an educated guess based on the literature as well as on the previous 

experimental findings was made to identify potential Itch targets in MSCs. Because 

Itch executes its functions on the protein level through posttranslational 

modifications, expression level of potential substrates was primarily analyzed by 

Western Blot.  
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2. MATERIAL AND METHODS 

Reagents and equipment with corresponding manufacturer and country are listed in 

appendix (Table 8). 

 

2.1  Mice. 

The B6.C3H(101)-In(2a;Itch)18H mouse strain (hereafter referred to as ‘Itch−/−‘) has 

been previously described (Hustad et al., 1995). This mouse resulted from induced 

mutagenesis experiments on the agouti locus. This strain carries the inversion 

In(2a;Itch) (synonyms: nonagouti 18 Harwell or a18H mutation) on C57BL/6 (B6) 

background and the phenotype has previously been described (Hustad et al., 1995). 

It was postulated that an inversion on chromosome 2 affected another gene besides 

the agouti locus. Subsequent studies on that mouse led to the discovery of Itch and 

demonstrated a disruption of the gene that results in a null allele (Perry et al., 1998). 

Mice were kept in the Institutional Animal Care Facility at Columbia University 

School of Medicine under specific pathogen-free conditions. All protocols were 

approved by the Institutional Animal Care and Use Committee of Columbia 

University Medical Center. 

Heterozygous breeding pairs (Itch+/− X Itch+/−) and homozygous breeding pairs 

(Itch+/+ X Itch−/−) were set up to obtain Itch−/− mice. Gender-matched littermates with 

either Itch+/+ or Itch+/− genotype were used as controls (Ctrl). Itch+/− mice show no 

altered phenotype. DNA for genotyping was isolated from ear clips. Polymerase 

chain reaction (PCR) was performed with a common reverse primer (5′-

TCTATGCTCTGTTGTCTCCCATGC-3′) and specific forward wild-type (5′-

ATCGTCTACTCACCCCACATAAGG-3′) and forward knock-out (5′-

AAGAAGCAGCAGAGACAACGAGTG-3′) primers. Products of 194 bp (wild-type - 

common primers) and 294 bp (knock-out - common primers) were obtained and 

analyzed on an agarose gel. Mice were sacrificed for experiments at 6-8 weeks of 

age unless otherwise stated. 
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2.2  Cell Preparation. 

2.2.1 Bone Cell Isolation. 

Long bones (femora and tibiae) were harvested, cleaned from soft tissue with 

forceps and put in phosphate buffered saline (PBS) with 2 % fetal calf serum (FCS) 

on ice as previously described (Rathinam et al., 2011). Bones from 1 - 4 mice per 

genotype were pooled per experiment. MSCs were isolation from bone pieces 

based on Morikawa et al. (Morikawa et al., 2009). Bone ends were cut off and bone 

marrow was flushed out using a 27-gauge needle, yielding pale bones. Bones were 

crushed with scissors and a pestle into fragments of 1 mm maximum. All fragments 

were transferred into PBS and digested with collagenase P (2.5 mg/ml) and 

incubated at 37 °C for 45 minutes. Cell suspension was vortexed every 15 minutes. 

After incubation, the bone suspension was diluted with PBS, vortexed rigorously and 

supernatants were collected for three times. Collected cell suspension was filtered 

through a 70 µm cell strainer and centrifuged at 260 g for 5 minutes. Total bone cell 

pellet was resuspended in ACK (ammonium-chloride-potassium) red cell lysis buffer 

and incubated at room temperature for 2 minutes. The reaction was stopped through 

dilution with PBS. Total bone cells were centrifuged and resuspended in desired 

medium and volume. Cells were counted in a Neubauer chamber, only trypan blue-

negative cells were included. 

2.2.2 Bone Marrow Cell Isolation. 

Bone marrow was isolated as previously described (Rathinam et al., 2011). Long 

bones (femora and tibiae) were harvested, cleaned from soft tissue with forceps and 

put on ice in PBS with 2 % FCS. Bone ends were cut off, bone marrow was flushed 

out using a 27-gauge needle and collected. Bone marrow was centrifuged (260 g, 5 

minutes), resuspended in ACK red cell lysis buffer and incubated at room 

temperature for 2 minutes. Cell suspension was diluted with PBS and filtered 

through a 70 µm cell strainer. Bone marrow cells were centrifuged and resuspended 

in desired medium and volume. Cells were counted in a Neubauer chamber, only 

trypan blue-negative cells were included. 
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2.3  Cell Culture. 

2.3.1 MSC Culture. 

Bone cells were isolated and resuspended in MSC culture medium. Unless 

otherwise stated, MSCs were cultured in commercially available complete 

Mesencult Medium (Basal Medium + 10 % Stimulatory Supplement (medium-

containing)) as previously described (Hussain et al., 2012). Complete Mesencult 

Medium was supplemented with 2 mM L-Glutamine and 1 % Penicillin-

Streptomycin. Cells were kept at 5 % CO2 and 37 °C in humidified incubators. 

MSC adherent cultures were performed as previously described (Morikawa et al., 

2009). Bone cells were seeded in 6 well-plates (2 ml per well) at 1 – 2 x 105 cells 

per cm². 24 hours after plating, non-adherent cells were removed with the first 

medium change. The second medium change was performed after 5 - 7 days. In 

subsequent passages (P) medium was changed every 3 - 4 days. MSCs were 

passaged at 70 – 90 % confluency. For this purpose, medium was removed, cells 

were washed with PBS and incubated with 0.25 % trypsin-EDTA 

(ethylenediaminetetraacetic acid) for 3 minutes. Reaction was stopped by the 

addition of culture medium and cells were collected. 

Hematopoietic cells were removed from bone cell cultures at passage P2 - P3 

through immunodepletion as previously described (Xu et al., 2010). For this 

purpose, collected bone cells were centrifuged (260 g, 5 minutes) and resuspended 

in MACS buffer (PBS with 2 % FCS and 2mM EDTA). Cells were incubated with 

biotin-conjugated anti-mouse CD45 (1:5) and anti-mouse TER119 (1:10) antibodies 

on ice for 15 minutes. Cells were washed, resuspended in MACS buffer and 

incubated with streptavidin Micro Beads (200 µl in 500 µl total volume). Cells were 

washed, resuspended in MACS buffer and separated on MACS midi columns. CD45 

and TER119 negative cells were collected, centrifuged and resuspended in culture 

medium and reseeded. Purified MSCs were seeded at 2000 cells per cm². In vitro 

assays were performed on MSCs at P3 - P10. 

2.3.2 CFU-F Assay. 

CFU-F assays were performed based on Morikawa et al. (Morikawa et al., 2009). 

Cells were seeded at 1 x 105 per cm² in 6 well-plates in MSC culture medium. Non-
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adherent cells were removed after 24 hours with the first medium change. Second 

medium change was conducted after 5 - 7 days and then medium was changed 

every 3 - 4 days. On day 14, culture plates were set on a grid and colonies were 

counted on light microscopy by meandering thoroughly over the grid. Colonies with 

> 30 cells with typical spindle-shaped MSC morphology were counted. 

2.3.3 MSC Differentiation Experiments. 

Bone cell suspension (p. 17) was analyzed by flow cytometry to assess MSC 

frequency. Cell suspensions of Itch-/- and control mice were diluted to contain equal 

numbers of MSCs per ml (e. g. 500 MSCs per ml). Total bone cells with equal 

absolute numbers of MSCs were seeded in MSC culture medium. 24 hours later, 

non-adherent cells were removed and medium was changed to respective 

differentiation medium. 

Osteogenic assay procedure: 

Total bone cells containing 500 PαS MSCs were seeded in a 10 cm dish. After 24 

hours, medium was changed to commercially available osteogenic differentiation 

medium with dexamethasone, ascorbate and b-glycerophosphate. Cells were 

cultured according to the manufacturer’s recommendations. Medium was changed 

every 3 - 4 days for 3 weeks. 

After three weeks, osteogenic cultures were stained with alizarin red according to 

the manufacturer’s recommendations. Cultures were washed with PBS, fixed with 

10 % formalin and washed with distilled water. Alizarin red salt was dissolved in 

distilled water (2 g / 100 ml) and filtered. Cultures were incubated with alizarin red 

staining solution for 45 minutes at room temperature. Culture plates were washed 

with distilled water, filled with PBS and kept sealed. Digital images were acquired 

with AxioCam MRm Rev 3. Quantification of alizarin red was made using ImageJ 

software (Schneider et al., 2012). Alizarin red positive areas were identified via color 

threshold using undifferentiated controls. 

CFU-Osteoblast (CFU-Ob) assay: 

Total bone cells containing 500 PαS MSCs were seeded in a 10 cm dish. After 24 

hours, medium was changed to commercially available osteogenic differentiation 
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medium. Cells were cultured according to the manufacturer’s recommendations. 

Medium was changed every 3 - 4 days for 10 days. For quantification of colonies 

culture plates were set on a grid. Colonies were counted on light microscopy by 

meandering thoroughly over the grid. Colonies with > 30 cells were counted. 

Adipogenic assay procedure: 

Total bone cells containing 500 PαS MSCs were seeded in one well on a 6 well-

plate (9 cm²). After 24 hours, medium was changed to commercially available 

adipogenic induction medium with human-insulin, dexamethasone, indomethacin 

and IBMX (3-isobuty-l-methyl-xanthine). Cells were cultured according to the 

manufacturer’s recommendations. After 3 days of culture, medium was changed to 

the commercially available adipogenic maintenance medium (human-insulin 

containing). 3 cycles of induction and maintenance culture were performed. Cells 

were cultured for another 3 days in fresh adipogenic maintenance medium after the 

last cycle. 

Adipogenic cultures were stained with Oil Red O according to the manufacturer’s 

recommendations. Cultures were washed with PBS, fixed with 10 % formalin and 

washed with distilled water. Cultures were incubated with 60 % isopropanol at room 

temperature for 5 minutes. Oil Red O powder was dissolved in 99 % isopropanol 

(300 mg per 100 ml). 3 parts of the solution were mixed with 2 parts of distilled water 

and subsequently filtered. 60 % isopropanol was discarded and cultures were 

incubated with staining solution for 5 minutes. Plates were thoroughly rinsed with 

water, filled with distilled water and kept sealed. Digital images were acquired with 

AxioCam MRm Rev 3.  Quantification of Oil Red O was made using ImageJ software 

(Schneider et al., 2012). Oil Red O positive areas were identified via color threshold 

using undifferentiated controls. 

 

2.4  Flow Cytometry. 

2.4.1 Surface Marker Analyses. 

Flow cytometry was performed as previously described (Rathinam et al., 2011) on 

total bone cells ex vivo as well as on cultured MSCs. Total bone cells were filtered 
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at least three times through a 70 µm nylon mesh during cell isolation and sample 

preparation prior to acquisition. Cultured cells were trypsinized for sample 

preparation. 

Cells were resuspended in 100 µl PBS with 2 % FCS for staining. The antibody 

panels and concentrations were established and optimized for a reliable 

identification of the desired target populations. Antibodies and concentrations that 

were used in the study are listed in Table 3. 

Table 3. List of monoclonal antibodies used for flow cytometry. 

Antibody Clone 
Concentration, 

bone cells ex vivo 
Concentration, 
cultured cells 

Manufacturer 

FITC anti-mouse 
CD90.2 

30-H12 2:100 1:100 

Becton, 
Dickinson and 

Company (BD), 
Franklin Lakes, 

USA 

PE anti-mouse Sca-1 D7 1:200 1:200 BD 

APC anti-mouse 
PDGFRα 

APA5 1:100 1:100 
BioLegend, San 

Diego, USA 

APCCy7 anti-mouse 
CD45.2 104 5:100 1:100 BD 

APCCy7 anti-mouse 
TER119 

TER119 2.5:100 1:100 BD 

 

Cells were analyzed by flow cytometry with LSRII using FACSDIVA software for 

acquisition. Compensation and gating strategies were established using respective 

isotype controls. Data were analyzed with FlowJo software. 

2.4.2 Viability Assessment Through Propidium Iodide. 

Propidium iodide staining was performed as previously described (Kriegel et al., 

2009). MSCs were investigated at 50 – 70 % confluency. For medium starvation, 

MSC culture medium was removed, cells were washed with PBS and Dulbecco's 

Modified Eagle Medium (DMEM) with 2% bovine serum albumin (BSA) and 1% 

Penicillin-Streptomycin was added. 

Prior to analysis, medium was removed, cells were washed with PBS and incubated 

with trypsin-EDTA (0.25%) for 3 minutes. Reaction was stopped by the addition of 

culture medium. All subsequent steps were performed on ice. Cells were collected 
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and centrifuged (260 g, 5 minutes). Cells were resuspended in 100 µl PBS with 2 % 

FCS and 0.1 µg of propidium iodide. Samples were analyzed with FACScan or LSRII 

and acquisition was conducted using CellQuest or FACSDIVA software. Data were 

analyzed with FlowJo software. 

2.4.3 CFSE Labeling Studies. 

Carboxyfluorescein succinimidyl ester (CFSE) permeates cell membranes and 

covalently binds to intracellular molecules. The intracellular fluorescent dye is 

divided between both daughter cells upon cell division. CFSE dilution was monitored 

to assess cell proliferation. CFSE labeling was performed with CFSE Cell 

Proliferation Kit as previously described (Rathinam et al., 2011). MSCs were pre-

warmed at 37 °C after collection through trypsinization in DMEM without 

supplements. CFSE was prepared in Dimethyl sulfoxide (DMSO) and diluted to 5 

µM in the final staining solution with DMEM (no supplements). Cells were incubated 

in 3 ml staining solution for 10 minutes at 37 °C. Serum containing medium was 

added. Cells were centrifuged (260 g, 5 minutes) and washed once in serum-

containing medium. Finally, MSCs were resuspended in MSC culture medium and 

seeded at 2000 cells per cm². An aliquot of cells was immediately analyzed by flow 

cytometry to determine initial labeling efficiency (d0). Cells were collected by 

trypsinization and analyzed on day 2, 4 and 6 again. Samples were analyzed with 

FACScan or LSRII and acquisition was conducted using CellQuest or FACSDIVA 

software. Data were analyzed with FlowJo software. 

 

2.5  Osteoblast Numbers in H&E Stained Bone Sections. 

Bone sections were taken as previously described (Wu et al., 2009). Femora of mice 

were harvested and thoroughly cleaned from soft tissue with forceps. Bones were 

fixed in 4% paraformaldehyde. 

The following steps were performed by the Central facility for musculoskeletal 

disorders at Yale Medical School: Decalcification, preparation of sections and 

staining with hematoxylin and eosin. 
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H&E (hematoxylin and eosin) stained sections were received. Digital images were 

acquired with AxioCam MRm Rev 3. Region of interest was defined within the 

secondary spongiosa of the distal femur proximal to the growth plate. Bone 

perimeter (B.Pm) and osteoblasts (N.Ob) were quantified as previously described 

(Parfitt et al., 1987; Jilka et al., 1999) with ImageJ software (Schneider et al., 2012). 

 

2.6  Micro-CT Analyses of Bones. 

Micro-CT analysis was performed as previously described (Yao et al., 2017). 

Femora of mice were harvested and thoroughly cleaned from soft tissue with 

forceps. Bones were fixed in 70 % ethanol at 4 °C. Micro-CT analysis was performed 

at the Yale University School of Medicine Micro-CT Core Facility using a Scanco 

µCT-35 instrument. Technical set up and data acquisition was conducted by the 

Core Facility. Trabecular bone was analyzed within the endosteal borders of the 

distal femoral metaphysis (1 mm from the growth plate and extending 1 mm 

proximally) to include the secondary spongiosa. Cortical bone was analyzed distally 

from the diaphyseal mid-point between the growth plates. Preprocessed 2D and 3D 

data were received. Analyses were finalized in accordance with current 

recommendations (Bouxsein et al., 2010). 

 

2.7  Western Blot and Immunoprecipitation. 

2.7.1 Protein Extraction. 

MSCs were collected by trypsinization, counted and washed once in PBS. Protein 

extraction was performed as previously described (Rathinam et al., 2011). Cell pellet 

was dried and cells were lysed in cell lysis solution. Cell lysis solution was prepared 

with commercially available Cell Lysis Buffer and Protease Inhibitor Cocktail 

complete (EDTA-free) according to the manufacturer’s instructions. 1 x 106 cells 

were lysed in 100 µl of cell lysis solution and incubated on ice for 20 minutes. 

Solution was centrifuged at 14,000 g for 10 minutes at 4 °C. Supernatant containing 

proteins was collected. Protein lysates were stored at -80 °C. 
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2.7.2 Western Blot. 

Western Blot was performed as previously described (Rathinam et al., 2011). 

Proteins were thawed and handled on ice. NuPAGE LDS sample buffer and 2-

Mercaptoethanol were added and proteins denaturized at 75 °C for 10 minutes. 

8 - 12 % SDS-PA (sodium dodecyl sulfate–polyacrylamide) gels were casted using 

distilled water, Tris buffer, 8 - 12% SDS (sodium dodecyl sulfate) solution, 

acrylamide, APS (ammonium persulfate) and TEMED (N,N,N',N'-

tetramethylethylenediamine). 

A protein standard was loaded in one well of each gel. Proteins were subjected to 

gel electrophoresis (SDS-PAGE) in electrophoresis chambers at 110 V. Proteins 

were transferred in tanks for wet electroblotting on a magnetic stirrer to PVDF 

(polyvinylidene difluoride) membranes for 90 minutes at 130 V at 4 °C. 

Membranes were blocked in 5 % skim milk or in 5 % BSA for the detection of 

phosphorylated proteins for 2 hours at room temperature. Membranes were stained 

in PBS with 0.5 % BSA. Membranes were incubated with primary antibodies at 4 °C 

overnight. Membranes were incubated with secondary antibodies conjugated to 

HRP (horseradish peroxidase) for 1 hour at room temperature. Primary and 

secondary antibodies that were used in this study are listed in Table 4 and Table 5. 

After primary and secondary antibody staining, membranes were washed 4 x 10 

minutes in PBS with 0.05 % Tween 20. Membranes were incubated with 

SuperSignal West Pico Chemiluminescent Substrate Kit according to the 

manufacturer’s recommendation for 1 - 2 minutes at room temperature for 

visualization on Image station 440. 

Table 4. List of primary antibodies used for Western Blot. 

Antibody Clone Species Concentration Manufacturer 

Actin I-19 goat 1:2000 

Santa Cruz 
Biotechnology 
(Santa Cruz), 
Dallas, USA 

Akt (pan) C67E7 rabbit 1:1000 

Cell Signaling 
Technology 

(Cell Signaling), 
Danvers, USA 

Cleaved Notch1 (Val1744) D3B8 rabbit 1:1000 Cell Signaling 
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Itch Clone32 mouse 1:500 BD 

MEK1/2 D1A5 rabbit 1:1000 Cell Signaling 

Notch1 C44H11 rabbit 1:1000 Cell Signaling 

p38α MAPK 7D6 rabbit 1:1000 Cell Signaling 

p44/42 MAPK (ERK1/2) 137F5 rabbit 1:1000 Cell Signaling 

phospho-Akt (Thr308) 244F9 rabbit 1:500 Cell Signaling 

phospho-MEK1/2 (Ser221) 166F8 rabbit 1:500 Cell Signaling 

phospho-NF-κB p65 (Ser536) 93H1 rabbit 1:500 Cell Signaling 

phospho-p38 MAPK 
(Thr180/Tyr182) 

12F8 rabbit 1:500 Cell Signaling 

phospho-p44/42 MAPK 
(ERK1/2)(Thr202/Tyr204) 

197G2 rabbit 1:500 Cell Signaling 

phospho-PDK1 (Ser241) C49H2 rabbit 1:500 Cell Signaling 

phospho-PI3 Kinase 
p85/p55(Tyr458/Tyr199) 

n.a. rabbit 1:500 Cell Signaling 

phospho-Src (Tyr527) n.a. rabbit 1:500 Cell Signaling 

 

Table 5. List of secondary antibodies used for Western Blot. 

Antibody Concentration Manufacturer 

HRP-conjugated anti–mouse IgG 1:2000 Cell Signaling 

HRP-conjugated anti–rabbit IgG 1:2000 to 1:4000 Cell Signaling 

HRP-conjugated anti–goat IgG 1:6000 Santa Cruz 

 

2.7.3 Co-Immunoprecipitation. 

Co-Immunoprecipitation was performed as previously described (Rathinam et al., 

2011) with the commercially available Pierce Co-Immunoprecipitation Kit. Anti-

Cleaved Notch 1 and anti-Itch antibodies (Table 4) were immobilized with the 

provided resin. As negative controls rabbit IgG (for anti-Notch1) and mouse IgG (for 

anti-Itch) were immobilized. Protein samples were isolated from ICN1high, Itchhigh and 

GFPhigh MSCs (p.28) and diluted with the provided IP Lysis / Wash buffer to 500 µl. 

Proteins were incubated on a mixer overnight at 4 °C with the resin-conjugated 

antibodies at a final dilution of 1:100. Flow-through of three washes were collected 

and analyzed as controls. Co-IP elute was prepared with the provided sample buffer 

in the kit. SDS-PAGE and Western Blot were performed as described above (p.23). 
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2.8  Real-Time PCR. 

RNA extraction, cDNA synthesis and Real-Time PCR were performed as previously 

described (Rathinam et al., 2011). RNA was isolated from in vitro cultured MSCs. 

Cells were trypsinized and lysed for RNA extraction using the commercially 

available RNeasy Mini Kit according to the provided instructions. RNA was stored 

at -80 °C. cDNA was synthesized with Invitrogen SuperScript II Reverse 

Transcriptase and Oligo(dT)12-18 Primer according to the manufacturer’s 

instructions. Reactions were performed on a T100 Thermal Cycler. Real-Time PCR 

was performed with the SYBR green method and ROX reference dye using the 

commercially available Kapa SYBR Fast mastermix according to the manufacturer’s 

instructions. Real-Time PCR primers were designed with PerlPrimer (Marshall, 

2004). Intended specificity of all primer pairs was validated by melt curve analysis 

and agarose gel electrophoresis. Real-Time PCR primers are listed in Table 6. 

Samples were run in doublets on a CFX Connect Real-Time PCR Detection System 

machine. Data was acquired and analyzed with CFX manager. Hprt (Hypoxanthine-

guanine phosphoribosyltransferase) was used as a housekeeping gene. Fold-

change in gene expression in corresponding samples was calculated with the delta-

delta CT method (Livak and Schmittgen, 2001). 

Table 6. Real-Time PCR primer. 

Gene Forward (5‘-3‘) Reverse (5‘-3‘) 

Hes1 GCTACCGATCACTAAGTAGCCC GAATGCCGGGAGCTATCTTTC 

Hes5 GAGATGCTCAGTCCCAAGGAG GCGAAGGCTTTGCTGTGTTTC 

Hey1 GAGAATGGAAACTTGAGTTCGG CCACAGTCATCTGCAAGATCTC 

Heyl GCCTTTCTGAATTGCGACGA CATCAAAGAACCCTGTGCCA 

Hprt AGCTACTGTAATGATCAGTCAACG AGAGGTCCTTTTCACCAGCA 

Itch AGACCAGAACCTCTACCTCCT ATCAGTTCTCTTCTCCCATCCA 

Notch1 GTACAGAAGGTTACACAGGGA AGAGGTAGGAGTTGTCACGG 

Notch2 GATTCTGATCCGCAACCGTG GGTGTCTCTTCCTTATTGTCCTG 

Notch3 AGCGACTTGATTTCCCATACC GCCATGTTCTTCATTCCCAG 

Notch4 CTCTTGCCACTCAATTTCCCT TTGCAGAGTTGGGTATCCCTG 
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2.9  Itch Cloning. 

The 2595 bp long Itch coding sequence was amplified from MSC cDNA (primer 

sense: 5’-ACGAGATCTATGTCTGACAGTGGACCACAG-3’ and primer antisense: 

5’-ACGGTCGACTTACTCTTGTCCAAATCCTTC-3’) using Invitrogen Platinum Taq 

DNA Polymerase High Fidelity and a gradient annealing temperature. The PCR 

product was cut out of an agarose gel and extracted with QIAquick Gel Extraction 

Kit according to the manufacturer’s instructions. The gel purified PCR product was 

cloned into pCR-XL-TOPO vector that is provided with Invitrogen TOPO XL PCR 

CloningKit according to the manufacturer’s instructions. This kit utilized TA cloning 

technique that allowed direct transformation of the reaction product into the provided 

TOP10 E. coli. Transformation was performed according to the manufacturer’s 

instructions for One shot TOP10 chemically competent E. coli. Transformed bacteria 

were incubated on LB agar plates containing 50 μg/mL kanamycin overnight at 37 

°C. Single colonies were picked and incubated in LB medium with kanamycin at 37 

°C overnight. Plasmid purification was performed with QIAprep Spin Miniprep Kit 

according to the manufacturer’s instructions. Plasmids were first screened through 

restriction enzyme digestion for correct insertion. Inserts of plasmids with the correct 

restriction pattern were sequenced. A plasmid with the correct Itch sequence was 

chosen and digested with BglII and SalI restriction enzymes according to the 

manufacturer’s instructions. The released insert was gel purified. pGFP-RV vector 

was digested with BglII and XhoI restriction enzymes and with phosphatase (Quick 

CIP, Quick Dephosphorylation Kit) according to the provided instructions. Insert and 

vector were ligated with T4 DNA Ligase according to the manufacturer’s 

instructions. Ligation mix was transformed into TOP10 chemically competent E. coli 

and colonies were picked on LB agar plates with ampicillin 100 µg/ml as described 

above. Individual colonies were grown in liquid LB medium with ampicillin and 

plasmids were isolated with a mini preparation as described above. Correct insertion 

into pGFP-RV vector was validated through restriction enzyme digestion. 
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2.10 Virus Production and Transduction of Cells. 

Sufficient amounts of the generated Itch-pGFP-RV, pGFP-RV backbone, pVSV-G 

and MSCV ICN1-IRES-GFP (Rathinam et al., 2006) were produced in bacterial 

cultures and purified with plasmid maxiprep kit according to the manufacturer’s 

instructions. Production of retroviral particles and transduction has been described 

previously (Rathinam et al., 2011). Retroviruses were produced in Phoenix-GP cells. 

Phoenix-GP packaging cell lines express gag-pol. The co-transfection with desired 

envelope and retroviral vectors allows the production of replication-incompetent 

pseudotyped viral particles (Swift et al., 2001). Phoenix-GP cells were washed with 

PBS and cultured in Gibco Opti-MEM for transfection at 70 % confluency. Invitrogen 

Lipofectamine 2000 was used as described in the provided protocol for transfection. 

Cells were transfected on 10 cm plates in 10 ml medium with 50 µg of desired 

plasmid DNA, 25 µg VSV-G plasmid and 150 µl Lipofectamine. Following overnight 

incubation, medium was changed to DMEM with 20 % FCS. Virus containing 

supernatant was collected after 24, 48 and 72 hours, pooled, filtered through 0.22 

µm and stored at -20 °C. In vitro cultured MSCs were transduced with virus mixed 

with fresh MSC culture medium (3:1) with 8 μg/ml polybrene overnight and further 

cultured in MSC culture medium. Flowcytometric analyses of GFP expression 

revealed that transduction efficiency was 5 - 15 %. Because of relatively low 

efficiency but stable GFP expression over several passages, transduced MSCs 

were expanded and sorted. GFP-high-expressing MSCs were sorted with a 

FACSAria II at the Flow Cytometry Core, Department of Microbiology & 

Immunology, Columbia University. GFP-high cells that were previously transduced 

with MSCV ICN1-IRES-GFP, Itch-pGFP-RV and pGFP-RV empty backbone vector 

were further cultured and are hereinafter referred to as ICN1high, Itchhigh and GFPhigh 

MSCs, respectively. 

 

2.11 Statistical Analyses. 

Statistical analyses and visualization were done with the help of GraphPad Prism 

version 5 (GraphPad Software Inc., USA) unless otherwise stated. Two-sided, 

unpaired Student’s t-test was used to test statistical significance of hypotheses. 
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Differences above P ≥ 0.05 were considered not statistically significant. Statistical 

significance is denoted as *, P < 0.05; **, P < 0.01; ***, P < 0.001. P values less than 

0.001 are shown as < 0.001. 

 

2.12 Reagents and Equipment. 

Reagents and equipment are listed in appendix (Table 8). 
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3. RESULTS 

3.1  Investigation of the Mesenchymal Stem Cell Pool in Itch-Deficient Mice. 

3.1.1 Reduced Colony Forming Unit Fibroblasts (CFU-F) in the Absence of Itch. 

First experiments to address the MSC pool in Itch−/− mice employed a colony forming 

unit (CFU-F) assay. The CFU-F assay relies on the plastic-adherence of MSCs in 

culture and historically led to the discovery of non-hematopoietic progenitor cells 

within the bone (Friedenstein et al., 1970). 

To obtain a cell suspension of total bone cells, femora and tibiae were harvested. 

Then bone marrow was flushed out and solid bones were crushed into pieces. 

Fragments were collagenase digested and filtered through a cell strainer. For 

individual experiments, long bones of two mice were pooled per genotype. Cells 

were seeded at 1 x 105 per cm² and non-adherent cells were removed after 24 hours. 

Medium was changed every 3 - 4 days. Colonies were counted on day 14 (Figure 2 

photos A - C). 

Four independent experiments revealed significantly reduced colony numbers 

in Itch−/− bone cell cultures as compared with control cultures (9.75 ± 2.02 vs. 

2.50 ± 1.32 per 1 x 106 cells, P = 0.0238) (Figure 2 plot D, app. Table 9). These 

results suggested significantly reduced CFU-F in Itch−/− bone (bone-cell-

derived CFU-F). Of note, there was no morphological difference between 

control and Itch−/− cultures in the large, highly translucent, spindle-shaped 

and colony forming cells (Figure 2 A & B). 

It has been established, that MSCs depict a dynamic and stress-responsive stem 

and progenitor cell compartment (Park et al., 2012). The generic Itch−/− mouse 

exhibits an excessive hematopoietic stem and progenitor cell (HSPC) pool within 

the bone marrow (Rathinam et al., 2011). Any disturbance of the HSPC pool may 

mimic or cause a stress response. This potential stress response may attract MSC 

evasion preferentially to the marrow spaces. 

To investigate Itch−/− MSCs within the bone marrow cavity, CFU-F assays were 

performed on bone marrow (bone-marrow-derived CFU-F). For this purpose, bone 

marrow cells were seeded at 1 x 105 per cm² and non-adherent cells were removed 
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after 24 hours. Culture medium was changed every 3 - 4 days. Colonies were 

counted on day 14. 

Analysis of two independent experiments revealed a trend towards lower 

numbers of bone-marrow-derived CFU-F in Itch−/− mice as compared with 

control mice (10.50 ± 2.50 vs. 1.5 ± 0.50 per 1 x 106 cells, P = 0.0717) (Figure 2 E, 

app. Table 10). This tendency of reduced bone-marrow-derived CFU-F in Itch−/− 

mice resembled the above-mentioned findings of bone-cell-derived CFU-F. 
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Figure 2. Reduction of CFU-Fs in Itch−/− mice. Cells were seeded at 1x105 cells per cm². Non-

adherent cells were removed after 24 hours. Medium was changed every 3 - 4 days. Colonies were 

counted at day 14. (A & B) MSCs depict a typical spindle-shaped morphology. Bars indicate 100 µm. 

Giemsa staining (for illustration only). (A) Control MSCs and (B) Itch−/− MSCs. (C) Representative 

colony at day 14. Colonies with more than 30 cells were counted. Bar indicates 100 µm. Giemsa 

staining (for illustration only). (D & E) CFU-Fs at day 14 of culture per 1 x 106 cells. (D) Culture of 

total bone cells (N = 4). (E) Culture of bone marrow cells (N = 2). All data represent mean ± SEM. 

Two-tailed Student’s t tests were used to assess statistical significance. 
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3.1.2 Reduced PαS MSCs in Itch-Deficient Mice. 

Since the discovery of CFU-F within the bone marrow the concept of MSCs has 

substantially changed through the implementation of single cell analyses and in vivo 

techniques. To date, flow cytometry allows the prospective identification of MSCs. 

To identify MSCs in the presence and absence of Itch in vivo, the previously 

established immunophenotype CD45−TER119−PDGFRα+Sca-1+ (PαS MSCs) 

was utilized. PαS MSCs have been experimentally validated to exhibit highest CFU-

F enrichment. Upon systemic transplantation they generate osteoblasts and 

adipocytes (Morikawa et al., 2009). 

This flow cytometry experiment was performed on total bone cells. Two mice were 

pooled per genotype. Bone cell suspension was filtered through a cell strainer for at 

least three times during the processes of cell isolation, counting and sample 

preparation. The antibody panel and concentrations were established and optimized 

for reliable identification of the PαS population. 

Figure 3 A depicts the applied gating strategy. The first gate (G1) comprises all 

potentially viable cells in forward scatter (FSC) and side scatter (SSC). Through the 

inclusion of the CD45 and TER119 negative fraction, all non-hematopoietic cells are 

identified (G2). PαS MSCs represent a distinct population of PDGFRα positive as 

well as Sca-1 highly positive cells (G3).  

Mice of both genotypes exhibited comparable percentages of non-hematopoietic 

cells (CD45−TER119−). Itch−/− mice exhibited decreased relative frequencies 

of CD45−TER119−PDGFRα+Sca-1+ MSCs (Figure 3 A). In five independent 

experiments a 2 to 3-fold reduction of PαS MSC relative frequency could be 

documented in Itch−/− mice. 

Murine MSCs express the surface marker CD90 (Thy-1) in vivo (Morikawa, et al., 

2009). PαS subsets of Itch−/− and control mice expressed similarly high levels 

of CD90 (Figure 3 B). 

To determine absolute numbers of MSCs, the total yield of bone cells from 

preparation of two mice was counted. Flowcytometric analysis was performed and 

absolute numbers of MSCs were calculated. Analysis of five independent 

experiments revealed a significant absolute reduction of MSCs in Itch−/− mice 
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(1303 ± 257 vs. 555 ± 106 per 1 x 106 total bone cells, P = 0.0273) (Figure 3 C, app. 

Table 11). 
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Figure 3. Reduction of PαS MSCs in Itch−/− mice. (A) Flow cytometry was performed on freshly 

isolated total bone cells (pool of two mice per genotype). The first gate (G1) comprised potentially 

viable cells. Then, non-hematopoietic cells (CD45-TER1119-) were gated (G2). Among the 

nonhematopoietic compartment the PαS fraction (PDGFRα+Sca-1+) was identified (G3). The relative 

frequencies (%) of the gated fractions are indicated. Data are representative of five independent 

experiments (N = 5). (B) Representative overlay histogram on PαS fraction. X axis indicates level of 

CD90 expression. Y axis indicates events. Maximum height on Y axis is scaled to 100 % for individual 

curves. Data is representative of two independent experiments (N = 2). (C) Total bone cells (four 

femora and four tibiae) were counted and frequency of PαS MSCs was determined by flow cytometry. 

Absolute numbers of MSCs were normalized to 1 x 106 total bone cells in five independent 

experiments (N = 5) (pool of two mice per genotype). Data represent mean ± SEM. Two-tailed 

Student’s t tests were used to assess statistical significance. 
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3.1.3 PαS MSCs are Reduced in Itch−/− Mice at Different Ages. 

Itch-deficient mice develop signs of autoinflammation at 3 - 4 months of age. On 

C57BL/6 background they develop severe systemic inflammatory disease involving 

their skin. Most of the mice die at the age of 4 - 6 months (Hustad et al., 1995).  

MSCs have been demonstrated to possess unique immunoregulatory functions and 

regenerative capacities (Bianco, 2014). Furthermore, it has been shown that MSCs 

can migrate to sites of infection or wound healing (Mackenzie and Flake, 2001; Wu 

et al., 2003). Pathogens and proinflammatory cytokines, on the other hand, regulate 

MSC function (Huang et al., 2006; Pevsner-Fischer et al., 2007). 

In the experiments 3.1.1 and 3.1.2 mice at the age of 6 - 8 weeks had been 

investigated. To examine whether MSC reduction in Itch−/− mice was primarily driven 

by the systemic autoinflammation, MSC numbers in mice at different ages were 

analyzed. To this end 2 to 4-week-old mice (“young mice”) as well as one-year-old 

mice (“old mice”) were studied. Importantly, the young animals showed no obvious 

signs of inflammation. Mice that survive until one year of age do regularly develop 

severe signs of illness. 

PαS MSCs were detected by flow cytometry as it had been established in 

experiment 3.1.2. Two to four young mice were pooled per experiment to isolate 

total bone cells (N = 3 independent experiments). One old mouse was examined 

per genotype (N = 2 independent experiments). Frequencies of PαS MSCs were 
at least two-fold decreased in the young (Figure 4 A) as well as in the old 

(Figure 4 B) Itch−/− mice when compared with the age-matched controls. These 

results indicated a robust and age-independent reduction of PαS MSCs in the 

absence of Itch. Overall, there was a tendency of higher PαS MSC frequencies in 

younger as compared with older animals of both genotypes. 
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Figure 4. Reduction of PαS MSCs in Itch−/− mice at different ages. Flow cytometry was performed 

on freshly isolated total bone cells (young: pool of two to four mice per genotype, old: one mouse per 

genotype). Parent gate includes CD45−TER119− fraction. (A) Four-week-old mice. Data are 

representative of three independent experiments (N = 3). (B) One-year-old mice. Data are 

representative of two independent experiments (N = 2). The relative frequencies (%) of the gated 

fractions are indicated. 
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3.2  Characterization of Itch−/− MSCs in Vitro. 

3.2.1  Itch−/− MSCs Exhibit No Morphological Abnormality. 

To study the functional consequences of the loss of Itch in MSCs on a cellular level, 

primary Itch−/− and control MSC cultures were established. Total bone cells were 

isolated from a pool of femora and tibiae of two to four mice per genotype. Control 

cells were seeded at 1 x 105 cells per cm². Itch−/− cells were seeded at a higher 

density of 2 x 105 cells per cm² to achieve a similar clonal diversity among MSCs of 

both genotypes. Non-adherent cells were removed 24 hours after seeding. 

Subsequent medium changes were performed every 3 - 4 days. MSCs were 

passaged at 70 – 90 % confluency. First passage (P1) was typically accomplished 

three weeks after seeding (P0). Cells were detached from the dish by incubation 

with trypsin. MSCs were reseeded at 2000 cells per cm². At initial passages, bone 

cell cultures of both genotypes contained a varying proportion of contaminating 

hematopoietic cells. There was the tendency of a higher proportion of hematopoietic 

contaminants in the Itch−/− cultures that may be attributed to the hematopoietic 

phenotype of Itch−/− mice (Rathinam et al., 2011). Beside predominant MSCs, Itch−/− 

cultures contained a noteworthy fraction of compact and round cells that showed 

minimal growth. Contaminating cell types within the control culture were highly 

heterogenous, but compact and round cells were rarely seen. 

To achieve efficient MSC expansion and a pure MSC culture at early passages, 

immunodepletion of hematopoietic cells was performed (Xu et al., 2010). CD45+ 

and TER119+ cells were separated from MSC cultures through a MACS separation 

at passage P2 - P3. Compact and round cells within Itch−/− cultures were efficiently 

depleted using this negative selection step. 

Hereafter, MSC cultures of both genotypes contained spindle-shaped and highly 

translucent cells. No morphological differences in control and Itch−/− MSCs could be 

observed by light microscopy. Control and Itch−/− MSCs could be passaged for 

approximately 20 passages (more than 100 days) until growth capacity obviously 

decreased. The following experiments were performed using MSCs between 

passages P3 - P10. 
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3.2.2  Itch−/− MSCs Maintain Their Immunophenotype. 

MSC identity can be assessed by immunophenotyping. It has been established, that 

in vitro culture affects not only functional properties but also surface marker 

expression of MSCs (Bara et al., 2014). Furthermore, MSC immunophenotypes 

differ between species and also between mouse strains (Peister et al., 2004). 

Among the proposed markers for in vitro cultured murine MSCs are Sca-1 and CD90 

(Morikawa et al., 2009). Sca-1 and CD90 expression was evaluated in culture at 

various timepoints by flow cytometry. There was no difference in the 

expression levels of these MSC markers in Itch−/− as compared with control 

MSCs (Figure 5 A & B). The higher the passage, the expression pattern of Sca-1 

and CD90 became more homogenous within the control as well as in the Itch−/− 

culture (Figure 5 B). 

 

Figure 5. Itch−/− MSCs maintain their immunophenotype in vitro. Flowcytometric analysis of 

CD90 and Sca-1 expression at various passages. (A) P3 (Day 36 of culture). First gate comprises 

all potentially viable cells after trypsinization. Second gate marks Sca-1 and CD90 double positive 

MSCs. Representative experiment (N = 10). (B) P6 (Day 50 of culture). Same gating strategy. Parent 

gate includes potentially viable cells. Representative experiment (N = 10). In all experiments the 

relative frequencies (%) of the gated fractions are indicated. 
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3.2.3 No Alteration of MSC Viability in the Absence of Itch. 

Next, the viability of Itch−/− MSCs was evaluated using propidium iodide (PI) staining. 

Cells that have lost their cellular membrane integrity, i.e. necrotic or apoptotic cells, 

become positive upon staining with the intercalator PI that can be detected by flow 

cytometry. MSCs were detached with trypsin prior to staining with PI. 

Firstly, MSCs under steady state culture conditions were investigated. 

Analysis of three independent experiments revealed no difference in the PI 

positive fractions of control and Itch−/− MSCs (60.6 ± 5.3 vs. 64.8 ± 7.2, P = 

0.6617) (Figure 6 A & B, app. Table 12). 

Secondly, MSCs were investigated in serum starvation. For this purpose, MSCs 

of both genotypes were washed twice with PBS and cultured in serum free medium 

for 24 hours. As expected, the PI negative fractions were considerably reduced. 

However, very similar PI negative relative frequencies between control and 

Itch−/− MSCs were observed (two independent experiments) (Figure 6 C). 
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Figure 6. Viability of in vitro cultured Itch−/− MSCs. Flowcytometric analysis of in vitro cultured 

MSCs. Cells were trypsinized, washed and stained with propidium iodide. (A+B) Serum containing 

culture medium. (A) Representative analysis. (B) Relative proportion of PI negative MSCs (N = 3). 

Data represent mean ± SEM. Two-tailed Student’s t tests were used to assess statistical significance. 

(C) Medium starvation. Cells were washed with PBS twice and cultured in serum-free medium for 24 

hours. Representative analysis (N = 2). In all experiments the relative frequencies (%) of the gated 

fractions are indicated. 
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3.2.4 Hyperproliferation of Itch−/− MSCs. 

Itch−/− and control MSCs were stained with CFSE to assess cell proliferation in vitro. 

Fluorescence intensity was measured by flow cytometry on the consecutive days. 

Equal fluorescence intensities in cells of both genotypes were confirmed by flow 

cytometry after the staining procedure (day 0). CFSE intensity was on background 

level on day 6. 

The intracellular dye CFSE is divided between both daughter cells upon cell division. 

At day 2 and 4 flowcytometric analysis revealed a reduced CFSE fluorescence 

intensity in Itch−/− MSCs in three independent experiments (Figure 7 A). These 

results indicate a higher number of cell divisions in Itch−/− MSCs as compared 

with control MSCs. 

To exclude non-specific differences in the elimination of CFSE dye between MSCs 

of both genotypes, fluorescence intensity was measured after culture of MSCs in 

serum free medium. Analysis on day 4 revealed no significant proliferation in MSCs 

of both genotypes. There was no difference in fluorescence intensity between 

control and Itch−/− MSCs on day 4 (Figure 7 B) (N = 2). 
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Figure 7. CFSE dilution reveals hyperproliferation of Itch−/− MSCs. In vitro cultured MSCs were 

labeled with CFSE (day 0). CFSE dilution was determined by flow cytometry on subsequent days. 

(A & B) Each representative histogram shows CFSE measurement on a particular day. Day 0 (left) 

and day 4 (right). Results are presented in overlay histograms (Ctrl MSCs = red,  Itch−/−  MSCs = 

blue). X axis indicates CFSE fluorescence intensity. Y axis indicates events. Maximum height on Y 

axis is scaled to 100% for individual curves. (A) Medium containing culture (N = 3). (B) Serum free 

control culture (N = 2). 
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3.3  MSC Differentiation Experiments. 

3.3.1 Establishing Reproducible Differentiation Conditions. 

Next, differentiation capacity of MSCs in the absence of Itch was investigated. 

Multipotent MSCs give rise to differentiated mesenchymal progeny within the bone, 

such as adipocytes and osteoblasts in vivo. In vitro differentiation experiments can 

model the differentiation capacities of MSCs partially. In preliminary experiments, 

the efficiency of MSC differentiation could be correlated with the number of divisions 

in culture: Differentiation capacity obviously decreased when a low number of MSC 

clones was seeded at a low density for maximum expansion. Likewise, 

differentiation capacity gradually dropped with the number of passages. 

Itch−/− and control MSCs differed in frequency at P0 and in proliferation rate over the 

passages. Hence, the assessment of MSC differentiation capacities in direct 

comparison was hampered. To circumvent these issues, the following protocol was 

established to guarantee equal and reproducible baseline conditions that allow a 

head to head comparison of Itch−/− and control MSC differentiation: 

1. Total bone cells were freshly isolated and MSC frequencies were determined 

by flow cytometry. 

2. Equal absolute numbers of Itch−/− and control MSCs with bone cells were 

seeded in MSC culture medium. 

3. After 24 hours non-adherent cells were removed and medium was changed 

to respective differentiation medium. 

3.3.2 Osteoblast Differentiation is Impaired in the Absence of Itch. 

Total bone cells were isolated from femora and tibiae of a pool of two to four mice 

per genotype. In an aliquot of the cell suspension, PαS counts were determined by 

flow cytometry. Total bone cells containing 500 PαS MSCs were seeded in a 10 cm 

dish. 24 hours after seeding, non-adherent cells were removed and osteoblast 

differentiation medium was added. 

MSCs divide and differentiate through different progenitor states into functional 

osteoblasts (Karsenty et al., 2009). Upon culture in osteoblast differentiation 
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medium, MSCs of both genotypes showed colony-forming growths (CFU-Ob) before 

morphological changes with a loss of the typical spindle-shape became apparent. 

CFU-Ob were counted at day 10. Analysis of three independent experiments 

revealed a significant reduction of CFU-Ob numbers in Itch−/− mice (16.00 ± 

2.65 vs. 5.33 ± 1.20 per 10 cm dish, P = 0.0214) (Figure 8 A, app. Table 13). 

Cultures were finally stained with Alizarin red after three weeks. Alizarin red staining 

indicates calcium phosphate deposits produced by functionally active osteoblasts. 

Calcium phosphate deposits were rare in Itch−/− cultures. There was a 

significant higher portion of alizarin red positive areas in the control cultures 

(367 ± 57 mm² vs. 105 ± 6 mm² per 10 cm dish, P = 0.0102) (Figure 8 B & C, app. 

Table 14). 

3.3.3 Itch-Deficient MSCs Show no Abnormality in Adipocyte Differentiation. 

Total bone cells containing 500 PαS MSCs were seeded per 9 cm² dish. 24 hours 

after seeding, non-adherent cells were removed and adipocyte induction medium 

was added. After 3 days of culture in adipocyte induction medium, MSCs were 

cultured for 3 days in adipocyte maintenance medium. Three cycles of induction and 

maintenance culture were performed. 

Upon adipocyte induction, there was poor expansion of MSCs. After 3 weeks of 

culture, cells were stained with Oil-red-O, a fat-soluble dye that marks adipocytes. 

Two independent experiments revealed no significant difference in Oil-red-O 

positive adipocytes between Itch−/− and control cultures (17 ± 12 vs. 20 ± 2 mm² 

per 9 cm², P = 0.8209) (Figure 8 D & E, app. Table 15). 
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Figure 8. Impaired osteoblast differentiation of Itch−/− MSCs. 500 PαS cells in a freshly isolated 

total bone cell suspension (pool of 2 - 4 mice per genotype) were seeded. (A - C) Osteoblast 

differentiation was performed in a 10 cm dish: 24 hours after seeding, medium was changed to 

osteoblast differentiation medium. (A) CFU-Ob at day 10 ( N = 3). (B) Alizarin red staining after 3 

weeks. Left = Ctrl, right = Itch−/−. Representative experiment. Bar indicates 10mm. (C) Alizarin red 

positive area in mm² per 10cm dish (N = 3). (D & E) Adipocyte differentiation was performed in 9 cm² 

wells: 24 hours after seeding, medium was changed to adipocyte induction medium. 3 alternating 

cycles of culture in adipocyte induction and maintenance medium were performed. (D) Oil-red-O 

staining after 3 weeks. Left = Ctrl, right = Itch−/−. Bar indicates 100µm. Representative experiment. 

(E) Oil-red-O positive area in mm² per 9 cm² dish (N = 2). All data represent mean ± SEM. Two-tailed 

Student’s t tests were used to assess statistical significance. 
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3.4  Characterization of Bone in Itch−/− Mice. 

3.4.1 Osteoblasts are Reduced in Itch−/− Bone. 

Following the demonstration of MSC reduction in Itch−/− mice as well as impaired 

bone formation in vitro, a reduction of osteoblast number in vivo was hypothesized. 

To investigate osteoblast counts, femora of Itch−/− and control mice were harvested, 

cleaned from soft tissue and fixed in 4% paraformaldehyde. Decalcification, 

preparation of sections and staining with H&E was performed by the central facility 

for musculoskeletal disorders, Yale University School of Medicine. H&E stained 

sections were received (Figure 9 A). Region of interest was defined within the 

secondary spongiosa of the distal femur proximal to the growths plate that 

represents an area of postnatal bone remodeling. Subsequently, bone perimeter 

and osteoblasts were determined. 

Analyses of two experiments revealed a significant reduction of osteoblasts 

in Itch−/− mice (27.92 ± 2.73 vs. 14.32 ± 1.55 osteoblasts per mm, P = 0.0493) 

(Figure 9 B & C, app. Table 16). 

3.4.2 Reduced Osteocalcin Serum Levels in Itch−/− Mice. 

The protein osteocalcin is solely produced by osteoblasts and osteocalcin serum 

levels correlate with osteoblast activity, i.e. bone formation (Confavreux et al., 2009). 

Osteocalcin interacts with different endocrine systems and has been identified as a 

regulator of energy metabolism (Confavreux et al., 2009). Osteocalcin serum levels 

were determined by Elisa in Itch−/− and control mice1. The osteocalcin level was 

significantly reduced in the serum of Itch−/− mice (37.60 ± 2.06 vs. 20.40 ± 2.72, 

P < 0.001, n = 5 mice per group) (Figure 9 D, app. Table 17). 

 
1 This experiment was conducted by Dr. Chozha V. Rathinam. Data were received and included 
here because they had major influence on the experimental direction. 
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Figure 9. Osteoblast number in Itch−/− mice. (A) H&E staining of distal femur. Left: Ctrl, right: Itch−/−. 

Bar indicates 1mm. (B) Osteoblasts (arrows) were counted within the secondary spongiosa of the 

distal femur. Osteoblasts were identified as bone lining cuboidal cells with perinuclear clear zone. 

Decalcification can lead to disruption from bone surface. * marks trabecular bone. (C) Number of 

osteoblasts per bone perimeter (mm), N = 2. (D) Serum osteocalcin levels were detected by Elisa, N 

= 5 (this experiment was conducted by Dr. Chozha V. Rathinam). All data represent mean ± SEM. 

Two-tailed Student’s t tests were used to assess statistical significance. 
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3.4.3 Micro-CT Analysis Reveals Substantial Defects of Bone in Itch−/− Mice. 

Bone morphometric studies were conducted to elucidate the functional 

consequences of MSC reduction, impaired osteoblastogenesis and reduced 

osteoblast numbers on Itch−/− bone. Femora of four mice were harvested, dissected 

from soft tissue and fixed in 70% ethanol at 4°C. Micro-CT analyses were performed 

by the Yale University School of Medicine Micro-CT Core Facility. Preprocessed 2D 

and 3D data were received. Analyses were finalized by the author in accordance 

with current recommendations (Bouxsein et al., 2010). 

Investigation of Itch−/− trabecular bone within the distal metaphysis of the femur 

(Figure 10 A & B, app. Table 18) revealed a trend of decreased trabecular number 

(Tr.No, Figure 10 C; 2.58 ± 0.21 vs. 2.08 ± 0.11 per mm, P = 0.0866), increased 

trabecular separation (Tr.Sp, Figure 10 D; 0.40 ± 0.03 mm vs. 0.49 ± 0.03 mm, P = 

0.0994) and significantly thinner trabeculae (Tr.Th, Figure 10 E; 39.60 ± 1.20 µm vs. 

31.60 ± 0.70 µm, P = 0.0014) as compared with control mice. These findings 

cumulated in a significantly reduced trabecular bone volume in Itch−/− mice (Tr.BV, 

Figure 10 F; 0.12 ± 0.01 mm³ vs. 0.07 ± 0.01 mm³, P = 0.0230). Trabecular total 

volume (Tr.TV) was unaffected in the absence of Itch (Figure 10 G; 2.40 ± 0.13 mm³ 

vs. 2.28 ± 0.22 mm³, P = 0.6650). Therefore Itch−/− bone exhibited a significantly 

reduced trabecular bone volume fraction (Tr.BV/TV, Figure 10 H; 5.08 ± 0.71 % vs. 

2.98 ± 0.24 %, P = 0.0312). These results indicated a reduction of mineralized 

bone irrespective of mineralization density with unaffected total tissue volume 

in the trabecular region. 
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Figure 10. Micro-CT of distal femora: Trabecular bone microarchitecture. (A) Micro-CT scan of 

femoral diaphysis, distal metaphysis and epiphysis. Left: Ctrl. Right: Itch−/−. Bar indicates 1mm. (B) 

Three-dimensional reconstruction of distal metaphyseal region Left: Ctrl. Right: Itch−/−. Bar indicates 

100µm. (C - H) Trabecular bone morphometry. N = 4 mice per group. (C) Tr.No. = Trabecular 

number. (D) Tr.Sp = Trabecular separation. (E) Tr.Th = Trabecular thickness. (F) Tr.BV = Trabecular 

bone volume. (G) Tr.TV = Trabecular total volume. (H) Tr.BV/TV = Trabecular bone volume fraction. 

All data represent mean ± SEM. Two-tailed Student’s t tests were used to assess statistical 

significance. 
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Analyses of Itch−/− femoral diaphyses (Figure 11 A, app. Table 19) showed 

significant thinner cortical bone (Ct.Th, Figure 11 B; 183.30 ± 1.80 µm vs. 120.30 ± 

8.00 µm, P < 0.001) as compared with control femora. This investigation further 

revealed a significantly reduced bone volume of Itch−/− femur cortical region (Ct.BV, 

Figure 11 C; 1.03 ± 0.03 mm³ vs. 0.67 ± 0.02 mm³, P < 0.001) with a reduction of 

total volume (Ct.TV Figure 11 D, 1.09 ± 0.03 mm³ vs. 0.73 mm³ ± 0.02 mm³, P < 

0.001). These results indicated a loss of bone mass and consecutive smaller 

bone tissue, i.e. reduced lengths and / or diameter of the diaphysis. A 

significantly decreased cortical bone volume fraction in the absence of Itch 

(Ct.BV/TV, Figure 11 E, 0.95 ± 0.0010 mm³ vs. 0.92 mm³ ± 0.0056 mm³, P = 0.003) 

further demonstrated an excessive reduction of cortical bone volume over cortical 

total volume. Moreover, bone tissue density was significantly reduced in Itch−/− 

cortical bone (Figure 11 F,1094 ± 9 vs. 1055 ± 12 mg HA per cm³, P = 0.0404). 

This finding exhibits a characteristic feature of human osteoporosis. 

 

Figure 11. Micro-CT of distal femora: Cortical bone microarchitecture. (A) Three-dimensional 

reconstruction of diaphyseal region. Left: Ctrl. Right: Itch−/−. Bar indicates 100µm. (B - E) Cortical 

bone morphometry. N = 4 per group. (B) Ct.Th = Cortical thickness. (C) Ct.BV = Cortical bone 

volume. (D) Ct.TV = Cortical total volume. (E) Ct.BV/TV = Cortical bone volume fraction. (F) Bone 

tissue density, mg HA/cm³ = Hydroxiapatite density. All data represent mean ± SEM. Two-tailed 

Student’s t tests were used to assess statistical significance. 
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3.5  Elucidation of the Molecular Function of Itch in MSCs. 

3.5.1 Itch−/− MSCs Show Increased Intracellular Notch 1 (Icn1) Protein Levels. 

The E3 Ligase Itch exerts its function through protein-protein-interactions in a 

proteolysis-dependent or proteolysis-independent manner (Aki et al., 2015). To 

identify pathways that were directly or indirectly affected by the loss of Itch in MSCs, 

a screening experiment was performed on protein level by Western Blot. For this 

purpose, in vitro cultured MSCs were lysed and proteins were extracted. 

Initially, the expression of Itch was validated through a Western Blot of Itch in control 

MSCs (Figure 12 A). 

Itch has been previously involved in a variety of intracellular signaling cascades in 

different cell types (Aki et al., 2015). In the previous experiments Itch−/− MSCs 

exhibited a marked increase in proliferation. To identify affected signaling pathways 

in the absence of Itch in MSCs, alterations of mitogenic signaling pathways and / or 

protein levels of previously established Itch targets were hypothesized. Investigation 

of potential candidates was performed in a non-systematic manner through 

individual Western Blot experiments. 

Mitogen-activated protein kinases (Mapk) Erk 1/2 and p38 as well as their 

phosphorylated states were detected in equal amounts between Itch−/− and 

control MSCs (Figure 12 B & C) (N = 3 and N = 2 independent experiments). The 

Map kinase Jnk was not detected in MSCs of both genotypes (N = 2). The Mapk 

kinases Mek 1/2 as well as phospho-Mek 1/2 protein levels did not differ in 

Itch−/− and control MSCs (Figure 12 D) (N = 2). 

Western Blot of Notch 1 revealed an increase of the 120 kDa cleavage 

fragment of Notch1 receptor in Itch−/− MSCs (Figure 12 E) (N = 3). The Notch 

receptor is cleaved upon receptor activation. The intracellular cleavage product Icn 

(Intracellular Notch) translocates to the nucleus and activates gene transcription 

with cooperating factors (Kopan and Ilagan, 2009). Thus, an increase in Icn-1 

protein level in Itch−/− MSCs could depict a relative excess of Notch 1 signaling. 

Further, the Phosphatidylinositol-4,5-bisphosphate 3-kinase (Pi3k) pathway was 

investigated. Equal amounts of phospho-Pi3k as well phospho-Pdk1 proteins 
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were detected in Itch−/− MSCs (N = 2). Additionaly, there was no difference in 

Akt as well as in phospho-Akt protein (Thr308) levels (Figure 12 F) (N = 5 and 

N = 2). 

Moreover, phosphorylated tyrosine kinase Src as well as phosphorylated 

transcription factor Nfkb protein levels were investigated. There was no 

difference in protein amounts between Itch−/− and control MSCs (Figure 12 G) 

(N = 1). 

 



 

54 

 



 

55 

 

3.5.2 Upregulation of Notch Signaling Pathway Targets in the Absence of Itch. 

The Notch signaling pathway in MSCs was explored on an mRNA level. Firstly, 

Notch receptor expression was evaluated. Notch receptor 1, 2, 3 and 4 

expression could be detected in in vitro cultured control MSCs (Figure 13 A). 

Secondly, increased Notch signaling in Itch−/− MSCs was hypothesized. Icn acts as 

a transcription factor of multiple genes of the Hes and Hey gene families (Kopan 

and Ilagan, 2009). To investigate the hypothesis, expression levels of the 

established Notch target genes Hes-1, Hes-5, Hey-1, and HeyL were investigated. 

Cultured MSCs were harvested and lysed for mRNA extraction and cDNA synthesis. 

Primers for Notch target genes were designed for detection by RT-PCR using the 

SYBR green method. 

Three experiments were analyzed using the delta-delta CT method. Analyses of 

Hes-1, Hey-1, and Heyl expression revealed a significant increase in Itch−/− 

MSCs as compared with control MSCs (Figure 13 B). There was no detection of 

Hes-5 in either genotype. 

 

 

Figure 12. Western Blot experiments on MSCs. In vitro cultured MSCs were trypsinized, washed, 

lyzed and proteins were extracted. Antibody is annotated left, molecular weight was validated through 

a protein ladder and is annotated right. kDa = kilodaltons. (A) Western Blot of Itch in different mouse 

tissues. BM = bone marrow, SP = spleen, TH = thymus, MEF = mouse embryonic fibroblasts, MSC 

= mesenchymal stem cells, 3T3 cell line. (B - G) Representative data. Equal protein loading was 

validated with actin as a control in every experiment. (B) α Erk 1/2 = anti-Extracellular signal-

regulated kinases 1/2, α p-Erk 1/2 = anti-phosphorylated Erk 1/2 (Thr202/Tyr204). N = 3. (C) α p38 

Mapk = anti-p38 Mitogen-activated protein kinase, α p-p38 Mapk = anti-phosphorylated p38 Mapk 

(Thr180/Tyr182). N = 2. (D) α Mek 1/2 = anti-Mapk kinases 1/2, α p-Mek 1/2 = anti-phophorylated 

Mek 1/2 (Ser221). N = 2. (E) α Notch1, full lengths and transmembrane domain. N = 3. (F) α p-Pi3k 

= anti-phosphorylated Phosphatidylinositol-4,5-bisphosphate 3-kinase p85 (Tyr458) / p55 (Tyr199), 

N = 2. α p-Pdk 1 = anti-phosphorylated Phosphoinositide-dependent kinase-1 (Ser241), N = 2. α Akt 

= anti-pan Akt (Protein kinase B)(1-3), N = 5. α p-Akt = anti-phosphorylated Akt (Thr308), N = 2. (G) 

α p-Src = anti-phosphorylated proto-oncogene tyrosine-protein kinase Src, N = 2. α p-Nfkb p65 = 

anti-phosphorylated nuclear factor kappa B p65 (Rela), N = 2.  
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3.5.3 Demonstration of Itch and ICN1 Interaction in MSCs by Co-
Immunoprecipitation. 

It was hypothesized that Itch interacts and directly downregulates Icn1 on a protein 

level in MSCs. To investigate this hypothesis, interaction studies through co-

immunoprecipitation were performed. In preliminary experiments, pull-down of 

Notch in MSC protein lysates was inefficient. Pull-down of endogenously expressed 

Itch in MSC protein lysate was not possible with the commercially available 

antibody. 

To circumvent low pull-down efficiencies, MSCs were retrovirally transduced with 

either Itch or ICN1. For this purpose, Itch sequence was cloned into pGFP RV 

backbone. Sequence of Itch-pGFP-RV was validated by sequencing. Retroviruses 

were produced with the PhoenixGP cell line and Itch-pGFP-RV, pGFP-RV (control) 

as well as MSCV ICN1-IRES-GFP (Rathinam et al., 2006). MSCs were transduced 

and flow cytometry revealed transduction efficiencies of 5 – 15 %. GFP-high 

expressing MSCs were sorted and subcultered. Overexpression of proteins was 

evaluated by Western Blot (Figure 13 C). Overexpression of Itch did not result in 

decreased Icn1 protein levels (N = 3). 

Immunoprecipitation (IP) with anti-Notch1 antibody was performed on ICN1high 

MSC protein lysates. Isotype was used for control IP (negative control). In a 

subsequent Western Blot of Itch on the yielded protein precipitate, the protein 

could be successfully detected (Figure 13 D) (N = 2). 

Immunoprecipitation with anti-Itch antibody was performed on Itchhigh MSC protein 

lysates. Isotype was used for control IP (negative control). In the subsequent 

Western Blots on the yielded protein extract, Notch1 was detected in two 

independent experiments. There was a faint band of Icn1 in the negative control (IP 

with isotype control). Thus, the result of this experiment cannot be assessed. The 

strong band of Icn1 in the Itch-IP fraction in contrast to the faint band in the negative 

control may suggest a specific co-immunoprecipitation, however (Figure 13 E). 
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Figure 13. Investigation of Notch signaling in MSCs. (A) Qualitative assessment of Notch1-4 

receptor expression in control MSCs. Agarose gel electrophoresis of RT-PCR products using specific 

primer pairs for individual genes. * DNA ladder. (B) Expression of Notch signaling target genes in 

cultured MSCs. Representative experiment. Expression fold changes were calculated using the 

ddCT method. Housekeeping gene: Hprt. Gene expression in control MSCs was normalized to 1. 

Data represent mean ± SEM. Two-tailed Student’s t tests were used to assess statistical significance. 

N = 3. (C) Validation of protein expression by Western Blot. Control MSCs were transduced with 1: 

Itch-pGFP; 2: ICN1-pGFP; 3: pGFP empty vector control retroviruses. GFPhigh MSCs were enriched 

by sorting, subcultured and lysed for protein extraction. Western Blot of Notch1 and Itch were 

performed to validate protein expression. Loading control: Actin. (D) Co-Immunoprecipitation. 

ICN1high MSCs were lyzed for protein extraction. IP was conducted using anti-Notch1 antibody and 

isotype as a negative control. Western Blot of Itch was performed using the immunoprecipitate. 

Representative experiment. N = 2. (E) Co-Immunoprecipitation. Itchhigh MSCs were lyzed for protein 

extraction. IP was conducted using anti-Itch antibody and isotype as a negative control. Western Blot 

of Notch1 was performed using the immunoprecpitate. Representative experiment. N = 2. 
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4. DISCUSSION 

4.1  Major Findings. 

The most important results of this study comprise: 1. The reduction of MSCs in the 

absence of Itch. 2. Maintenance of an MSC phenotype but hyperproliferation and 

decreased osteoblastic differentiation of Itch−/− MSCs in vitro. 3. Reduced 

osteoblasts and severe bone defects in Itch−/− mice. 4. Increased Notch 1 signaling 

in the absence of Itch as well as protein interaction of Itch and Notch 1 in MSCs. 

 

4.2  Reduction of MSCs in Itch−/− Mice. 

Results of two independent experimental approaches in this study suggested a 

reduction of mesenchymal stem cells in Itch−/− mice: CFU-F experiments as well as 

flowcytometric analyses revealed at least two-fold decreased MSC frequencies. 

Absolute quantification further documented a significant reduction of MSCs within 

long bones of Itch−/− mice. Methodological aspects need to be considered to interpret 

these data. Standardized in vivo and in vitro surface marker to define murine MSCs 

are lacking. Moreover, the technique of murine MSC isolation, preparation and 

culture can differ significantly between investigators. In contrast to human MSCs, 

the isolation of pure murine MSCs is challenged by low yield, growth capacity and 

purity of stem cells (Phinney et al., 1999). Hence, the original technique of MSC 

isolation that includes plating of total bone marrow and removal of non-adhering 

cells was refined. Isolation of MSCs in this study included collagenase digestion of 

solid bone fragments and immunodepletion of contaminating hematopoietic cells. 

These steps have been proven to enhance culture efficiency (Baddoo et al., 2003; 

Xu et al., 2010; Zhu et al., 2010). 

Other investigators have improved MSC isolation and culture using hypoxic 

conditions (Lennon et al., 2001) or through the addition of growths factors, especially 

FGF-2 (Baddoo et al., 2003). Experiments with MSCs under hypoxic conditions or 

stimulation of Itch−/− MSCs with defined growth factors remained behind the scope 

of this study. The commercially available MSC culture medium that was used in this 

study consists of basal medium and a serum containing MSC stimulatory 



 

59 

supplement. A list of ingredients is not available. It cannot be ruled out that the 

composition of this medium affected Itch−/− and control MSCs differently and 

contributed to the described phenotype. 

In the present study, MSCs derived from compact bone whereas most bone marrow 

cells were removed prior to collagenase digestion. Isolation of murine MSCs from 

compact bone has been implemented by various groups and systematic 

comparisons of compact bone-derived versus bone marrow-derived MSCs have 

been conducted. Compact bone-derived MSCs resemble bone marrow-derived 

MSCs and exhibit increased clonal proliferation as well as differentiation capacity in 

culture (Cai et al., 2015; Blashki et al., 2016). Compact bone-derived MSCs have 

been shown to exhibit multilineage differentiation potential upon transplantation in 

vivo and localize to the bone marrow sinusoids where they contribute to the HSC 

niche (Morikawa et al., 2009; Houlihan et al., 2012). A systematic analysis of MSCs 

derived from solid bone or bone marrow in Itch−/− mice was not included in this study. 

Of note, however, flowcytometric analyses of bone cells revealed that most cells (> 

95 %) isolated from compact bone were CD45 and TER119 positive, i. e. were 

hematopoietic progeny. Additionally, CFU-F assays performed on bone marrow 

suggested a similar reduction of bone marrow-derived MSCs in Itch−/− mice. 

Fluorescence microscopy studies on bone and bone marrow could complement the 

investigation of the MSC pool in the absence of Itch. Microscopic investigations may 

not only clarify the distribution of MSCs to compact regions of the bone versus the 

bone marrow. Additionally, it can be investigated whether the spatial localization 

within the tissue will be altered in Itch−/− mice. At this point of time, the microscopic 

analysis of the MSC pool in Itch-deficient mice remains a future goal. 

The concept of mesenchymal stem cells that possess multipotency in vivo and 

expand upon serial transplantation experiments has been demonstrated with the 

Nestin reporter mouse (Méndez-Ferrer et al., 2010). Currently, various surface 

marker combinations and transgene-based reporter strains are in use to investigate 

mesenchymal stem cells in genetic mouse models (Mohamed and Franceschi, 

2017). Further, the concept of Skeletal Stem Cells (SSC) has been proposed to 

emphasize the skeletal origin of multipotent cells that can differentiate into all 

skeletal tissues and are capable of bone organogenesis (Bianco and Robey, 2015). 

Significant overlap between cells with different MSC or SSC signatures is 
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hypothesized. Experimental evidence to support this hypothesis is incomplete and 

conflicting data exist (Bianco, 2014; Chen et al., 2018). In the present study, direct 

identification of MSCs in vivo was accomplished through labeling with PDGFRα and 

Sca-1 (PαS MSCs). PαS MSCs have been demonstrated to differentiate into 

osteoblasts and adipocytes upon transplantation in vivo (Morikawa et al., 2009). 

Zhou et al. identified that expression of the Leptin receptor (LepR) highly enriches 

for MSCs in the bone marrow (Zhou et al., 2014). LepR+ MSCs are PDGFRα+ and 

Sca-1− (Zhou et al., 2014). Isern et al. have demonstrated by RNA sequencing that 

Nestin+ PDGFRα+ cells resemble LepR+ MSCs as well as CXCL12+ perivascular 

stromal cells (described by Ding and Morrison, 2013) (Isern et al., 2014). Nestin− 

PDGFRα+ cells, in contrast, exhibited a distinct gene expression profile (Isern et al., 

2014). It has been further described that Mx1+ stromal cells exhibit transplantable 

osteoblastic precursors and fulfill in vitro MSC criteria. Mx1+ cells can be identified 

within the PαS subset (Park et al., 2012). Recently, Nusspaumer et al. performed 

systematic analyses on mesenchymal cells with different MSC signatures at 

different embryonic, fetal and postnatal stages (Nusspaumer et al., 2017): 

PDGFRα+ CD51+ MSCs that exhibit significant overlap with Nestin+ MSCs (Pinho 

et al., 2013) encompassed PαS cells at all developmental stages. Number of PαS 

cells increases throughout fetal development and peaks around birth (Nusspaumer 

et al., 2017). CD90− 6C3− CD105− CD51+ CD200+ Skeletal Stem Cells have been 

identified through lineage tracing experiments and demonstrated to form cartilage 

and bone as well as bone marrow stroma upon ectopic transplantation in vivo (Chan 

et al., 2015). Interestingly, CD51+ CD200+ SSCs and PαS MSCs exhibited mutually 

exclusive cellular subsets of similar frequency within postnatal long bones 

(Nusspaumer et al., 2017). Finally, Gremlin1+ SSCs that generate osteoblasts, 

chondrocytes and bone marrow reticular cells in vivo showed low levels of PDGFRα 

and Sca-1 expression (Worthley et al., 2015). The analysis of MSCs or SSCs in 

Itch−/− mice using different stem cell signatures remained behind the scope of the 

present study. Hence, caution is mandatory when the present data will be compared 

with studies that use other MSC models. 

Lineage tracing experiments and thorough ontogenetic studies depend on 

conditional and inducible knockout mouse models and were not included in this 

study. Regarding the investigation of MSCs in a generic Itch−/− mouse model as 

performed throughout this study, further limitations need to be annotated. Itch−/− 
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mice develop severe autoinflammation at three to four months that is at least 

partially caused by alteration of T cell subsets (Hustad et al., 1995). These mice 

further exhibit an excessive HSPC pool (Rathinam et al., 2011). To investigate 

whether the reduction of MSCs in Itch−/− mice depended on the autoinflammation, 

the MSC pool was investigated at different ages. Similar reductions of MSCs in two 

to four-week-old animals and in aged mice provided no evidence for a connection 

of both phenotypes. Certainly, this experiment is of limited validity. Alterations of the 

hematopoietic system are likely to develop early or even at developmental stages. 

Moreover, osteoclasts that regulate bone remodeling conversely to osteoblasts are 

hematopoietic progeny. Ideally, conditional deletion of Itch in mesenchymal lineage 

cells will be needed to demonstrate an intrinsic phenotype of MSCs, MSC progeny 

and skeletal tissue. 

 

4.3  Hyperproliferation and Reduced Osteoblastogenesis of Itch−/− MSCs. 

Stem cells require a tight regulation of cell intrinsic as well as extrinsic signals to 

maintain their stem cell identity or stemness (Orford and Scadden, 2008). 

Deregulations that result in increased lineage commitment and differentiation or 

reduced self-renewal may lead to depletion of the stem cell pool (He et al., 2009). 

To study different hypotheses regarding the cellular mechanism leading to a 

reduced number of MSCs in Itch−/− mice, in vitro cultured MSCs served as a model 

system. 

Itch−/− MSCs showed no abnormalities in morphology or regarding their in vitro 

immunophenotype as well as in the maximum number of culture passages. Viability 

assessment throughout the culture revealed no differences between Itch−/− and 

control MSCs. Proliferation studies revealed increased growth of Itch−/− MSCs in 

culture. Of note, results of the CFSE labeling studies underscored the growth 

advantage of Itch−/− MSCs that was noticed upon their expansion in culture. 

Deregulation of proliferation in stem cells and the loss of a quiescent state can lead 

to stem cell exhaustion (Orford and Scadden, 2008). Thus, hyperproliferation of 

Itch−/− MSCs presents a potential mechanism for the diminished MSC pool in Itch-

deficient mice. In the future, the investigation of MSC cell cycle regulation may help 
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to understand whether quiescence was lost and self-renewal was compromised in 

the absence of Itch (Orford and Scadden, 2008). Furthermore, systematic 

investigations on Itch−/− MSC response to cytokines such as Fgf-2 or Bmp-2 may 

refine our understanding of self-renewal versus lineage commitment (Hanada et al., 

1997). 

At this point of time, however, data is insufficient to proof the mechanism of MSC 

depletion in vivo. MSC pool exhaustion will be the future experimental hypothesis. 

Of note, MSC properties are profoundly altered by the expansion in culture (Bianco, 

2014). For this reason, it will be crucial to investigate proliferation, cell cycle and 

lineage commitment in vivo. As mentioned above, lineage tracing requires 

experimentation with an inducible knockout mouse. At this point of time, lineage 

commitment studies in vivo as well as BrdU pulse labeling or Ki67 labeling remain 

behind the scope of the study. Finally, the gold standard to address a loss of 

stemness in Itch-deficient MSCs will be (serial) transplantation experiments. 

Technically, a reduced number of Itch−/− MSCs in vivo that exhibited a growth 

advantage in vitro challenged the comparability between Itch−/− and control MSCs 

upon expansion in culture. Increased total Itch−/− bone cells were plated for culture 

experiments (except for CFU-F assays) and solved this issue partially. During the 

experimental set-up it was considered that this technique comprised plating and 

culturing increased numbers of contaminating cells (non-MSCs) at P0 to P1. These 

cells might have secreted cytokines or provided cell-to-cell contact that affected 

MSC growths. However, these adjustments were necessary to obtain comparable 

MSC cultures at a low passage number. 

Prospective isolation of MSCs by sorting may finally circumvent limitations that 

depend on the Itch−/− MSC phenotype. Prospective identification and single cell 

sorting as described previously (Morikawa et al., 2009; Méndez-Ferrer et al., 2010) 

allow the investigation of individual MSC clones. In the present study, differentiation 

experiments were performed on freshly isolated MSCs that were seeded in bulk 

cultures with bone cells. Culture in osteoblastogenic differentiation medium revealed 

a reduced number of clonally expanding progenitor cells in the absence of Itch. 

Furthermore, Itch−/− cultures generated fewer functional osteoblasts which were 

quantified by calcium deposition. The significance of this experiment regarding the 
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differentiation capacity of MSCs is limited in two different ways: Firstly, committed 

osteoblast progenitors could have expanded and differentiated in the culture as well. 

Secondly, contaminating cells of other mesenchymal lineages and hematopoietic 

cells might have affected osteoblastogenesis in the culture. Despite these 

limitations, the reduced osteoblast differentiation in the model system strongly 

suggested reduced osteoblastogenesis in the absence of Itch in vivo. Adipocyte and 

chondrocyte differentiation in culture depend on progenitor cell proximity. Because 

of sparse seeding density of MSCs, adipocyte differentiation was relatively 

inefficient overall. No difference in adipogenesis was observed in the absence of 

Itch. The investigation of chondrogenesis remains behind the scope of this study. 

For an ideal comparison of trilineage differentiation in vitro between Itch−/− and 

control MSCs, the technique of single cell sorting would be most suitable. Multiple 

MSC clones of both genotypes could be individually assessed for their differentiation 

capacity. To further substantiate any differences in the differentiation capacity of 

MSCs, gene expression studies regarding master transcription factors for a 

particular lineage can be of interest (Karsenty et al., 2009). The evaluation of 

osteoblastic transcription factors such as Runx2 in Itch−/− MSCs, however, remains 

beyond the scope of this study. 

 

4.4  Reduced Osteoblast Numbers and Osteopenia in Itch−/− Mice. 

Functional consequences of reduced MSC numbers and impaired 

osteoblastogenesis included a reduction of osteoblasts in Itch-deficient bone. 

Reduced serum osteocalcin further substantiated this finding. Osteocalcin levels 

may alternatively indicate a reduced osteoblast activity. Osteoblast function may be 

further assessed through quantification of the bone formation rate. Finally, functional 

capacity of the osteoprogenitor and osteoblast pool can be investigated in a fracture 

repair model. These investigations were not part of this study. 

Micro-CT analyses revealed reduced and thinner trabeculae in Itch−/− mice that 

resulted in a decreased trabecular bone volume. Scans on cortical bone further 

suggested reduced bone mass within the diaphyseal region of Itch-deficient bone. 

The postnatal process of bone formation by osteoblasts and bone resorption by 
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osteoclasts is referred to as bone remodeling. Activity of osteoblasts and osteoclasts 

is regulated by each other, e. g. osteoblasts can inhibit osteoclast differentiation 

from hematopoietic progeny through the RANKL decoy receptor Osteoprotegerine 

(OPG) (Karsenty et al., 2009). The data on the osteoblast pool in the absence of 

Itch suggested, that osteoblast dysfunction contributed to the bone phenotype of the 

mouse. Increased osteoclast numbers and / or activity could equally well contribute 

to the described phenotype. The investigation of osteoclasts and their interaction 

will contribute to the understanding of bone remodeling in Itch−/− mice in the future. 

Of note, Itch is a regulator of the hematopoietic stem and progenitor pool (Rathinam 

et al., 2011). The investigation of a conditional Itch knockout mouse may provide 

substantial benefit regarding the role of mesenchymal-derived osteoblasts versus 

hematopoietic-derived osteoclasts on bone remodeling. 

Though the present work did not include the investigation of osteoclasts, Zhang and 

Xing et al. have focused on osteoclastogenesis as well as on osteoblastogenesis in 

the absence of Itch (Zhang et al., 2013; Zhang and Xing, 2013). The authors 

describe increased osteoclast differentiation and osteoclast numbers in the same 

generic Itch knockout mouse model that is used in the present study (Zhang et al., 

2013). They identify Itch as a negative regulator of osteoclastogenesis through 

negative regulation of Nfkb signaling via inhibition of Traf6 (Zhang et al., 2013). The 

group investigated femora of Itch−/− mice by micro-CT at the ages of 1, 3, 6 and 12 

months. They found that 1 months old mice exhibited a high bone mass phenotype 

(Zhang and Xing, 2013), 3 and 6 months old mice showed no abnormalities in bone 

morphometry (Zhang et al., 2013) whereas 12 months old mice developed an 

osteoporotic phenotype (Zhang and Xing, 2013) (data of 6 and 12 months old mice 

not shown). The authors hypothesized that the aging process affected bone 

remodeling in Itch-deficient mice and favored catabolic effects that explained 

osteoporosis at one year of age (Zhang and Xing, 2013). In four-week-old animals, 

in contrast, they demonstrated increased osteoblastogenesis and bone formation in 

vitro as well as in vivo (Zhang and Xing, 2013). The latter findings explained the high 

bone mass observed in young mice. The authors identified negative regulation of 

JunB as a mechanism through which Itch acted as a negative regulator of 

osteoblastogenesis. Finally, Zhang and Xing showed an increase in CFU-F and 

similar frequencies of Sca-1+ CD105+ mesenchymal stem and progenitor cells in 4-

week-old Itch−/− mice (Zhang and Xing, 2013). 
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In the present study, Itch-deficient mice exhibited osteopenia at the age of 8 weeks 

already. The increase in osteoclasts described by Zhang et al. may contribute to 

osteopenia (Zhang et al., 2013). Whether the bone phenotype of Itch−/− mice was 

dynamic remains behind the scope of my work as well as the aging process in the 

absence of Itch. The discrepancies regarding the experimental findings on 

osteoblast differentiation in the absence of Itch between my work and the 

aforementioned group may be partially explained by the different ages of 

investigated mice (4 weeks by Zhang and Xing (Zhang and Xing, 2013) vs. 6 - 8 

weeks in the present study). Zhang and Xing stated, that MSCs were isolated from 

bone marrow and cultured in α-MEM (Zhang and Xing, 2013). In my experiments, 

MSCs were isolated from compact bone and cultured in commercially available 

MSC culture medium, what may also explain certain differences. Controversy 

regarding the experimental discrepancies remains, however. CFU-F assay as well 

as osteoblast differentiation and quantification resulted in opposing findings (Zhang 

and Xing, 2013). It must be noted, that the presented experimental thoroughness 

regarding the MSC pool in the absence of Itch exceeded the previously published 

approach. Zhang and Xing presented no difference of CD105+ Sca-1+ 

mesenchymal stem and progenitor cells (Zhang and Xing, 2013). There is good 

evidence, that CD105+ Sca-1+ cells encompass PαS MSCs which display a more 

primitive progenitor subset (Morikawa et al., 2009; Chen et al., 2017). PαS MSCs 

were reduced in young as well as in old Itch−/− mice. Because PαS MSCs exhibit 

osteoblastic progeny in vivo (Morikawa et al., 2009), my findings will inevitably 

complement studies on osteoblastogenesis in the Itch−/− mouse model. 

 

4.5  Elevated Notch Signaling in Itch-Deficient MSCs. 

Biochemical studies demonstrated an increase in intracellular Notch 1 (Icn1) as well 

as interaction of Itch and ICN1 in MSCs. Gene expression studies further suggested 

excessive Notch signaling in Itch-deficient MSCs. Of note, non-systematic 

screening on mitogenic pathways and previously described Itch targets revealed no 

other alteration of signaling intermediates on a protein level in Itch−/− MSCs. 



 

66 

Methodologically, a comprehensive understanding of the E3 ligase function in MSCs 

is behind the scope of this approach. A comprehensive experimental strategy could 

involve immunoprecipitation of Itch and consecutive mass spectrometry. 

Furthermore, kinetic studies of mitogenic pathways including Notch signaling will 

complement the function of the E3 ligase in MSCs. At this point of time, it cannot be 

ruled out that Itch regulates MSC functions via alternative pathways. 

The Notch signaling pathway is evolutionary conserved and regulates a broad range 

of cellular functions within several different cell types (Kopan and Ilagan, 2009). 

Notch signaling is involved in the control of several stem and progenitor cell subsets. 

Thus, Notch signals contribute to development and homeostasis of multiple 

specialized tissues including the skeleton and the hematopoietic system (Kushwah 

et al., 2014; Zanotti and Canalis, 2016). Upon ligand binding, Notch receptor 

undergoes sequential proteolytic cleavages through ADAM metalloproteases and 

the γ-Secretase complex. Icn (intracellular Notch) or Nicd (Notch intracellular 

domain) translocates to the nucleus and associates with Rbpjk and other factors to 

activate gene transcription. Posttranslational modifications and cellular trafficking 

play a major role in the regulation of Notch signaling (Kopan and Ilagan, 2009). The 

E3 ligase Itch has been demonstrated to interact with Notch N-terminal intracellular 

domain through its WW domain and promotes Notch ubiquitination via its HECT 

ligase domain. Ubiquitination increases upon proteasome inhibition, suggesting a 

downregulation of Notch via proteasomal degradation (Qiu et al., 2000). The E3 

ligase Itch has been identified as a negative regulator of HSC development and 

function. Itch ubiquitinates Notch1 in HSCs and downregulation of Notch signaling 

in the absence of Itch partially reverses the phenotype of Itch−/− HSCs (Rathinam et 

al., 2011). 

The present study identified Itch as a positive regulator of the MSC pool in vivo. 

Whether augmented Notch signaling plays a causal role in this setting still needs to 

be proven. In contrast to HSCs, my current model regards Notch signaling as a 

negative regulator of the MSC pool. Functional studies on the Notch pathway will be 

required to further elucidate the impact of the Itch-Notch-axis in MSCs. 

Preferentially, the interaction of Itch and Notch will be demonstrated in MSCs that 

express endogenous levels of each protein. Overexpression of ICN1 or Itch may 

alter protein interactions as for example through protein aggregation. Fluorescent 
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labeling techniques and intracellular visualization of Itch and Notch protein may be 

attempted in the future. Intracellular staining may further reveal any changes of 

Notch subcellular localization in the absence of Itch. 

The study of genetic mouse models revealed pleiotropic effects of Notch signaling 

in osteoblast differentiation (Zanotti and Canalis, 2016). Stage specific studies 

demonstrated Notch-mediated inhibition of early osteoblast differentiation but 

accumulation of dysfunctional osteoblasts at later stages. Possible mechanisms 

include the inhibition of the master transcription factor Runx2. It has been further 

demonstrated that Notch signaling may stimulate the function of terminally 

differentiated osteocytes (Zanotti and Canalis, 2016). The function of Notch 

signaling in mesenchymal stem cells in vivo remains hardly investigated. Hilton et 

al. investigated the conditional deletion of Presenilin 1 and 2 in cells derived from 

the limb bud mesenchyme using Prx1-Cre (Hilton et al., 2008). Deletion of Presenilin 

1 and 2 led to the loss of function of the γ-Secretase complex and thus the 

abrogation of Notch signaling. The authors described excessive osteoblast 

differentiation and almost total depletion of mesenchymal progenitor cells. They 

inferred that Notch signaling inhibits osteoblastogenesis through the maintenance 

of mesenchymal progenitors. The investigation of MSCs in vivo, however, was not 

part of the study (Hilton et al., 2008). The same group has further studied Notch 

signaling through conditional deletion of other Notch signaling pathway core 

components such as Rbpjk or through ICN knockin at different stages of bone 

development. Experiments on the MSC subset in vivo were not examined in these 

studies, either (Dong et al., 2010). Sato et al. demonstrated on an mRNA level that 

Notch 2 receptor was at least 10-fold higher expressed than Notch 1, 3 and 4 in 

freshly isolated PαS MSCs (Sato et al., 2016). Notch 2 signaling was upregulated 

under hypoxic conditions in vitro. Inhibition or knockdown of Notch 2 significantly 

impaired the proliferation capacity of MSCs (Sato et al., 2016). 

At this point of time, conclusive data to decipher the role of Notch signaling in MSCs 

is lacking. Different loss-of-function and gain-of-function studies on the Notch 

signaling pathway in different cell types have generated partially conflicting results. 

It has been established, though, that the cell’s exposure to Notch signaling will 

directly impact the experimental outcome (Zanotti and Canalis, 2016). In this regard, 

the Itch knockout mouse exhibits a unique model to study Notch signaling in MSCs. 
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In contrast to constitutive activation through ICN knockin, Notch signaling still 

depends on physiological ligand-dependent receptor activation in the absence of 

Itch. Furthermore, four Notch receptors exist and all of them were expressed in 

MSCs. Redundancy between Notch receptors may influence certain experimental 

models. The role of each Notch receptor in MSCs and the association with Itch 

awaits further experimentation at this point of time. 

 

4.6  Relevance of the Study and Clinical Perspective. 

This study represents the first investigation of the role of Itch in MSCs. The E3 ligase 

Itch was identified as an essential positive regulator of the mesenchymal stem cell 

pool in vivo. This finding is of interest in the field, as the molecular circuitry that 

controls MSC stemness remains incompletely understood. Especially the role of 

posttranslational modifiers such as E3 ligases has been examined sparsely. 

In the last 20 years, many preclinical and clinical MSC transplantation studies have 

been conducted. Generally, these studies pursued two major concepts: Firstly, MSC 

transplantation was investigated for reconstruction, e. g. for regenerative purposes 

in degenerative diseases or upon tissue damage. Secondly, the immunomodulatory 

and anti-inflammatory effects of MSC transplantation was utilized to treat 

autoinflammatory conditions. Though tissue repair and immunomodulation cannot 

be separated from each other in vivo, MSC transplantation for autoimmune diseases 

is a more advanced clinical application to date. For example MSC infusion is 

approved to treat steroid-refractory GvHD in different countries and third-party MSC 

products are commercially available (Galipeau and Sensébé, 2018). It must be 

noted that MSC transplantation in this sense refers to the concept of “mesenchymal 

stromal cells” as suggested by the ISCT in 2006. Immunosuppressive capacities are 

no unique feature of mesenchymal stem cells, as they have been proven for other 

cultured tissues as well (Bianco, 2014). If intravenous infusion of in vitro cultured 

mesenchymal stromal cells resulted in long-term engraftment, this event was very 

rare. Instead, there is increasing data that transplanted stromal cells lose their 

cellular integrity quickly and that practically no living donor cell can be identified in 

the host organism after one week (Parekkadan and Milwid, 2010). The major benefit 
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of stromal cell transplantation may not depend on a functional mesenchymal stromal 

cell at all, as similarly beneficial immunomodulatory effects can be achieved through 

the transfer of MSC lysate, MSC membrane particles or MSC-derived conditioned 

medium and exosomes (Giebel et al., 2017; Galipeau and Sensébé, 2018). 

Tissue regeneration, in contrast, depends on the engraftment of proliferating 

progenitor cells with differentiation potential into specialized cell types in vivo. For 

successful treatment of degenerative diseases, long-term engraftment through self-

renewing MSCs would be the goal. Gene therapeutic approaches to treat inherited 

monogenic diseases of the skeleton, such as osteogenesis imperfecta, depend on 

ex vivo manipulation of MSCs that maintain their stemness. All these approaches 

require cells with genuine stem cell capacities. 

Bona fide mesenchymal stem cells have been identified and these fundamentally 

differ from the mesenchymal stromal cell concept. However, successful translational 

research in the field will further depend on two objectives: Stem cell-based disease 

modeling and the identification of disease mechanisms that operate predominantly 

in MSCs. Additionally, MSC manipulation and delivery to the recipient will require a 

thorough understanding of the MSC physiology (Bianco et al., 2013). The presented 

findings of this study contribute to both objectives. 

The depicted bone phenotype of Itch-deficient mice resembles human osteoporosis. 

The reduction of MSCs and impaired osteoblastogenesis is likely to contribute to 

this finding. The cellular and molecular mechanisms how MSCs and progeny 

contribute to the phenotype in Itch knockout mice will be valuable from a clinical 

perspective. The mouse presents a model system to study cellular therapies in 

osteopenia. Furthermore, the identification of the Itch-Notch axis in the control of 

MSCs and osteoblastogenesis reveals potential drug targets. 

Itch-deficient mice have been previously described to develop osteopenia when they 

age. This phenotype was explained through increased osteoclast activity in the 

absence of Itch (Zhang et al., 2013). Concomitantly, Itch was described as a 

negative regulator of osteoblastogenesis (Zhang and Xing, 2013). The present 

findings complement the understanding of the role of Itch in osteoblastogenesis as 

such as already the MSC compartment depends on the E3 ligase’s regulation. 

Furthermore, my data suggest that osteopenia develops at an earlier age of the 
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mouse already. Impaired osteoblastogenesis in vitro as well as reduced osteoblast 

number and osteocalcin activity in vivo in the absence of Itch challenge its negative 

regulatory role in osteoblast differentiation. These data are important as they 

demonstrate that osteopenia in Itch-deficient mice is a result of diverse mechanisms 

and more complex than initially stated. The role of Itch in osteoblastogenesis needs 

further clarification through methodologically refined studies. 

Molecular studies identified elevated Notch signaling and Itch-Notch-interaction in 

MSCs. These data suggested that Itch negatively regulated Notch signaling in 

MSCs. Notch signaling has been described as an important regulator of bone 

development as well as of bone remodeling postnatally (Zanotti and Canalis, 2016). 

Mutations within the Notch signaling pathway have been identified in human skeletal 

diseases (Chen et al., 2014; Zanotti and Canalis, 2016): Allagile syndrome is a 

complex disorder that includes multiple fractures (loss-of-function mutation in JAG1 

or NOTCH2). Patients with the autosomal-dominant Adams-Oliver-Syndrome suffer 

from distal limb defects (RBPJk missense mutation). Spondylocostal dysostosis 

comprises vertebral segmentation defects (mutations in DLL3, HES7 and others). 

Hajdu-cheney syndrome is an autosomal-dominant disease that includes 

craniofacial anomalies with intrasutural bones, osteoporosis and acroosteolysis 

(mutation in NOTCH2 leading to sustained receptor activation). Importantly, Notch 

signaling upregulation has been established in human osteosarcoma (Chen et al., 

2014). These clinical examples support the importance of Notch signaling pathway 

in human bone development and bone homeostasis.  

Notch inhibitors are highly investigated in oncology. Targeting the Notch signaling 

pathway comprises challenges such as the pathway’s abundance and complexity. 

Modulation of Notch signaling via Itch depicts a unique mechanism of 

downregulation as the pathway activation still depends on physiological ligand 

binding and signaling is not completely abrogated. This mechanism may comprise 

novel strategies to target Notch signaling. 

The described bone phenotype of Itch-deficient mice may open a new avenue to 

treat osteopetrotic diseases through the inhibition of Itch. Furthermore, Itch 

activation may exert beneficial effects in osteopenic conditions such as 

osteoporosis. Studies to elucidate the regulation of Itch in MSCs will be necessary 
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to develop therapeutic strategies. In this regard it is interesting to note that deletion 

of the HECT domain or pharmacological inhibition of the HECT domain active site 

result in downregulation of the E3 ligase function. Disruption of an autoinhibitory 

intramolecular interaction within the WW domains of Itch activates the E3 ligases 

catalytic activity instead (Aki et al., 2015). 

ITCH deficiency in humans leads to a complex syndrome including multisystem 

autoinflammation and dysmorphic features. This rare disorder results from a 

mutation that leads to truncation of ITCH with the loss of WW domains and HECT 

domain (Lohr et al., 2010). The human phenotype resembles the mouse phenotype. 

This investigation of Itch in MSCs contributes to our understanding of the 

mechanism of the disease. On the other hand, this human phenotype reflects an 

important role of ITCH in human skeletal tissue. 
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5. SUMMARY 

Mesenchymal stem cells are multipotent stem cells that differentiate into 

osteoblasts, chondrocytes, bone marrow adipocytes and stromal cells to maintain 

the skeleton’s integrity throughout the lifespan. The intracellular signaling network 

that controls MSC functions remains poorly understood. The E3 ligase Itch has been 

implicated in the regulation of stem cells. Previously, Itch had not been studied in 

MSCs. 

The present study aimed to investigate the role of Itch on MSC functions. The Itch 

knockout mouse model was employed to study Itch in MSCs through a loss of 

function approach. The E3 ligase Itch was identified as a positive regulator of the 

MSC pool. Itch-deficient mice exhibited markedly decreased PDGFRα+ Sca-1+ 

(PαS) MSCs in vivo. Notably, the reduction of MSCs seemed to be independent of 

the prominent autoinflammation though limitations apply due to the global knockout 

of Itch. Itch-deficient MSCs hyperproliferated in vitro but showed an unaffected 

viability and immunophenotype. These findings will be hypothesis-generating for 

further in vivo studies. 

Itch-deficient MSCs had reduced capacity to differentiate into osteoblasts in vitro. 

Accordingly, osteoblasts and osteocalcin serum levels were reduced in vivo. 

Analyses of Itch-deficient bone revealed severe osteopenia and decreased bone 

mineral density that resembles human osteoporosis. A depletion of the MSC pool 

and impaired osteoblast differentiation are likely to contribute to the bone defects in 

Itch-deficient mice. In summary, Itch was identified as a positive regulator of 

osteoblast differentiation and bone mass but further regulatory roles on bone 

homeostasis cannot be excluded. 

Increased Notch signaling was documented in Itch-deficient MSCs. 

Coimmunoprecipitation further revealed and interaction of Itch and intracellular 

Notch1 in MSCs. Itch has been previously established as a negative regulator of 

Notch signaling in other cell types. The functional impact of elevated Notch signaling 

in the absence of Itch needs to be finally proven. Of note, Notch signaling has been 

ascribed pleiotropic functions in bone formation. The importance of Notch signaling 
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within the skeleton is further reflected by inherited diseases with mutations in the 

Notch pathway that harbor significant skeletal defects. 

Loss of ITCH in humans has been described as a rare disease and results in a 

complex phenotype including autoimmune disease and craniofacial dysmorphia. 

The function of Itch has been poorly investigated beyond the hematopoietic system 

so far. This study presents the first description of Itch as an essential positive 

regulator of MSCs. This finding will contribute to understand the pathology of human 

ITCH-deficiency. Moreover, the human phenotype suggests a major regulatory role 

of ITCH within the skeletal tissue. Translational strategies using MSC-based 

technologies will require a comprehensive understanding of MSC biology. In this 

regard, the identification of Itch as a regulator of MSC functions opens new avenues. 
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7. LIST OF ABBREVIATIONS 

Table 7. List of abbreviations. 

µCT and micro-CT Computed tomography 

aa Amino acid 

Acan Aggrecan 

ACK Ammonium-chloride-potassium 

AIP4 Atrophin-interacting-protein 4 

APS Ammonium persulfate 

B6 C57BL/6 strain 

BD Becton, Dickinson and Company, Franklin Lakes, New Jersey, USA 

bp Base pairs 

BSA Bovine serum albumin 

Cbl Casitas b-lineage lymphoma 

CD Cluster of differentiation 

cDNA Complementary DNA 

Cell Signaling Cell Signaling Technology, Danvers, Massachusetts, USA 

CFU-F Colony forming unit fibroblast 

CFU-Ob Colony forming unit osteoblast 

cJun Jun proto-oncogene 

cMyc Myc proto-oncogene, bHLH transcription factor 

Col Collagen 

Cre Cre recombinase 

CreER Cre recombinase estrogen receptor ligang binding domain fusion protein 

CSFE Carboxyfluorescein succinimidyl ester 

Ct.BV Cortical bone volume 

Ct.BV/TV Cortical bone volume fraction 

Ct.Th Cortical thickness 

Ct.TV Cortical total volume 

Ctgf Connective tissue growth factor 

Ctrl Control 

CXCL12 C-X-C motif chemokine ligand 12 

DLL Drosophila distal-less 

DMEM Dulbecco's Modified Eagle Medium 
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DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DUB Deubiquitinating enzyme 

E. coli Escherichia coli 

E1 Ubiquitin activating enzyme 

E2 Ubiquitin conjugating enzyme 

E3 Ubiquitin ligase 

EDTA Ethylenediaminetetraacetic acid 

ES cells Embryonic stem cells 

Exp. Experiment 

FCS Fetal calf serum 

FGF-2 Fibroblast growth factor 2 

GFP Green fluorescent protein 

Gli1 GLI-Kruppel family member GLI1 

Grem1 Gremlin 1 

GvHD Graft-versus-Host-Disease 

H&E Hematoxylin and eosin 

HECT Homologous to the E6-AP COOH terminus 

Hes Hes family bHLH transcription factor 

Hey1 Hairy/enhancer-of-split related with YRPW motif 1 

Heyl Hairy/enhancer-of-split related with YRPW motif-like 

Hif Hypoxia inducible factor 

Hoxa11 Homeobox A11 

Hprt Hypoxanthine-guanine phosphoribosyltransferase 

HRP Horseradish peroxidase 

HSC Hematopoietic stem cell 

HSPC Hematopoietic stem and progenitor cell 

IBMX 3-isobuty-l-methyl-xanthine 

Icn Intracellular Notch 

IL Interleukine 

IP Immunoprecipitation 

iPS cell Induced pluripotent stem cell 

ISCT International Society for Cellular Therapy 

Itch Itchy, E3 ubiquitin protein ligase 

JAG1 JAGGED1 
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Jnk Jnk Mitogen-activated protein kinase 

JunB Jun B proto-oncogene 

Klf4 Kruppel-like factor 4 

LB Lysogeny broth 

LepR Leptin receptor 

Lys Lysine 

MACS Magnetic-activated cell sorting 

Mapk Mitogen-activated protein kinase 

mRNA Messenger RNA 

MSC Mesenchymal stem cell 

Mx-1 MX dynamin like GTPase 1 

Nes Nestin 

Nfkb Nuclear factor kappa B 

NICD Notch intracellular domain 

Ocn Osteocalcin 

Oct4 POU domain, class 5, transcription factor 1 

OPG Osteoprotegerine 

Osx Osterix 

p38 P38 Mitogen-activated protein kinase 

p63 Tumor protein 63 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

PDGFRα Platelet-derived growth factor receptor alpha 

Pdk1 Phosphoinositide-dependent kinase-1 

PI Propidium iodide 

Pi3k Phosphoinositide-3-kinase 

Pi3k Phosphatidylinositol-4,5-bisphosphate 

Prx1 Paired related homeobox 1 

PVDF Polyvinylidene difluoride 

PX Passage X 

PαS MSCs CD45−TER119−PDGFRα+Sca-1+ MSCs 

RANKL Receptor activator of nuclear factor kappa-Β ligand 

Rbpjk Recombination signal binding protein for immunoglobulin kappa J region 

RFP Red fluorescent protein 

RING Really new interesting gene 
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RNA Ribonucleic acid 

Runx2 Runt-related transcription factor 2 

S100 S100 calcium binding protein 

Santa Cruz Santa Cruz Biotechnology, Dallas, Texas, USA 

Sca-1 Stem cell antigen-1 

SDS-PAGE Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

SEM Standard error of measurement 

sh-RNA Small hairpin RNA 

Sox SRY (sex determining region Y)-box 

Src Proto-oncogene tyrosine-protein kinase Src 

SSC Skeletal stem cell 

Tb. Trabecular 

TEMED N,N,N',N'-tetramethylethylenediamine 

Th2 Type 2 helper T cell 

Tr.BV Trabecular bone volume 

Tr.BV/TV Trabecular bone volume fraction 

Tr.No. Trabecular number 

Tr.Sp Trabecular separation 

Tr.Th Trabecular thickness 

Tr.TV Trabecular total volume 

Traf6 TNF receptor associated factor 

Ub Ubiquitin 

USA United States of America 

Vhl Von Hippel-Lindau tumor suppressor 

vs. Versus 

VSV-G Vesicular stomatits virus envelope glycoprotein 

 

  



 

86 

8. APPENDIX 

Table 8. List of reagents and equipment. 

2-Mercaptoethanol Sigma-Aldrich Corporation, St. Louis, Missouri, USA 

ACK (ammonium-chloride-
potassium) red cell lysis buffer 

Thermo Fisher Scientific, Waltham, Massachusetts, USA 

Adipogenic induction medium Lonza Group, Basel, Switzerland 

Adipogenic maintenance medium Lonza Group, Basel, Switzerland 

Alizarin red salt Sigma-Aldrich Corporation, St. Louis, Missouri, USA 

Ampicillin Sigma-Aldrich Corporation, St. Louis, Missouri, USA 

APS (ammonium persulfate) Bio-Rad Laboratories, Inc., Hercules, California, USA 

AxioCam MRm Rev 3 Carl Zeiss AG, Oberkochen, Germany 

Biotin-conjugated anti-mouse CD45 
antibody BioLegend, San Diego, California, USA 

Biotin-conjugated anti-mouse 
TER119 antibody 

BioLegend, San Diego, California, USA 

Bovine serum albumin (BSA) Thermo Fisher Scientific, Waltham, Massachusetts, USA 

Cell Lysis Buffer 
Cell Signaling Technology, Danvers, Massachusetts, 

USA 

CellQuest 
Becton, Dickinson and Company (BD), Franklin Lakes, 

New Jersey, USA 

CFSE Cell Proliferation Kit Thermo Fisher Scientific, Waltham, Massachusetts, USA 

CFX Connect Real-Time PCR 
Detection System Bio-Rad Laboratories, Inc., Hercules, California, USA 

CFX manager Version 3.1 Bio-Rad Laboratories, Inc., Hercules, California, USA 

Collagenase P Hoffmann-La Roche, Basel, Switzerland 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Corporation, St. Louis, Missouri, USA 

Dulbecco's Modified Eagle Medium 
(DMEM) 

Thermo Fisher Scientific, Waltham, Massachusetts, USA 

Electrophoresis chambers Bio-Rad Laboratories, Inc., Hercules, California, USA 

FACSAria II 
Becton, Dickinson and Company (BD), Franklin Lakes, 

New Jersey, USA 

FACScan 
Becton, Dickinson and Company (BD), Franklin Lakes, 

New Jersey, USA 

FACSDIVA software 
Becton, Dickinson and Company (BD), Franklin Lakes, 

New Jersey, USA 

FlowJo software Version 9 TreeStar Inc., Ashland, Oregon, USA 
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Gibco Opti-MEM Thermo Fisher Scientific, Waltham, Massachusetts, USA 

GraphPad Prism Version 5 GraphPad Software Inc., La Jolla, California, USA 

ImageJ 1.52a Wayne Rasband, National Institute of Health, USA 

Image station 440 Kodak, Rochester, New York, USA 

Invitrogen Lipofectamine 2000 Thermo Fisher Scientific, Waltham, Massachusetts, USA 

Invitrogen Platinum Taq DNA 
Polymerase High Fidelity 

Thermo Fisher Scientific, Waltham, Massachusetts, USA 

Invitrogen SuperScript II Reverse 
Transcriptase 

Thermo Fisher Scientific, Waltham, Massachusetts, USA 

Kanamycin Sigma-Aldrich Corporation, St. Louis, Missouri, USA 

Kapa SYBR Fast mastermix Hoffmann-La Roche, Basel, Switzerland 

L-Glutamine Thermo Fisher Scientific, Waltham, Massachusetts, USA 

LSRII 
Becton, Dickinson and Company (BD), Franklin Lakes, 

New Jersey, USA 

MACS midi columns Miltenyi Biotec, Bergisch Gladbach, Germany 

Mesencult Basal Medium 
Stemcell Technologies, Vancouver, British Columbia, 

Canada 

Mesencult Stimulatory Supplement 
Stemcell Technologies, Vancouver, British Columbia, 

Canada 

NuPAGE LDS sample buffer Thermo Fisher Scientific, Waltham, Massachusetts, USA 

Oil Red O powder Sigma-Aldrich Corporation, St. Louis, Missouri, USA 

Oligo(dT)12-18 Thermo Fisher Scientific, Waltham, Massachusetts, USA 

One shot TOP10 chemically 
competent E. coli 

Thermo Fisher Scientific, Waltham, Massachusetts, USA 

Osteogenic differentiation medium Lonza Group, Basel, Switzerland 

Penicillin-Streptomycin Thermo Fisher Scientific, Waltham, Massachusetts, USA 

Pierce Co-Immunoprecipitation Kit Thermo Fisher Scientific, Waltham, Massachusetts, USA 

Plasmid maxiprep kit Bioland Scientific LLC, Paramount, Clifornia, USA 

Polybrene Sigma-Aldrich Corporation, St. Louis, Missouri, USA 

Propidium iodide Sigma-Aldrich Corporation, St. Louis, Missouri, USA 

Protease Inhibitor Cocktail complete, 
EDTA-free 

Hoffmann-La Roche, Basel, Switzerland 

PVDF (polyvinylidene difluoride) 
membrane 

Bio-Rad Laboratories, Inc., Hercules, California, USA 

QIAprep Spin Miniprep Kit Qiagen, Hilden, Germany 
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QIAquick Gel Extraction Kit Qiagen, Hilden, Germany 

Quick CIP, Quick Dephosphorylation 
Kit 

New England Biolabs, Ipswich, Massachusetts, USA 

Restriction enzymes New England Biolabs, Ipswich, Massachusetts, USA 

RNeasy Mini Kit Qiagen, Hilden, Germany 

Scanco µCT-35 Scanco Medical, Brüttisellen, Switzerland 

SDS (sodium dodecyl sulfate) 
solution, acrylamide 

Bio-Rad Laboratories, Inc., Hercules, California, USA 

Streptavidin Micro Beads Miltenyi Biotec, Bergisch Gladbach, Germany 

SuperSignal West Pico 
Chemiluminescent Substrate Kit 

Thermo Fisher Scientific, Waltham, Massachusetts, USA 

T100 Thermal Cycler Bio-Rad Laboratories, Inc., Hercules, California, USA 

T4 DNA Ligase New England Biolabs, Ipswich, Massachusetts, USA 

Tanks for wet electroblotting Bio-Rad Laboratories, Inc., Hercules, California, USA 

TEMED (N,N,N',N'-
tetramethylethylenediamine) 

Bio-Rad Laboratories, Inc., Hercules, California, USA 

TOPO XL PCR CloningKit Thermo Fisher Scientific, Waltham, Massachusetts, USA 

Tris buffer Sigma-Aldrich Corporation, St. Louis, Missouri, USA 

Trypsin-EDTA Thermo Fisher Scientific, Waltham, Massachusetts, USA 

Tween 20 Sigma-Aldrich Corporation, St. Louis, Missouri, USA 

 

Table 9. Colony Forming Unit assay. Bone cells. 

 Control Itch−/− 

Exp.1 8 0 

Exp.2 12 6 

Exp.3 5 1 

Exp.4 14 3 

Mean ± SEM 9.750 ± 2.016 2.500 ± 1.323 

 

P value 0.0238 

  P value summary * 
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Table 10. Colony Forming Unit assay. Bone marrow. 

 Control Itch−/− 

Exp.1 13 1 

Exp.2 8 2 

Mean ± SEM 10.500 ± 2.500 1.500 ± 0.5000 

 

P value 0.0717 

  P value summary No significant difference 

 

Table 11. Absolute numbers of MSCs ex vivo. 

 Control Itch−/− 

Exp.1 2116.80 801.66 

Exp.2 869.12 294.40 

Exp.3 704.90 333.06 

Exp.4 1619.90 772.80 

Exp.5 1204.74 570.40 

Mean ± SEM 1303.00 ± 256.7 554.50 ± 106.2 

 

P value 0.0273 

  P value summary * 

 

Table 12. Viability of in vitro cultured MSCs. Percentage PI-negative fraction (in %). 

 Control Itch−/− 

Exp.1 50.20 60.00 

Exp.2 67.40 78.90 

Exp.3 64.20 55.50 

Mean ± SEM 60.60 ± 5.281 64.80 ± 7.169 

   

P value 0.6617 

  P value summary No significant difference 
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Table 13. Colony Forming Unit Osteoblasts. Number of colonies (per 1 x 106 cells seeded). 

 Control Itch−/− 

   

Exp.1 21 3 

Exp.2 12 6 

Exp.3 15 7 

Mean ± SEM 16.00 ± 2.646 5.333 ± 1.202 

   

P value 0.0214 

P value summary * 

 

Table 14. Differentiation of bone cells into osteoblasts ex vivo. Alizarin red positive area (in mm² 

per dish (10 cm)). 

 Control Itch−/− 

Exp.1 432.332 110.920 

Exp.2 415.524 110.236 

Exp.3 253.592 93.484 

Mean ± SEM 367.100 ± 56.990 104.900 ± 5.701 

   

P value 0.0102 

P value summary * 

 

Table 15. Differentiation of bone cells into adipocytes ex vivo. Oil-red-O positive area (in mm² 

per well (9 cm²)). 

 Control Itch−/− 

Exp.1 28.60 17.57 

Exp.2 5.31 22.47 

Mean ± SEM 16.95 ± 11.64 20.02 ± 2.451 

   

P value 0.8209 

P value summary No significant difference 
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Table 16. Number of osteoblasts per bone perimeter. N.Ob (per mm). 

 Control Itch−/− 

Exp.1 30.65 15.87 

Exp.2 25.20 12.78 

Mean ± SEM 27.92 ± 2.726 14.32 ± 1.549 

   

P value 0.0493 

P value summary * 

 

Table 17. Serum osteocalcin level (ng/ml). 

 Control Itch−/− 

Exp.1 37 23 

Exp.2 42 21 

Exp.3 39 27 

Exp.4 30 14 

Exp.5 40 17 

Mean ± SEM 37.60 ± 2.064 20.40 ± 2.272 

 

P value <0.001 

P value summary *** 
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