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ABSTRACT 
 

Menin, the product of the Multiple Endocrine Neoplasia Type 1 (MEN1) gene, is a widely 

expressed, predominantly nuclear protein that facilitates cell proliferation and differentiation 

control. In osteoblasts, menin has been shown to modulate osteoblast differentiation, an essential 

process for bone homeostasis. Our laboratory has initially established in vivo the importance of 

menin for proper functioning of the mature osteoblast and maintenance of bone mass in adult mice. 

In the current study, we seek to better understand the role that menin plays in vivo when expressed 

at earlier stages of the osteoblast lineage. To achieve this, conditional knockout mice in which the 

Men1 gene is specifically deleted early in the osteoblast lineage were generated by using the Cre-

LoxP recombination system. Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice represent knockout of 

the Men1 gene at the level of the pluripotent mesenchymal stem cell and preosteoblast, 

respectively. Proceeding with the gross phenotypic characterization, the bodyweights of knockout 

mice were decreased in comparison to control Men1f/f mice. Adult animals between 10-14 month-

old from both knockout strains revealed changes in fat and lean mass content. Brown adipose tissue 

activity was also affected, with the relative expression of Ucp1 being significantly higher in Prx1-

Cre; Men1f/f mice. By 3-dimensional micro-computed tomography imaging of the femur, both 

strains of Men1 knockout mice had decreased trabecular bone volume with altered trabecular 

structure. Bone mass and femur length were also significantly reduced in both knockout mice 

models. Three-point bending test showed a reduction in femur strength and stiffness in knockout 

animals. The forelimb grip strength of Prx1-Cre; Men1f/f mice was reduced and that of Osx-Cre; 

Men1f/f increased in comparison to wild-type mice. Proliferative capabilities of calvarial 

osteoblasts and bone marrow stromal cells (BMSCs) of Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f 

animals were unaltered. Mineralization capabilities of primary calvarial osteoblasts in the 

knockout mice were however deficient relative to those of wild-type mice as assessed by alizarin 

red staining. The gene expression profiles of primary calvarial osteoblasts and BMSCs of Prx1-

Cre; Men1f/f mice were also altered.  Culturing primary calvarial osteoblasts via a new method 

using dense collagen gels, which better mimic the physiological bone microenvironment, revealed 

defective mineralization capabilities in Prx1-Cre; Men1f/f mice. The RANKL/OPG ratio from 

bone RNA was also found to be higher in Prx1-Cre; Men1f/f animals, which is consistent with in 



vivo histomorphometric analysis that demonstrates an increase in osteoclast number and activity 

in Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice. In conclusion, these studies demonstrate the 

essential role that osteoblast menin plays in bone homeostasis and show the potential of menin as 

a molecular therapeutic target for treating disorders of low bone mass such as osteoporosis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



RÉSUMÉ  

La ménine, le produit du gène de la néoplasie endocrinienne multiple de type 1 (MEN1), est une 

protéine principalement exprimée dans le noyau qui joue un rôle dans le contrôle de la prolifération 

et de la différenciation cellulaire. Dans les ostéoblastes, il a été montré que la ménine régularise 

l’ostéoblastogenèse, un processus essentiel au cours de l'homéostasie osseuse. Notre laboratoire a 

aussi initialement établi in vivo l'importance de la ménine pour le bon fonctionnement des 

ostéoblastes matures et pour le maintien de la masse osseuse chez les souris adultes. Dans l’étude 

présente, nous cherchons à mieux comprendre le rôle que joue la ménine in vivo lorsqu'elle est 

exprimée à des stades précoces de la lignée ostéoblastique. Pour atteindre cet objectif, des souris 

knock-out conditionnelles dans lesquelles le gène Men1 est spécifiquement supprimé au début de 

la lignée ostéoblastique ont été générées, et ceci en utilisant le système de recombinaison Cre-

LoxP. Les souris Prx1-Cre ; Men1f/f et Osx-Cre ; Men1f/f représentent à cet effet l’invalidation 

du gène Men1 au niveau de la cellule souche mésenchymateuse pluripotente et des préostéoblastes, 

respectivement. En procédant à la caractérisation phénotypique des souris transgéniques, les poids 

des souris knock-out sont réduits par rapport aux souris Men1f/f servant de contrôles. Les animaux 

adultes âgés entre 10 à 14 mois provenant des deux souches knock-out révèlent des changements 

en termes de la teneur en gras et en masse maigre. L'activité du tissu adipeux brun est également 

affectée par le fait que l'expression relative de Ucp1 est plus élevée dans les souris Prx1-Cre ; 

Men1f/f. Par micro-tomographie tridimensionnelle du fémur, nous percevons une diminution du 

volume trabéculaire osseux et une structure trabéculaire aberrante dans les deux souches de souris 

knock-out. La masse osseuse et la longueur des fémurs sont également significativement réduites 

dans les deux modèles de souris knock-out. Le test de flexion en trois points démontre aussi une 

réduction en termes de force et de raideur du fémur chez les animaux knock-out. La force de pré-

adhérence des membres antérieurs des souris Prx1-Cre ; Men1f/f est réduite et celle des souris 

Osx-Cre; Men1f/f élevée par rapport aux souris de type sauvage. Les capacités prolifératives des 

ostéoblastes issues de la calvaria et des cellules stromales de la moelle osseuse (BMSCs) des souris 

Prx1-Cre ; Men1f/f et Osx-Cre ; Men1f/f ne sont pas affectées. Le degré de minéralisation des 

ostéoblastes primaires issues de la calvaria chez les souris knock-out est cependant réduit par 

rapport aux cellules provenant des souris de type sauvage, tel qu'évalué par coloration alizarine 

rouge. Les profils d'expression géniques des ostéoblastes primaires et des BMSCs des souris Prx1-

Cre; Men1f/f sont également altérés. Cultiver les cellules ostéoblastiques issues de la calvaria par 



une nouvelle méthode consistant à utiliser des gels de collagène dense, qui imitent mieux le 

microenvironnement osseux physiologique, révèle des capacités de minéralisation défectueuses au 

niveau des cellules ostéoblastiques issues des souris Prx1-Cre; Men1f/f. Le ratio RANKL/OPG de 

l'ARN osseux est également plus élevé dans les animaux Prx1-Cre; Men1f/f, ce qui est concorde 

avec l'analyse histomorphométrique in vivo qui démontre également une augmentation au niveau 

du nombre et de l'activité des ostéoclastes dans les souris Prx1-Cre; Men1f/f et Osx-Cre; Men1f/f. 

En conclusion, ces études illustrent le rôle essentiel que joue la ménine ostéoblastique dans 

l'homéostasie osseuse et soulignent également le potentiel de la ménine ostéoblastique comme 

cible thérapeutique moléculaire pour le traitement des troubles de faible masse osseuse comme 

l'ostéoporose. 
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CHAPTER 1: INTRODUCTION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1.1 Bone biology  

  The human skeleton is a specialized supporting structure of the body characterized by its 

rigid framework and its capacity to regenerate and repair itself. It is primarily composed of 

cartilage and bone connective tissues, both of which subserve important functions in the body. 

Cartilage is a much more elastic connective tissue than bone which provides flexibility in engaging 

various forms of movements and helps to maintain the elasticity and shape of organs. On the other 

hand, bone, which is more rigid, plays essential roles in protecting and supporting the entire body 

as well as acting as an important mineral reservoir for calcium and phosphate ions (1,2). Growth 

factors, cytokines and proteins within the bone matrix take part in another crucial function of bone, 

that of a regulator of body metabolism (1,2). The marrow of bones also serves as a site of 

hematopoiesis. Bone development and homeostasis are thus crucial processes which ensure that 

the skeletal functions are adequately maintained. While bone development takes place early in life, 

bone homeostasis is a lifelong process which relies on the highly-coordinated and regulated 

mechanisms of bone formation, mediated by cells which deposit new bone matrix called 

osteoblasts, and bone resorption, achieved through cells that degrade bone called osteoclasts (1,2). 

The maintenance of a balance between bone formation and resorption is critical in preventing the 

occurrence of bone disorders which are generally classified through gain or loss of bone mass. 

Improvement of our knowledge of the skeletal system components and of factors affecting bone 

homeostasis is essential to design new and better therapeutics for treating bone disorders.  

 

 

 



1.1.1 Bone development 

Bone is formed through two different processes: intramembranous ossification, which 

involves the direct conversion of mesenchymal cells into bone tissue and endochondral ossification 

whereby a cartilage model is first formed and then replaced by bone cells (3,4,5). Both processes 

are characterized by the formation of primary and secondary ossification centres which allow for 

bones to grow and assume their normal shape. While primary ossification takes places in prenatal 

development, secondary ossification occurs mainly during postnatal development (4,5).  

Flat bones of the skull and certain parts of the clavicles are formed via intramembranous 

ossification (figure 1.1) (3-5). This process is initiated when a group of mesenchymal stem cells 

(MSCs) derived from the neural crest proliferate and differentiate into osteoblasts that secrete a 

collagen-proteoglycan matrix which will bind calcium salts and produce a calcified osteoid matrix 

that will form the ossification center (3). As the mineralization process continues, osteoblasts that 

become trapped within the bone matrix become osteocytes, while the surrounding osteoprogenitors 

differentiate to become new osteoblasts. At the same time, blood vessels will start invading the 

ossification center and mineralization that takes place on the surrounding capillaries will form 

trabecular, or spongy, bone. In this process bone is formed without a cartilage intermediate (3-5). 

 

Figure 1.1 : Process of intramembranous ossification. (a) A group of osteoprogenitor cells derived from 
MSCs aggregate together, (b) producing a collagen matrix in the center and in between cells. (c) 
Differentiated osteoblast secrete osteoid which will become calcified. (d) Bone tissue is formed and 
osteoblasts that become trapped within the osteoid matrix become osteocytes. Reproduced with permission 
from Kini U. & Nandeesh BN. Physiology of bone formation, remodeling, and metabolism. In: Radionuclide 
and Hybrid Bone Imaging. 2012. I. Fogelman, G. Gnanasegaran, H. van der Wall (Eds).  pp. 29-57. 



Endochondral ossification (figure 1.2) involves the formation of long bones and those at 

the base of the skull (3-6). This process can be divided into five stages. In the first three stages, 

MSCs condense and differentiate into chondrocytes which then rapidly proliferate to form a 

cartilaginous model for the bone. During the proliferation and growth of chondrocytes, 

longitudinal growth of the bone also concurrently takes place. The fourth phase is characterized 

by chondrocytes stopping to divide and a zone of hypertrophy being formed whereby chondrocytes 

increase in volume and produce a matrix that becomes mineralized by calcium carbonate. In the 

last stage, hypertrophic chondrocytes die by apoptosis (3-6). This then creates a bone marrow 

space which enables blood vessels to enter and bring in osteoblast precursors that will differentiate 

and deposit new bone matrix that will serve as the primary ossification center. With time this 

ossification center shifts to the epiphyseal edges of bones, forming the secondary zones of 

ossification (4-6).  

Figure 1.2: Process of endochondral ossification. (A-B) A pool of MSCs differentiate into chondrocytes
to form a cartilaginous template. (C) Hypertrophic chondrocytes at the center of the bone enter apoptosis,
creating a space which allows (D-E) blood vessels to enter and bring in osteoblasts which will form a
primary ossification center. (F-H) With time, this overall process is repeated, allowing bones to grow in
size and become calcified. This last step is also characterized by secondary ossification centers being
formed near the epiphyseal edges of bone. Reproduced with permission from Gilbert S.F. Osteogenesis:
The development of bones. Developmental Biology. 2000. 6th edition.  



1.1.2 Skeleton components   

 The adult human skeleton is composed of a total of 206 bones, 126 of which form the 

appendicular skeleton and 80 the axial skeleton (7). Bones located at the central part of the body 

such as the skull, rib and spine form the axial skeleton, whereas long bones of the arms and legs 

along with shoulder and pelvic girdles constitute the appendicular skeleton. The axial skeleton 

provides support for the main organs of the body whereas the appendicular skeleton facilitates 

movement (7).  

 Two types of bone normally compose both the appendicular and axial skeleton: compact 

and trabecular, or cancellous, bones (1,2,7,8). Compact bone also called cortical bone is denser 

and more solid than trabecular bone which is characterized by more laminar and polygonal 

structures called trabeculae (1,2,8). Compact bone constitutes the cortical shell of bones and 

generally represents 80% of the total skeletal mass, whereas trabecular bone constitutes the core, 

or inside space of bones, and represents 20% of the skeletal mass (figure 1.3). Because it is less 

dense than compact bone, trabecular bone also has a higher surface-area-to-volume ratio which 

makes it weaker. The functions and mechanical properties of both types of bone are different, but 

generally speaking trabecular bone is more flexible and has a higher turnover rate than compact 

bone whose strong structure supports the body. Trabecular bone is also more vascularized and 

comprises the bone marrow where hematopoiesis takes place (1,2,7,8).  

 
 
1.1.3 Bone composition 

 Bone is a heterogeneous tissue composed of both organic and inorganic constituents as 

well as water which makes up to 10% of bone (9,10).  Type 1 collagen and small quantities of 

noncollageneous proteins (e.g. bone sialoprotein (BSP)) form the organic matrix of bone, or 



osteoid, while mineral hydroxyapatite (Ca10(PO4)6(OH)2)), composed of calcium and phosphate, 

forms predominantly the inorganic matrix that constitutes 60-70% of total bone (9,10). Structural 

proteins of the bone matrix like collagen play crucial roles in providing elasticity, supporting the 

extracellular matrix and regulating the mineralization process. The organic matrix of bone is also 

composed of small amounts of accessory proteins, such as osteopontin (OPN) and osteocalcin 

(OCN) that are involved in bone mineralization (11). The coordinated alignment of organic and 

inorganic constituents is regulated by the expression of various genes and signaling factors. Any 

alteration in either the bone mineral and protein compositions can lead to bone diseases generally 

associated with high risk of fracture, such as osteoporosis (10).  

Figure 1.3 : Illustration of the hierarchical structure of bone. At the macroscopic level, dense cortical bone 
and cancellous (trabecular) bone comprise the outside shell and inside structure of bone, respectively. At a 
microscopic scale, cortical bone is formed of many anatomical units called osteons. Each osteon is composed 
of a haversian canal which carries blood vessels and nerves surrounded by layers of lamella. At the nanoscopic 
level, bone is composed of type 1 collagen fibrils which provide an essential framework for the deposition of 
mineral crystals. Reproduced with permission from Bala Y, Farlay D, Boivin G. Bone mineralization: from 
tissue to crystal in normal and pathological contexts. Osteoporosis International. 2013;24(8):2153-66. 



1.1.4 Bone cells 

 Bone is primarily composed of three types of cells: osteoblasts, osteoclasts and osteocytes. 

Each cell plays an important and unique function in bone homeostasis and can be characterized by 

a distinctive shape. Bone cells have the ability to communicate with each through different factors 

that they release. This feature enables them to mediate and regulate bone formation and resorption 

processes which are essential for bone homeostasis (12).  

 

1.1.4.1 Mesenchymal stem cells 

 MSCs are multipotent cells with the ability to self-renew and to differentiate into a variety 

of cell types, which include but are not limited to osteoblasts, chondrocytes, adipocytes and 

myocytes (13). Adult MSCs can be found and isolated from many tissues, but the major sources 

include the bone marrow, adipose tissue and umbilical blood (14). The biological properties of 

MCSs differ depending on the tissue type in which they are found (14). Nonetheless, 

morphologically, all MSCs have a characteristic elongated fibroblastic-like appearance (13). In ex 

vivo cell studies, the bone marrow remains the most used site for the isolation of MSCs. The bone 

marrow is also the preferred site in bone studies as MSC populations derived from there can more 

easily be committed to become bone cells (13). Because they are mostly derived from the stroma 

of the bone marrow, MSCs are often also referred to as mesenchymal stromal cells. The 

International Society for Cellular Therapy (ISCT) recommends the general use of the term 

mesenchymal stromal cells, and only if the stemness property of the mesenchymal cells is 

established, can the term mesenchymal stem cell be used (15). In cell culture, MSCs are also 

known for their ability to adhere to plastic surfaces, and this special feature of MSCs has been 

established as one of the first criteria for their identification (13,16). As proposed by the ISCT, 



MSCs can generally be further characterized by the presence of positive surface markers, such as 

CD105 and CD90, and negative markers like  CD34 (17). Ex vivo, isolated populations of MSCs 

have the ability to differentiate into different cell lineages. However, successful differentiation into 

the cell lineage of interest relies on the special additives of the cell medium used (13,16). For 

instance, in order to induce osteogenesis of MSCs, differentiation with cell medium containing L-

ascorbic acid and β-glycerophosphate is generally used. Therapeutically, MSCs also offer many 

benefits, including but not limited to their use in tissue regeneration and in graft versus host 

diseases (18).  

 

1.1.4.2 Osteoblasts 

 Osteoblasts are essential bone forming cells that are found on the surface of newly 

synthetized bone. They are singly nucleated, have a cuboidal appearance and comprise 4-6% of 

total bone cells (12). Osteoblasts originate from multipotent MSCs of the bone marrow stroma and 

as they differentiate and become mature, they produce an extracellular matrix which then becomes 

mineralized (12,19). Differentiated and mature osteoblasts can be characterized by the high 

expression levels of collagen type 1 alpha 1 (COL1α1), OCN and alkaline phosphatase (ALP) that 

represent the three main bone matrix proteins that they secrete (20). Once mature, osteoblasts that 

become entrapped within the bone matrix eventually differentiate into osteocytes, whereas those 

that remain on the surface of bone can either undergo apoptosis or become bone lining cells 

(12,19).  

 



1.1.4.3 Osteoclasts 

 Osteoclasts are multinucleated giant cells that originate from monocyte precursors of the 

hematopoietic stem cell lineage. They are found on the bone surface and are involved in the 

decalcification and degradation of the bone matrix (12). The proliferation and differentiation of 

osteoclast precursors leads to the maturation of osteoclasts where these cells can achieve their bone 

resorption role (21). Fully differentiated osteoclasts are characterized by a sealing zone rich in 

filamentous actin (F-actin) which allows them to adhere to the surface of the bone matrix 

(22).When attached to bone, osteoclasts begin the resorption process by secreting acids and protons 

which make the local pH more acidic leading to demineralization of the inorganic bone matrix. 

Degradation of the organic component of bone then follows by a lysosomal protease mediated 

process involving cathepsin K. The liberated products from bone degradation are then endocytosed 

by the osteoclast and further released (22).  

 

1.1.4.4 Osteocytes 

 Osteocytes are the most abundant bone cells in the mature skeleton, representing around 

95% of total bone cells (23). In humans, their mean half-life of 25 years is the longest out of all 

bone cells (23). Osteocytes are matured osteoblasts that become embedded within the bone matrix 

after the bone formation cycle. In contrast to osteoblasts however, osteocytes have a more 

elongated shape with cytoplasmic processes extending in the bone canaliculi enabling them to 

communicate with each other (23,24,25). Osteocytes play a crucial role as mechanosensors, 

detecting changes in external mechanical forces applied to the bone and adapting the bone 

accordingly by regulating both osteoblast and osteoclast activity (23,24,25). 

 



1.2 Mechanisms of bone formation 

1.2.1 Osteoblast differentiation 

 As previously mentioned, MSCs are multipotent cells that have the ability to differentiate 

into various cell lineages and give rise to either chondrogenic, myogenic, adipogenic or osteogenic 

cells. The primary commitment of MSCs is essential in determining their eventual cell type. This 

is generally controlled through the action of important transcriptional regulators (26). For the 

myogenic and adipogenic lineages these are MyoD and PPARγ, whereas for the chondrogenic and 

osteogenic lineages, these are the Sox9 and the runt-related transcription factor 2 (Runx2) 

transcription factors, respectively (12,26). Once these master genes of differentiation are activated 

through the action of different factors, cells are generally categorized into a pre-differentiated state 

(e.g. preadipocyte, preosteoblast, etc.) that is necessary for further differentiation and for these 

cells to achieve their normal physiological functions.   

 For osteogenesis, Runx2 activation marks the first step of osteoblast differentiation (27). 

Further differentiation of the preoteoblasts to mature osteoblasts requires a timely and coordinated 

expression of osteoblast specific genes which are either unregulated or suppressed in a Runx-

dependent manner (12,19,26,27). The first stage of differentiation of the preosteoblast is marked 

by the stimulation of cell cycle markers (e.g. histones) that leads to an increase in proliferation 

(e.g. downregulation of cyclin-dependent kinase inhibitors). The preosteoblasts at this step also 

normally start expressing collagen, OPN, transforming growth factor beta (TGFβ) receptor 1 and 

fibronectin (26-28). The second stage is characterized by the extracellular matrix maturation, 

whereby preosteoblasts stop proliferating and start differentiating. This stage is characterized by 

the increase in expression of extracellular matrix-related proteins, such as ALP and collagen 

(COL1α1). In the third step, osteoblasts become fully differentiated and matrix mineralization 



takes place, with the expression of mineralization proteins, like OCN, increasing (26-28).When 

osteoblasts become terminally differentiated and when the cellular matrix is mineralized, 

osteoblasts can undergo apoptosis as a result of cell maturation. This last step of osteoblast 

differentiation is generally distinguished by the increased expression of proapoptic genes and 

decreased expression of anti-apoptic genes (e.g. p53) (26-28).   

 

1.2.2 Osteoclast differentiation 

 Osteoclasts are derived from hematopoietic stem cells which have been committed to the 

monocyte/macrophage lineage. Important transcription factors and cytokines at this stage are 

needed for coordinating osteoclastogenesis events. Like Runx2 is for osteoblastogenesis, PU.1 is 

the master transcription factor of osteoclastogenesis responsible for regulating the expression of 

important genes mediating osteoclast differentiation (21). One key function of PU.1 is to stimulate 

gene transcription of the receptors of both the receptor activator of nuclear factor kappa-B ligand 

(RANKL), RANK, and the macrophage-colony stimulating factor (M-CSF), c-FMS, which are 

essential for osteoclast differentiation (21,29). In the bone microenvironment, M-CSF is produced 

and secreted by stromal cells of the bone marrow and osteoblasts, whereas RANKL is mainly 

produced by osteoblasts and osteocytes. Activation of c-FMS by M-CSF on macrophage/osteoclast 

progenitor cells favors their proliferation and survival, as well as promotes their commitment to 

become pre-osteoclasts (30). RANKL-RANK interaction in pre-osteoclasts initiates a downstream 

signaling cascade resulting in the activation and nuclear translocation of the nuclear factor of 

activated T-cells cytoplasmic 1 (NFATc1) which induces the differentiation of pre-osteoclasts to 

mature osteoclasts (21). NFATc1 also regulates the expression of osteoclast-specific genes, such 

as TRAP and cathepsin K, which mediate important activities in differentiated osteoclasts (31). It 



is important to note that the differentiation of osteoclasts is supported by osteoblasts through cell 

to cell contact with osteoclast precursor cells. While RANKL supports the differentiation and 

maturation of osteoclasts, another factor called osteoprotegerin (OPG), also released by 

osteoblasts, acts as a decoy receptor to RANKL preventing its interaction with the RANK and 

inhibiting osteoclastogenesis. Hence, the RANKL to OPG ratio is generally a strong indicator of 

osteoclast formation and of the extent of bone resorption. Any alteration in this ratio will result in 

either an increase or decrease in the degree of osteoclastogenesis (32). 

 

1.2.3 Bone mineralization  

 Bone mineralization, also termed bone calcification, is an osteoblast-mediated mechanism 

whereby minerals are deposited in an organized fashion into the organic extracellular matrix of 

bone (33). This process usually begins 5-10 days after the organic matrix composed of type 1 

collagen, proteoglycans and a variety of non-collagenous proteins, like OCN and BSP, is initially 

deposited by osteoblasts (34). In bone, the extracellular matrix (ECM) is critical for mineralization 

as it defines the sites of where mineralization will occur and the final size of the mineral crystals 

formed (8,9,33,34). The principal constituent of the ECM is collagen and it is predominantly found 

as a fibrillary network in bone. Without the bone ECM, mineral deposition simply cannot occur 

(33-35).  

 After osteoid deposition by osteoblasts, mineralization begins following a two-phase 

process involving vesicular and fibrillar phases (36). The vesicular phase is mediated by matrix 

vesicles, which are extracellular membrane particles that are located within the bone matrix. These 

vesicles are released by polarized budding from the apical membrane surface of osteoblasts and 

serve as the initial site of mineralization (37). The formation of calcium (Ca2+) and inorganic 



phosphate (Pi) ions within the matrix vesicles constitutes the first step of mineralization (33). 

During the vesicular phase, these matrix vesicles are released from osteoblasts into the ECM, 

where they bind various components of the organic matrix. One such component includes the 

proteoglycans that can bind to and immobilize Ca2+ ions within the matrix vesicles (38). When 

proteoglycan degrading enzymes (e.g. matrix metalloproteinases) are produced by osteoblasts, this 

leads to the release of the bound Ca2+ ions which can then travel across the vesicular membrane 

(39). At this same time, ALP secreted by osteoblasts degrades compounds that bind Pi ions, further 

liberating these ions within the vesicles. Ca2+ and Pi ions can then nucleate in the matrix vesicles, 

resulting in the formation of hydroxyapatite crystals (38). At this stage, certain proteins of the 

organic matrix, like BSP, can regulate the concentrations of Ca2+ and Pi ions needed for the 

formation of hydroxyapatite crystals (33). The fibrillar phase then follows with the breakdown of 

the matrix vesicles releasing hydroxyapatite crystals which can migrate to collagen fibrils to 

initiate the mineralization process (40).  

 

1.3 Bone modeling & remodeling 

 Bone modeling is a process whereby bones can grow and change their preformed shape in 

order to adapt to the external mechanical forces that they encounter. Bone modeling permits 

longitudinal growth of bones which is essential during development in vertebrates. In bone 

modeling, bone formation, mediated by osteoblasts, and resorption, mediated by osteoclasts, are 

independently occurring processes taking place at different anatomical sites within the skeleton 

(1,2,41). Bone modeling is particularly important during early skeletal development throughout 

childhood, but decreases in frequency during adulthood (42).  

  



 On the other hand, bone remodeling is a process which persists throughout life (1,2). As 

opposed to modeling, bone resorption and formation are not independently occurring processes in 

bone remodeling. In fact, adequate remodeling relies on a homeostatic equilibrium between bone 

resorption and formation which are normally two coupled and collaborative mechanisms occurring 

sequentially within temporary anatomic structures termed basic multicellular units (BMUs) (43, 

44, 45). In a normal bone remodeling cycle, mature osteoclasts adhere to the bone surface, become 

activated and begin the resorption process of the bone matrix by acidification and proteolytic 

digestion (46). After bone is degraded, osteoclasts undergo apoptosis and the excavated area is 

filled by osteoblasts which produce new bone matrix that becomes mineralized. At the end of each 

remodeling cycle, osteoblasts either die by apoptosis or become embedded within the bone matrix 

as osteocytes (46,47). Figure 1.4 illustrates BMUs that are spread throughout the different bone 

compartments where remodeling takes place. Normally, precursors of both the osteoclast and 

osteoblast lineage are supplied to BMUs through the bloodstream and once within the BMU, these 

are able to differentiate into bone specific cells, osteoblasts and osteoclasts being the two main 

executive cells of BMUs (43-45). The lifespan of bone executive cells (2 weeks for osteoclasts 

and 3 months for osteoblasts) is usually shorter than that of the BMU (6-9 months), thus a 

continuous supply of new osteoclasts and osteoblasts is critical for the BMU (43-45). As a result, 

the balance between levels of osteoclasts and osteoblasts at any time point within the lifespan of 

the BMU is a key determinant of the degree of bone being resorbed and formed. 

 

 

 



1.3.1 Bone disorders  

Bone is a dynamic structure which undergoes constant remodeling throughout an 

individual’s lifetime. The adequate balance between bone formation and resorption is maintained 

through the tightly-controlled regulation of signaling pathways involved in osteoblast and 

osteoclast differentiation. Any alteration or imbalance in these processes can lead to a variety of 

bone diseases which will be classified as disorders of bone remodeling, the most common one 

being osteoporosis (48).  

Figure 1.4: Bone remodeling cycles initiated within BMUs. Under the canopy generated 
by bone lining cells, hemopoietic precursor cells and MSCs are supplied by the marrow and 
the blood stream to the BMUs. In the BMU, osteoclast and osteoblast precursors derived 
from hemopoietic precursors and MSCs, respectively, are able to differentiate into fully 
functional cells necessary to initiate bone remodeling. Reproduced with permission from 
Sims N.A. & Martin T.J. Coupling the activities of bone formation and resorption a multitude 
of signals within the basic multicellular unit. Bonekey Reports. 2014. 3: 481. 



1.3.2 Osteoporosis and treatments 
 
 Osteoporosis is the most prevalent metabolic bone disorder characterized by low bone mass 

and structural deterioration of bone leading to enhanced bone fragility (49). It is often represented 

as a clinically silent disease the severity of which progresses with aging resulting in increased risk 

of fracture of the hip, wrist and spine if untreated (49). In today’s population, it is estimated that 

one in three women and one in five men will suffer from an osteoporotic fracture in their lifetime, 

with recent reports placing the worldwide number of individuals affected by osteoporosis at 200 

million (41,50). Learning more about this disorder is thus important in order to design more 

effective therapeutic strategies to treat it. 

 In general terms, osteoporosis is classified into primary and secondary types (51). Primary 

osteoporosis is the most common type that is caused by genetic and physiological alterations. Age-

related and postmenopausal bone loss are classified as type I osteoporosis (48,51). These are often 

linked with hormonal changes which include, but are not limited to, reduction in levels of sex 

steroids (e.g. androgen & estrogen), decreased secretion of growth factors (e.g. IGF-1) and 

increased parathyroid hormone (PTH) release (48). The net effect of these changes is a negative 

remodeling balance that is characterized by low osteoblast-mediated bone formation and/or high 

osteoclast-mediated bone resorption, overall leading to bone loss. Secondary osteoporosis, on the 

other hand refers to osteoporosis that is caused by environmental factors which often include 

changes in physical activity or secondary adverse results of therapeutic interventions against 

certain complications (48,51,52). Reduced mechanical loading of the skeleton as a result of 

reduced muscle mass and inactivity affects mechanosensing pathways involved in promoting bone 

formation and regulating bone remodeling, overall leading to low bone mass (48). Certain 

medically used drugs, such as glucocorticoids, which are largely used to treat inflammatory 



disorders, can also induce osteoporosis at pharmacological doses. In the case of glucocorticoids, 

they can cause bone loss by inhibiting osteoblast differentiation and/or promote osteoclastogenesis 

through the indirect increase of the RANKL expression (53).  

 Given the multifactorial causes of osteoporosis, current pharmacologic agents used to treat 

this disorder are aimed at either directly stimulating gains in bone mass or decreasing the extent of 

bone resorption occurring (49,54). Anti-resorptive agents which inhibit osteoclast activity by 

promoting their apoptosis, like bisphosphonates, are considered as standard of care for treating 

osteoporosis. However, their clinical use is inefficient in restoring full bone mass and bone 

architecture (55). In contrast to anti-resorptive pharmaceuticals, anabolic agents are more 

advantageous as they act by enhancing bone formation, thus increasing bone mass (49,54,56). The 

first and most used anabolic agent for osteoporosis is teriparatide, a peptide of the 1-34 amino 

terminal sequence of PTH (56). Although the precise mechanism of action is not known yet, 

administered intermittently, teriparatide stimulates bone formation by enhancing osteoblast 

differentiation (56). Abaloparatide is another more recent clinically approved anabolic agent for 

osteoporosis (57). It is a synthetic 34 amino acid peptide with a modified sequence of parathyroid 

hormone-related peptide (PTHrP) which acts as an agonist of the PTH type I receptor through 

which PTH signals (56,57). The key distinctive feature of abaloparatide however is that its 34 

amino acid sequence shares more homology to PTHrp 1-34 (76%) than to PTH 1-34 (41%). Hence, 

most of its bone promoting effects are mediated through similar mechanisms as PTHrp (56,57). 

Teriparatide and abaloparatide are the only two anabolic agents approved for clinical use for 

osteoporosis today. The only other anabolic agents currently undergoing phase 3 clinical trial is 

romosozumab, a monoclonal antibody against sclerostin which stimulates bone formation by 

enhancing wingless-type (Wnt) signaling (58). Although romosozumab substantially increases the 



bone mineral density (BMD) of osteoporotic patients, its use has been linked to a high incidence 

of cardiovascular problems (56,58). New and more beneficial drug targets aimed at treating 

osteoporosis and reducing the incidence of adverse events are thus needed.  

 
1.4 Role of bone in whole-body homeostasis 
 
 The roles of the skeleton are to support the body and facilitate movement by serving as a 

scaffold for muscle attachment. Recently, the skeleton has been suggested to act as an endocrine 

organ, playing important roles in whole-body metabolism (59). One of the main drivers of the 

functions of bone in regulating metabolic processes is the bone protein hormone OCN (59).  

 OCN, or bone γ-carboxyglutamic acid (Gla)-containing protein (BGLAP), is a non-

collagenous protein encoded by the BGLAP gene. It is primarily produced by osteoblasts and 

deposited in a carboxylated form into the mineralized bone matrix where it can bind 

hydroxyapatite crystals (60). In osteoblasts, OCN is involved in regulating mineralization as well 

as mediating osteoblast-osteoclast interactions (60). Increased osteoclast activity acidifies the bone 

microenvironment which results in OCN being partially decarboxylated at carbon 17 (61). The 

undercarboxylated Glu13-OCN represents the active hormonal form of OCN (60,61).  

 Studies using Ocn-/- mice, whereby the OCN gene is conventionally knockout, have 

demonstrated that bone OCN is involved in the regulation of various metabolic processes (62). 

Ocn-/- mice show elevated glucose and decreased insulin circulating levels, suggesting a role for 

OCN in improving insulin release and sensitivity. OCN was in fact shown to bind to the G protein-

coupled receptor family C group 6 member A (GPRC6A) receptor expressed in pancreatic β-cells 

and promote their proliferation as well as the synthesis and release of insulin, overall improving 

glucose tolerance (62,63). Low OCN levels have also been linked with decreased rates of oxygen 

consumption and energy expenditure. In this perspective, OCN has been shown to stimulate energy 



expenditure by promoting mitochondrial biogenesis in brown adipose tissue and skeletal muscle 

(62). In terms of the roles that OCN plays in muscle physiology, recent studies have demonstrated 

that OCN is necessary to maintain muscle mass in older mice and improves the fatty acid oxidation 

of muscle cells (64). As to the role that OCN plays in adipogenesis, it has been illustrated that 

OCN can decrease lipid accumulation by stimulating the expression and release of adiponectin by 

fat cells, which ameliorates glucose tolerance (65). In addition, OCN can also influence male 

fertility by binding to the GPRC6A receptor and promoting testosterone synthesis in the Leydig 

cells of the testis (66). With the discovery of the endocrine functions of bone OCN, it has become 

clear that regulatory pathways affecting bone homeostasis can also influence whole-body 

metabolism (figure 1.5) and secondary metabolic changes as a result of bone disorders should also 

be taken into consideration.  

 

Figure 1.5: The multifactorial roles of osteocalcin in whole-body metabolism. Bone-
derived OCN acts as a hormone in the body, stimulating insulin secretion from β-cells of 
the pancreas, promoting energy expenditure in skeletal muscle, and increasing insulin 
sensitivity in adipose tissue and liver. OCN can also act on Leydig cells of the testis to 
stimulate testosterone biosynthesis, promoting male fertility. Reproduced with 
permission from Karsenty G & Ferron M. The contribution of bone to whole-organism 
physiology. Nature. 2012;481(7381):314-20. 



1.5 Regulatory pathways of osteoblast differentiation 

 Skeletal development and homeostasis are mediated by a number of signaling pathways 

that regulate osteoblast differentiation. These pathways are crucial for the maintenance of bone 

mass and for coordinating bone remodeling events involving osteoblasts, osteoclasts and 

osteocytes. The main regulatory pathways of osteoblast differentiation include the TGF-β/BMP 

and the Wnt/β-catenin signaling pathways. Each of these individual pathways exerts different 

functions in bone, but all control important events ranging from the commitment of osteoblasts 

from MSCs to their proliferation and later differentiation. Importantly, regulators of these 

pathways have been of interest in many studies as to their potential manipulation and use for 

treating low bone mass disorders. 

 

1.5.1 Wnt/ββ-catenin signaling in bone 

 The canonical Wnt/β signaling is an important signaling pathway for bone metabolism. 

Binding of the Wnt ligands to the Frizzled (FZD)/LRP5/6 dual receptor complex initiates a 

downstream signaling cascade which prevents phosphorylation of β-catenin and its subsequent 

GSK3β-mediated proteosomal degradation. In turn, this leads to β-catenin stabilization and 

accumulation in the cytoplasm where it can then translocate into the nucleus and associate with 

members of the TCF/LEF transcription factor family to regulate gene transcription (67).   

 It is well established that Wnt/β catenin signaling exerts positive effects on bone 

homeostasis. In osteoblastogenesis, canonical Wnt/β catenin signaling promotes the commitment 

of MSCs to the osteoblast lineage, while repressing adipogenesis and chondrogenesis (68,69,70). 

Wnt/β catenin signaling also enhances the expression of Runx2 and Osterix (OSX) genes which 

are required for osteoblastogenesis, thus facilitating the proliferation of osteoblast progenitor cells 



and their subsequent differentiation to become mature osteoblasts (71,72). As such, reports have 

as well illustrated Wnt/β signaling to have an impact in promoting bone matrix mineralization as 

well as regulating apoptosis of mature osteoblasts (73). For osteoclastogenesis, Wnt/β catenin

signaling indirectly inhibits osteoclast differentiation by increasing the expression of the RANKL 

decoy receptor, OPG from both osteoblasts and osteocytes (74). As such, Wnt/β catenin signaling 

can simultaneously stimulate bone formation and repress bone resorption, overall positively 

regulating bone remodeling (figure 1.6). 

Figure 1.6 : Wnt/ββ-catenin signaling in bone homeostasis. During osteoblastogenesis, the Wnt/β-
catenin signaling is required for the commitment of MSCs to the osteoblast lineage, and for the later 
differentiation of osteoblast progenitors to mature osteoblast. Wnt/β-catenin signaling can also 
regulate the apoptosis of osteoblasts. In osteoclastogenesis, Wnt/β-catenin  signaling inhibits 
osteoclastic bone resorption by decreasing the RANKL/OPG ratio from both osteoblasts and 
osteocytes. The inhibitors of the Wnt/β-catenin signaling, SOST and Dkk1, are released by 
osteocytes and affect bone remodeling. Reproduced with permission from Baron R, Kneissel M. 
WNT signaling in bone homeostasis and disease: from human mutations to treatments. Nature 
Medicine. 2013;19(2):179-92. 



1.5.1.1 Regulators of the Wnt/ββ-catenin signaling 

 Antagonists of the Wnt/β catenin signaling, such as sclerostin (SOST), Dickkopf (Dkk) 

and secreted frizzled-related proteins (sFRP) offer promising therapeutic targets for the treatment 

of osteoporosis.  All three types of antagonist exert their physiological responses by binding to the 

Lrp5/6 co-receptor and preventing the activation of Wnt/β-catenin signaling, thus inhibiting bone 

formation (75). SOST and Dkk are mainly released by osteocytes and are thought to be important 

in the regulation of bone remodeling. Animal studies have shown that specific deletion of either 

the SOST or the Dkk gene greatly enhances bone mass (76,77). A recent study inhibiting sFRP-1 

in mice with a small molecule also demonstrated that this enhances bone formation (78). Hence, 

antagonists of Wnt/β catenin signaling offer potential targets for the development of new anabolic 

agents for treating osteoporosis. 

 

1.5.2 TGF-β and BMP signaling in bone 

 TGF-β and bone morphogenetic proteins (BMPs) are essential regulators of osteoblast 

differentiation, bone formation and remodeling (79,80). Both are primarily synthetized by 

osteoblasts and belong to the TGF-β ligand superfamily, which signals through type I and type II 

serine/threonine kinase cell membrane receptors (79,80,81). Types I and II receptors are 

indispensable for signal transduction. Upon ligand binding, the type I receptor is phosphorylated 

in a trans manner following activation of the type II receptor (80,81,82). This forms a 

heterotetrameric-activated receptor complex consisting of both type I and II receptors. The 

activated type I receptor initiates intracellular signaling by phosphorylating the receptor-regulated 

Smad proteins (R-Smads). These are Smad-2 and -3 for TGF-β and Smad-1, -5 and -8 for BMPs. 

These activated Smad proteins then associate with their common partner, Smad4, which creates a 



complex that can translocate into the nucleus to mediate transcription of specific genes involved 

in bone development and remodeling (80-82).  

 

1.5.2.1 TGF-ββ signalling in osteoblasts 

 Autocrine and paracrine stimulation by TGF-β is important for the maintenance and 

expansion of MSCs and osteoblast progenitor cells (80-82). There are three main isoforms of TGF-

β : TGF-β1, -β2 and -β3. Deletion of any of these three TGF-β isoforms has been shown to lead 

to many skeletal defects in mice, in terms of both craniofacial and limb development (79,83). TGF-

β1 is however the most abundant isoform found in bone tissue and also the most studied in terms 

of bone development (79,83). Mechanistically, TGF-β1 stimulates osteoblast proliferation and 

bone matrix deposition by enhancing the expression of osteoblast-specific genes important during 

osteoblastogenesis, such as Runx2 (79,84). Studies have shown that as opposed to its stimulating 

effect early in the differentiation of osteoblasts, at later stages of osteoblast differentiation TGF-

β1 rather suppresses osteoblast maturation. During late stage maturation of osteoblasts, TGF-β 

signaling in fact inhibits BMP-mediated signaling through the activation of inhibitory Smads and 

maintains osteoblasts in a differentiated state preventing them from undergoing premature 

apoptosis (85). 

 TGF-β signaling is also important for bone remodeling as it links bone formation to bone 

resorption. In fact, TGF-β stored in the bone matrix in an inactive form can be released by 

osteoclastic bone resorption and activated in the bone microenvironment. This in turn induces 

osteoblastic bone formation by stimulating the recruitment and migration of bone MSCs, hence 

coupling both bone resorption and formation processes (86).    

 



1.5.2.2 BMP signalling in osteoblasts 

 BMPs were first identified as an activity in the 1960s and later purified from bovine bone 

in the 1980s, where it was demonstrated that they can induce ectopic bone formation in mice 

(87,88). Other than skeletal cells, BMPs are also expressed in a variety of cell types where they 

play a role in development and cell function (89). BMP-2, -4 and -7 are however the most 

important isoforms whose levels of expression are the highest in osteoblast cultures and whose 

loss severely impairs osteogenesis (90). An important function of BMPs is to induce the 

commitment of the early limb bud mesenchymal cells towards both the chondrogenic or osteogenic 

lineages and to promote their later differentiation and maturation (89, 91). Today, it is widely 

recognized that BMPs promote bone formation by directly stimulating osteoblastic differentiation 

through the Smads and mitogen-activated protein kinase (MAPK) pathways, which increase the 

expression levels of target genes important for osteoblastogenesis like Runx2, OSX and ALP (92). 

While BMPs promote osteoblast differentiation, studies have showed that they can also induce 

apoptosis of mature osteoblasts in a Smad1-independent, protein kinase C- dependent pathway 

(93). Hence, in the early steps of osteoblastogenesis, BMPs (e.g. BMP-2) induce the differentiation 

of MSCs towards the osteoblast lineage and facilitate osteoblast differentiation, but in the later 

steps where osteoblast maturate, BMP signaling can lead to osteoblast apoptosis.  

 

1.5.2.3 Regulators of TGF-ββ/BMP signaling 

 TGF-β and BMP signaling are modulated by many intracellular and extracellular factors. 

These include; nonsignaling pseudreceptors, inhibitory smads (e.g. Smad6 & 7), Smad binding 

and degrading proteins, and extracellular matrix antagonists of TGF-β/BMP ligands (79,89).  Each 

can control TGF-β/BMP signaling and generally results in the extent of osteogenesis being 



downregulated.  For example, BMP antagonists which consist of a group of secreted polypeptides, 

such as noggin, inhibit BMP signaling by binding and sequestering BMPs, preventing receptor 

activation and downstream signaling (89). On the other hand, inhibitory Smads also inhibit TGF-

β/BMP but can do so in multiple ways, such as preventing R-Smad complex translocation to the 

nucleus or promoting R-Smad complex degradation (94). Nonetheless, in most of the animal 

studies realized to date, the overexpression of these extracellular antagonists and intracellular 

inhibitors of  the TGF-β/BMP signaling leads to a marked reduction in bone formation, whereas 

their specific deletion in bone tissues generally increases bone mass (89,95). As such, regulators 

of TGF-β/BMP coordinate important bone remodeling mediated processes and offer advantageous 

therapeutic treatment strategies for treating bone disorders of low bone mass. 

 Most of the TGF-β/BMP signaling regulators involved in skeletal development and bone 

homeostasis so far presented seem to exert negative effects in osteoblast differentiation, but are 

nonetheless important in regulating bone remodeling and in maintaining overall bone mass when 

expressed at physiological levels. It is however important to note that other factors also exist which 

can positively influence and control osteoblast differentiation while still being essential for the 

maintenance of bone mass (96). One of such factors is the nuclear protein menin, which facilitates 

R-Smad mediated transcriptional responses.  

 

1.6 Multiple Endocrine Neoplasia Type-1 (MEN1) & menin 

 Menin is the protein product of the multiple endocrine neoplasia type-1 (MEN1) gene, 

which maps to human chromosome 11q13, that was first identified by Chandrasekharappa and 

colleagues in 1997 by positional cloning (97,98). Menin is widely expressed in many tissues of 

the body. Its expression starts early in development and continues postnatally  (99). 



 Over 500 independent germline and somatic mutations scattered throughout the 10 coding 

exons region of the MEN1 gene that cause the hereditary autosomal dominant MEN1 disorder have 

been identified (100). The majority of these mutations have clear inactivating effects and lead to 

truncated menin products (97,99,100,101). Patients carrying a germline MEN1 mutation are 

predisposed to developing tumors in select endocrine and non-endocrine tissues throughout their 

lifetime. Tumors in patients arise due to the somatic loss of the wild-type MEN1 allele (the second 

hit) and these most often occur in the parathyroid, pancreas and pituitary gland (100,101). MEN1 

patients however can show a broad phenotype with more than 20 different manifestations 

occurring in endocrine and non-endocrine tissues (102). Primary hyperparathyroidism as a result 

of parathyroid tumors is the most common symptom observed in MEN1 patients (103). Other 

manifestations, such as adrenal adenomas, lipomas, and neuroendocrine tumors of the lungs, 

thymus or stomach can also occur in MEN1 patients, but the metastatic pancreatic neuroendocrine 

tumors (pNETs) are the most frequent MEN1-related causes of morbidity and mortality 

(102,103,104).  It is important to note that aside from its definite tumor suppressor role in MEN1 

cases, menin may also possess other functions in the tissues in which it is expressed. 

 

 

 



1.7 Cellular functions of menin  

Human menin consists of a 610 amino-acid sequence and shows no molecular similarities 

to other known proteins. It possesses two nuclear localization signals (NLS) in its carboxyl-

terminal end, both at amino acid positions 479 to 497 and 588 to 608, and hence is primarily 

located in the nucleus (105). Menin acts as a scaffold protein by interacting with many proteins 

involved in transcriptional regulation and chromatin modification in order to regulate gene 

expression as illustrated in figure 1.7 (106). In this model, menin links transcription regulation 

with chromatin modification, and thus can either act as a repressor or activator of gene transcription 

depending upon the particular transcription factor involved. Menin also plays important roles in 

DNA replication, DNA repair and cell cycle progression (107). The crystal structure of menin was 

recently reported from sea anemone (N. vectensis) and human where it was shown that menin 

contains a deep protein pocket that is covered by a β-sheet motif. This pocket also constitutes the 

binding site for transcription factors such as JunD and the mixed lineage leukemia (MLL) complex  

(108,109,110). Some of menin’s interacting partners will now be discussed in more detail. 

Figure 1.7: Menin interacting partners in the nucleus. Menin can interact with many classes of transcription factors 
(e.g. JunD) and histone-modifying protein complexes (e.g MLL1) in order to link transcriptional regulation with 
chromatin regulation. Reproduced with permission from Dreijerink KMA, Timmers HTM, Brown M. Twenty years 
of menin: emerging opportunities for restoration of transcriptional regulation in MEN1. Endocrine Related Cancer. 
2017;24(10): T135-T45. 



1.8 Menin interacting partners & functions 

1.8.1 AP-1 transcription factor 

 The activator protein-1 (AP-1) family of transcription factors are dimeric transcription 

factors consisting of Jun, Fos and activating transcription factor (ATF) families of proteins 

(111,112). In response to extracellular stimuli, AP-1 transcription factors bind to a common AP-1 

DNA binding site to regulate gene expression and control a variety of cellular processes which 

include cell proliferation, differentiation and apoptosis (111,112). JunD was the first interacting 

partner of menin to be identified by in 1999 (113). In that study it was shown that menin represses 

the transcriptional activation of JunD. It was also demonstrated that menin interacted specifically 

with the JunD subunit and not with other Jun or Fos family members (113). Other research groups 

have further demonstrated that menin represses the activity of JunD and this in a histone 

deacetylase-dependent mechanism, whereby menin has been shown to associate with an mSin3A-

histone deacetylase complex. This in turn led to the repression of menin/JunD target genes 

(114,115). Inactivating mutations occurring in MEN1 patients are thus thought to alter this 

repression and result in the dysregulation of cellular growth control, ultimately causing tumors in 

endocrine tissues (113-115).  

 

1.8.2 MLL complex  

 The MLL complex is a transcriptional co-activator that belongs to the group of histone-

modifying enzymes that are important for chromatin remodeling and gene expression regulation 

(116).  Chromosomal rearrangements of the MLL gene are the cause of certain acute leukemias in 

both children and adults (116). Menin has been reported to be an essential component of a histone 

methyltransferase complex, such as the MLL complex (MLL1/MLL2), that trimethylates lysine 4 



of histone 3 (H3K4me3) (117). Through its interaction with the MLL complex, menin mediates 

the histone methyltransferase activity, and in doing so has been linked to the transcriptional 

activation of homeobox Hox genes (e.g. Hoxc8) essential for early development and cyclin-

dependent kinase (CDK) inhibitors, like p18 and p27, which play determinant roles in cell cycle 

control and in regulating pancreatic islet growth (117,118,119,120). 

 

1.8.3 ββ-catenin 

 Menin has been shown to also physically interact with β-catenin in a number of studies 

(121,122,123). However, its particular role in the canonical Wnt-β-catenin signaling seems to vary 

depending on the precise cell type involved. In murine islet cells, menin was reported to stimulate 

the Wnt signaling by interacting with T-cell factor 3 (TCF3), a transcription factor that β-catenin 

interacts with (121). Alternatively, in another study using mouse insulinoma cells in which the 

Men1 gene was knocked-out, menin was shown to mediate nuclear translocation of β-catenin into 

the cytoplasm, thus suppressing its transcriptional activity (122). A more recent study using 

transgenic mouse models where the Men1 gene and the Ctnb1 gene (encoding β-catenin) were 

specifically knockout in pancreatic β-cells demonstrated that the tumorigenesis potential of mice 

lacking both the Men1 and Ctnb1 was less than those lacking only Men1 (124). These in vivo 

results suggest that menin interaction with β-catenin is required for adequate control of cellular 

growth and that the loss of this interaction leads to the development of tumors in the pancreas.   

 

1.8.4 TGF-β superfamily 

 Signals transmitted through members of the TGF-β superfamily are transduced by Smad 

proteins. In the nucleus, Smad complexes need other partners to facilitate their binding to DNA 



and modulate gene transcription in response to cell signaling. Menin has been reported to be one 

of them. Studies have shown that menin can interact with and co-activate Smad1, Smad3 and 

Smad5 (125, 126). As previously discussed, Smad3 is a TGF-β specific Smad, whereas Smad1 

and Smad5 are BMP specific Smad proteins. In vitro studies where menin was inactivated with 

antisense RNA resulted in the inhibition of the TGF-β signaling due to unsuccessful binding of 

the Smad3/4 complex at DNA specific transcriptional regulatory sites, resulting in high cell 

proliferation (127). In that study, menin did not however affect the association between Smad3 

and Smad4, nor the nuclear translocation of the Smad3/4 complex, but TGF-β itself did regulate 

menin’s expression in a dose-dependent manner (127). Hence, menin is needed for signaling 

pathways involving members of the TGF-β superfamily and in this sense also required for 

controlling the growth of many cell types (e.g. parathyroid & pituitary cells) which TGF-β 

signaling is known to negatively regulate (128,129,130,131).  These observations are consistent 

with menin’s function as a tumor suppressor.  

 

1.8.5 Menin and other protein partners   

 The studies so far presented on menin and its interacting partners highlight its role as a 

tumor suppressor, but its functions are not only limited to that. Through its interactions with 

proteins like FANCD2 and FOXN3, menin is also involved in DNA repair mechanisms (132,133). 

It can also associate with certain cytoskeletal elements, like nonmuscle myosin II-A heavy chain 

(NMHC II-A) and glial fibrillary acidic protein (GFAP) to play a role in cytokinesis during the 

cell-division cycle (134,135). Recent studies have also demonstrated that menin can interact with 

certain nuclear receptors, which include the estrogen receptor α (ERα), the vitamin D receptor 

(VDR) and the peroxisome proliferator-activated receptors (PPAR) α and γ (136,137,138). In this 



perspective, menin acts as a coactivator of nuclear receptor-mediated transcription and can be 

implicated in the regulation of certain cellular differentiation processes, like adipogenesis and 

myogenesis (136,139,140).  

 

 Taking all of these findings together, menin is widely expressed in many tissues of the 

body, but can assume a variety of functions and interact with different molecular elements that 

regulate a wide range of biological processes. For the purpose of this thesis, the specific 

implications of menin in bone development as well as in myogenesis and adipogenesis will be 

explored and discussed in greater detail. 

 

1.9 Role of menin in myogenesis & adipogenesis  

 Signaling through BMP-2 and TGF-β1 play essential roles during both osteogenesis and 

myogenesis by regulating the expression of important transcription factors dictating lineage 

commitment, such as MyoD for muscle differentiation, and Runx2 for osteogenic differentiation 

(141,142). During myogenesis, BMP-2 and TGF-β1 signaling mediated by R-Smad proteins 

inhibit MSCs differentiation into muscle cells by mechanisms that are thought to repress MyoD 

activity (140,142). Because menin is a nuclear protein known to mediate R-Smads transcriptional 

responses, the role that it has in modulating myogenesis was established in a report which 

specifically investigated its effects in controlling the commitment and differentiation of muscle 

cells from MSCs in vitro (140). In that study it was demonstrated that menin acts as a molecular 

rheostat regulating the balance of MSC commitment to both osteogenic lineage and myogenic 

lineages (figure 1.8). Through its interaction with R-Smads, menin was in fact proposed to 

potentiate BMP-2/ TGF-β1 mediated inhibition of myogenesis (140).  



The clinical presentation of lipomas, which are benign fat-cell tumors, is common in MEN1 

cases, occurring in approximately 30% of the affected patients (143). However, their mechanism 

of formation is at the moment still not fully known. PPARγ is a nuclear receptor which associates 

with retinoid X receptors (RXRs) in the nucleus in order to regulate the transcription of genes 

involved in adipocyte differentiation (144). In humans, mutations occurring in the gene encoding 

PPARγ, PPARG, are known to cause partial lipodystrophy, a genetic metabolic condition 

characterized by the loss of subcutaneous fat (144). Reports have demonstrated that PPARγ is also 

expressed in many of the MEN1-associated tumors (145,146).  Hence, studies have investigated 

whether menin could interact with PPARγ in order to be a molecular reason causing lipomas. In a 

Figure 1.8: Role of menin in myogenesis and osteogenesis. Menin expression level is
negatively correlated with MSC commitment to the myogenic lineage. Downstream TGF-β1
signaling, menin interacts with Smad3 and represses myogenesis in MSCs. However, through
its interaction with Smad1/5 downstream the BMP-2 signaling, menin promotes osteogenesis.
Reproduced with permission from Aziz A, Miyake T, Engleka KA, Epstein JA, McDermott JC.
Menin expression modulates mesenchymal cell commitment to the myogenic and osteogenic
lineages. Developmental Biology. 2009;332(1):116-30. 



report by Dreijerink et al., menin was shown to interact with PPARγ and to act as a transcriptional 

coactivator (138). Through this interaction, menin was reported to be essential in mediating 

PPARγ-dependent adipocyte differentiation in vitro by regulating the transcription of genes 

involved in adipogenesis (138). In another in vitro study, menin knockdown in MSCs resulted in 

the increase of the size of fat-cells, revealing another role of menin in the regulation of 

adipogenesis (139).  

 

1.10 Functions of menin in bone homeostasis 

 As previously mentioned, in humans, mutations occurring in the MEN1 gene that encodes 

menin cause the MEN1 disorder, which is most clinically characterized by the development of 

tumors in the parathyroid, pancreas and pituitary glands (100,102,103). Germline homozygous 

inactivation of the MEN1 gene is predicted to be lethal in patients. Individuals with heterozygous 

MEN1 gene mutation however often exhibit parathyroid tumors and have high circulating PTH 

levels due to overproduction and secretion from the parathyroid cells of the parathyroid gland 

(100,102,103). As a result, it is difficult to evaluate the direct effects of heterozygous MEN1 

mutations on bone in MEN1 patients, as it is unclear if such effects are due to a direct consequence 

of the MEN1 gene disruption within bone cells or to high PTH levels which can also affect bone 

metabolism, or both. Hence, the analyses of menin’s functions in bone homeostasis come mainly 

from in vitro and animal studies. These investigations have provided more information about the 

role that menin plays downstream of signaling pathways important for osteoblastogenesis. 

 



1.10.1 Menin & TGF-ββ/BMP signaling in bone 

 Menin is required for the proper signaling of pathways activated by members of the TGF-

β superfamily that are essential for the development and cellular regulation of many organs.  

However, the implication of menin downstream of these pathways is not only limited to its tumor 

suppressing role through controlling cellular growth. As previously presented, menin can interact 

with Smad3, a protein that transduces TGF-β-mediated signaling. As for menin’s interaction with 

other Smad proteins and the implication this has for bone metabolism, our group has shown that 

menin is needed for both the early differentiation of osteoblasts and inhibition of their later 

differentiation, by interacting with BMP-2 regulated Smads (Smad-1/5) and Smad3 downstream 

of TGF-β1 signaling (125). The use of menin antisense oligonucleotides in cultures of C3H10T1/2 

mouse pluripotent mesenchymal cell lines revealed significantly reduced ALP activity and 

expressions of Col1α1, Runx2 and Ocn induced by BMP-2. Menin was also shown to physically 

and functionally interact with Smad1 and Smad5, and its inactivation antagonized BMP-2-induced 

transcription (125). However, stably inactivating menin in cultures of mouse osteoblastic MC3T3-

E1 cells led to an increase in ALP activity and mineralization. Taking together, since C3H10T1/2 

cells are MSCs which haven’t yet become committed to the osteoblast lineage, this shows that in 

the early commitment of MSCs to the osteoblast lineage, menin interacts with the Smad1/5 

components downstream of the BMP-2 signaling pathway to facilitate commitment (125). On the 

other hand, after commitment occurs menin seems to retard later osteoblast differentiation. In 

another study, our group demonstrated this to be due to menin interaction with Smad-3 

downstream of the TGF-β signaling pathway (figure 1.9) (126). This study also showed that menin 

interacts with Runx2 only in uncommitted MSCs, but not in well-differentiated osteoblasts. Hence, 

as depicted in the schematic figure 1.9, in differentiated osteoblasts menin interacts mostly with 



the Smad3 of the TGF-β pathway in order to negatively regulate BMP-2/Smad-1/5 and Runx2-

mediated transcriptional activities, inhibiting the later differentiation of committed osteoblasts

(126). 

 

Figure 1.9: Role of menin during osteoblast commitment and differentiation. At the earlier stages of 
osteoblastogenesis, menin facilitates the commitment of MSCs to the osteoblast lineage by associating with 
Smad1/5 and Runx2 transcription factors which mediate BMP-2 signaling. At later stages of osteoblast 
differentiation, menin interacts with Smad3 downstream of TGF-β signaling and suppresses later osteoblast 
differentiation by negatively regulating BMP-2 signaling mediated by Smad1/5 and Runx2. Reproduced with 
permission from Sowa H, Kaji H, Hendy GN, Canaff L, Komori T, Sugimoto T, Chihara K. Menin is required 
for BMP-2 and TGF-β -regulated osteoblastic differentiation through interaction with Smads and Runx2. Journal 
of Biological Chemistry. 2004;279(39):40267-75. 



1.10.2 Menin & JunD in osteoblastogenesis 

 The role of AP-1 family members in bone biology has been investigated by many studies 

using genetically modified mice which have demonstrated that their loss can affect bone 

development and growth (147). From the different AP-1 transcription factors studied, only JunD 

is to date known to bind to menin. A study published by Naito et al. in 2005 examined the role 

that menin-JunD interaction plays in bone through in vitro analysis (148). The authors found that 

menin-JunD interaction occurs in osteoblasts and that JunD is important in promoting osteoblast 

differentiation (148). Use of antisense oligonucleotides against menin increased JunD levels, 

whereas overexpression of menin inhibited both transcriptional and ALP activities induced by 

JunD in the osteoblast cell cultures. This shows that in osteoblasts, menin interacts with JunD and 

antagonizes its osteoblastic bone promoting activity by suppressing osteoblast differentiation.  

 

1.10.3 Menin & ββ-catenin in osteoblastogenesis 

 Wnt proteins regulate many bone biological processes including the commitment of MSCs 

to the osteogenic and chondrogenic lineages (149). β-catenin is a crucial component of the Wnt 

signaling pathway that transduces signals in order to regulate gene transcription (149). Menin is 

known to interact with β-catenin and to control cellular growth of many tissues (121-124). As for 

bone, our group has revealed that menin can physically and functionally interact with β-catenin 

and LEF-1 (transcriptional regulator of the Wnt-β-catenin pathway) in both mouse mesenchymal 

and osteoblastic cells (123). This interaction was found to be important in facilitating the 

commitment of MSCs to become osteoblasts as well as playing a role in BMP-induced osteoblast 

differentiation (123).  

 



 From the studies presented herein, menin expression and interacting proteins in bone are 

important for regulating osteoblast differentiation. To sum up menin’s implication in 

osteoblastogenesis, studies involving members of our group have shown that in the early stages of 

differentiation, menin promotes BMP-2 and Runx2-induced differentiation of MSCs into 

osteoblasts by interacting with Smad-1/5, Runx2 and β-catenin. However, in the later stages of 

osteoblast differentiation, menin’s role differs and rather suppresses later stage osteoblastic 

differentiation through its interaction with Smad3 downstream of the TGF-β pathway and JunD. 

It is important to note that the elucidated functions of menin in bone homeostasis presented so far 

come mainly from in vitro results. In vivo studies using transgenic mice have since then been 

performed and have shed more light onto menin’s role in bone.  

 

1.10.4 Animal studies of menin and bone 

 Menin is expressed in many tissues of the body, including in bone (99). Homozygous 

constitutional Men1-/- deletion in mice is embryonic lethal, with most of the mice dying in utero 

at embryonic day 11.5-13.5 due to developmental deficiencies in multiple organs (150,151). The 

fetuses of Men1-/- are also smaller compared to wild-type Men1+/+ mice and exhibit craniofacial 

defects (figure 1.10) (150,151). Because craniofacial bones are formed through intramembranous 

bone ossification, these were the first studies to show a potential role of menin in the commitment 

of MSCs to the osteoblast lineage and further differentiation. Heterozygous Men1+/- mice 

however displayed a normal bone phenotype, the same as haploinsufficient humans harboring a 

germline inactivating mutation in only one MEN1 allele (150,151, 152,153).  

 

 



 

 

 

 

 

 

 

 

 

 

A study by Engleka et al. using mouse models in which menin was conditionally deleted 

in Pax3- and Wnt1- expressing neural crest cells (that give rise to diverse cell lineages including 

MSCs that become osteoblasts), reported perinatal death, cleft palate and other cranial bone defects 

in the transgenic mice (154). It was also shown that menin deletion in Pax3-somite precursors 

results in patterning defects of rib formation (154). These findings reiterate the crucial role that 

menin plays in intramembranous ossification and skeletal development in vivo.  

Men1+/+ 

Figure 1.10: Effect of Men1-/- in mice 
embyos. Homozygous Men1 deletion in mice 
is embryonically lethal. Men1-/- mice also 
exhibit developmental delay, craniofacial 
defects as well as neural tube defects, 
illustrating a potential role of menin in bone 
development. Reproduced with permission 
from Crabtree JS, Scacheri PC, Ward JM, 
Garrett-Beal L, et al. A mouse model of 
multiple endocrine neoplasia, type 1, 
develops multiple endocrine tumors. 
Proceedings of the National Academy of 
Sciences of the U S A. 2001;98(3):1118-23. 

Men1-/- 



1.10.5 Role of menin in mature osteoblast in vivo   

 The functions that menin plays in bone development in vivo was recently investigated by 

our group using conditional knockout mice models in which the Men1 gene was specifically 

deleted in the mature osteoblast (155). For this study, the Cre-LoxP recombination system was 

used, whereby osteocalcin (OC)-Cre mice were crossed with Men1f/f mice having loxP sites 

flanking exons 3 and 8 of the Men1 gene to generate OC-Cre; Men1f/f knockout mice. Through 

dual X-ray absorptiometry (DXA), the bone mineral densities of nine month-old OC-Cre; Men1f/f 

mice were significantly reduced compared to wild-type Men1f/f control animals of the same age 

(155). Micro-computed tomography (μCT) of OC-Cre; Men1f/f femurs also showed significant 

decreases in cortical thickness, trabecular number and bone volume in comparison to control 

littermates, indicating an overall decrease in bone mass in the knockout animals. 

Histomorphometric analysis at nine months of age also revealed significant reductions in the bone 

volume density and mineral apposition rate as well as in the numbers of osteoblasts and osteoclasts. 

Interestingly, the number of osteocytes was found to be significantly higher in knockout mice. 

These in vivo observations suggest that loss of menin might affect the osteoblast differentiation 

process causing more osteoblasts to become osteocytes than to remain osteoblasts that create the 

bone matrix. 

 In vitro, using primary calvarial osteoblast from age and sex-matched OC-Cre; Men1f/f 

and Men1f/f mice, the proliferative, differentiation and mineralization capabilities of osteoblasts 

were all shown to be impaired (155). Alizarin red and von Kossa staining were used to assess 

extracellular calcium and phosphate deposition, respectively, within the cellular matrix, and 

intensities were found to both be drastically reduced in menin deficient calvarial osteoblasts. The 

ALP intensity of the calvarial osteoblasts from knockout mice was as well significantly reduced. 



Interestingly, the rate of cellular proliferation of the primary osteoblast from knockout mice was 

significantly higher than that of control. These results suggest that although the osteoblasts are 

proliferating at a much faster rate, they could consequently enter apoptosis quicker, hence 

preventing them from producing an extracellular matrix and expressing ALP. This hypothesis was 

further corroborated through gene expression analysis that revealed significant decreases in 

osteoblast differentiation markers (e.g. Runx2, ALP) and in CDK inhibitors (e.g. p15, p21), as well 

as significant increases in apoptosis markers (Bax, BAD). Levels of osteocyte markers, such as 

sclerostin, phex and DMP1 were all found to be significantly elevated in the knockout cells which 

is consistent with the histomorphometry observations revealing high numbers of osteocytes. 

Overall, these in vitro findings illustrate that the function of menin-deficient osteoblasts is altered, 

with the cells proliferating more rapidly than normal to either undergo apoptosis or become 

osteocytes.  

 The expression of the osteoclast markers, RANKL and OPG, was assessed in cultures of 

primary calvarial osteoblasts. It was demonstrated that levels of both RANKL and OPG were 

significantly decreased. However, the expression of RANKL was more reduced than that of OPG, 

resulting in an overall decrease in the RANKL/OPG ratio. It is known that the RANKL/OPG ratio 

is an important determinant of osteoclastogenesis (21,32). In this case, the low RANKL/OPG 

could explain the significant reduction in the numbers of osteoclast in bone in vivo. This was 

further corroborated with osteoblast-osteoclast co-culture experiments also showing decreases in 

the osteoclast numbers in vitro (155).  



This study further investigated whether overexpression of menin ameliorates the bone 

phenotype of adult mice. For this, transgenic mice, represented as Col1a1MeninTg, in which 

human menin cDNA was overexpressed in differentiated osteoblasts were generated. 

Histomorphometric and μCT analysis performed at twelve months of age revealed overall 

increases in bone volume density, trabecular number, mineral apposition rate and osteoblast 

numbers in the Col1a1MeninTg mice. However, the number of osteoclast and osteocytes which 

were initially decreased and increased in the knockout menin mice, were unchanged in 

Col1a1MeninTg. Overall, the phenotype of transgenic mice overexpressing menin in the 

differentiated osteoblast was a mirror image to those lacking menin, suggesting that osteoblast 

menin is important in maintaining bone mass (figure 1.11) (155).  

Figure 1.11: Effect of menin deletion and overexpression in mature osteoblasts. μCT analysis of distal femurs 
of 9 month-old OC-Cre; Men1f/f mice revealed marked decreases in total bone and trabecular bone volumes in 
comparison to control Men1f/f mice. Distal femurs of 12 month-old transgenic Col1a1MeninTg mice specifically 
overexpressing menin in the mature osteoblast showed substantial increases in total bone and trabecular bone 
volumes in comparison to control Men1f/f mice. Reproduced with permission from Kanazawa I, Canaff L, Abi Rafeh 
J, Angrula A, Li J, Riddle RC, Boraschi-Diaz I, Komarova SV, Clemens TL, Murshed M, Hendy GN. Osteoblast 
menin regulates bone mass in vivo. Journal of Biological Chemistry. 2015;290(7):3910-24. 



 These findings made by our group confirmed the essential role of menin initially 

established by in vitro studies in mediating bone development and maintenance. This also provided 

strong evidence that menin is playing a functional role in the mature osteoblast in vivo, with the 

bone phenotype being significantly altered in its absence. Further pursuing on these findings, it 

will be particularly important to investigate the roles that menin plays at earlier stages of osteoblast 

differentiation, from the commitment of MSCs via osteoprogenitors to the osteoblasts.     

 

1.10.6 Role of menin in osteoprogenitors in vivo   

 To investigate the in vivo role that menin plays when it is expressed early in the osteoblast 

lineage, our group has proceeded to the generation of Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f 

conditional knockout mice using the Cre/loxP recombination system. These represent mice which 

are deficient for menin specifically at the level of the MSC and preosteoblast, respectively. So far, 

certain in vivo results have been obtained by our lab through analysis of the skeletal phenotyping 

of Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice.  

 

 DXA analysis showed that the BMD of femurs was significantly decreased in 6 month-old 

Prx1-Cre; Men1 f/f and Osx-Cre; Men1f/f mice in comparison to their control littermates (156). 

Three-dimensional μCT analysis was performed as well on the distal femurs from both mouse 

lines and demonstrated significant decreases in bone volume, bone surface and trabecular number 

in 6 month-old knockout mice in comparison to wild-type littermates (figure 1.12).  

 



Static and dynamic histomorphometry analyses were also performed in the current study

(156). Parameters such as the bone structure, formation and resorption were measured in the distal 

femurs of both Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice in comparison to their control wild-

type Men1f/f littermates. The data obtained by our lab from these analyses revealed unchanged 

levels in terms of the number of osteoblasts and in the mineral apposition rates between knockout 

and wild-type mice. Interestingly, the number of osteoclasts and the percentage of erosion surface 

to bone surface were significantly increased (table 1.1). Hence, in the current study deleting menin 

early in the osteoblast lineage reduces bone mass, and this as a result of the increased bone 

resorption taking place. 

Figure 1.12: Representative images of mirco-CT analysis of the femurs of knockout mice. 
Total bone volume and trabecular bone volume of distal femurs from 6 month-old Prx1-Cre; 
Men1f/f and Osx-Cre; Men1f/f mice are significantly reduced in comparison to control Men1f/f 
mice (n=6).  



Table 1.1: Dynamic and static histomorphometric analysis of the femurs of knockout mice. Parameters such 
as bone volume %, number of osteoblasts, number of osteoclasts, mineral apposition rate and erosion surface/bone 
surface (%) were assessed from femurs of 16 week-old Prx1-Cre; Men1f/f (n=10,11) and 14 week-old Osx-Cre; 
Men1f/f (n=7) mice. Significant increases in the number of osteoclasts and in the % of bone resorption are observed 
in knockout mice, indicating increased degree of osteoclastogenesis. * P < 0.05 



 

 

 

 

 

 

 

 

CHAPTER 2: RATIONALE AND OBJECTIVES 
 

 

 

 

 

 

 

 

 

 



 Our lab has previously illustrated the importance of menin for proper functioning of mature 

osteoblasts and maintenance of bone mass in adult mice. More specifically, our group 

demonstrated that menin regulates osteoblast differentiation, mineralization and controls apoptosis 

of mature osteoblasts. These data were reported using OC-Cre; Men1f/f transgenic mice in which 

the Men1 gene was specifically deleted in mature osteoblast. In the current study, the in vivo role 

that menin plays when it is expressed at earlier stages of osteoblast differentiation is being 

examined. For this, transgenic Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice which represent 

specific knockout of the Men1 gene at the level of the MSC and preosteoblast were generated. We 

hypothesized that the early expression of menin in the osteoblast lineage is essential for 

maintaining bone mass and for bone homeostasis.  In vivo results that have been obtained by our 

lab through analysis of Prx1-Cre; Men1f/f and Osx-Cre; Men1 f/f mice show that BMD along with 

the total bone volume and trabecular bone volume of femurs are reduced when compared to wild-

type littermates. Moreover, we observed unaltered changes in osteoblasts numbers in vivo, but 

significant increases in both osteoclast number and activity. To further pursue on these findings, 

my project objectives presented in this thesis were to:  

1) Complete the skeletal phenotypic assessment of knockout mice by analyzing changes in 

bone quality and strength. 

2) Characterize metabolic phenotypic changes taking place in transgenic mice when menin is 

deleted in osteoprogenitors.  

3) Examine the ex vivo extent of proliferation, differentiation and mineralization of primary 

calvarial osteoblasts and bone marrow stromal cells (BMSCs) when menin is deleted early 

in the osteoblast lineage. 



4) Examine the gene expression profile of cultures of primary calvarial osteoblasts and 

BMSCs. 

5) Investigate the cause of the increase in osteoclast activity observed in vivo.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 3: MATERIALS & METHODS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



3.1 Mice breeding  

 Men1flox/flox mice that possess loxP sites flanking exons 3-8 of the Men1 gene and which 

were previously used by our lab were obtained from the Jackson Laboratory (155,157).  Pair-

related homeobox gene 1-Cre transgenic mice (Prx1-CreTG/+) and Osterix-Cre transgenic mice 

(Osx-CreTG/+) were also obtained from the Jackson Laboratory (158,159). For the generation of 

conditional knockout mice in which menin is specifically deleted at the level of the MSC, 

Men1flox/flox mice of an FVB background were first crossed with Prx1-CreTG/+ mice which were on 

a C57BL/6 background. The resulting Prx1-CreTG/+; Men1+/flox mice were then crossed with 

Men1flox/flox mice to generate Prx1-CreTG/+/Men1flox/flox mice. These were then crossed with 

Men1flox/flox to have litters where all mice have a floxed Men1 gene, but where only half would 

express the Cre recombinase transgene. To maintain the mice colony Prx1-CreTG/+; Men1flox/flox 

mice were crossed with Men1flox/flox mice. The same above procedure was repeated with Osx-

CreTG/+ mice for the generation of conditional knockout mice in which menin is specifically 

deleted at the level of the preosteoblast. The control littermate mice were designated as Men1f/f 

and knockout mice as Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f.  

 

3.2 Animals 

 Mice were maintained in a pathogen-free standard animal facility, and experimental 

procedures were performed following an animal use protocol approved by the animal Care and 

Use Committee of McGill University. This protocol is also conform to the ethical guidelines of 

the Canadian Council on Animal Care. Mice colonies were maintained on a 12-hour alternating 

light/dark cycle at 22-260C and fed a rodent chow diet (Envigo; Product# T.2918.15) containing 

1.0% calcium, 0.7% phosphorus and 1.5 IU vitamin D3/g.  



3.3 Genotyping 

 Genomic DNA was obtained and isolated from Men1f/f, Prx1-Cre; Men1f/f and Osx-Cre; 

Men1f/f mice tail snips using the Quanta bioscience DNA extraction kit. The 2x green PCR Master-

mix (ZmTech Scientifique, Qc, Canada) was used for polymerase chain reactions (PCR). Three 

different primers were employed for detecting the presence of either wild-type or floxed Men1 

alleles. Primer A (5’ – CCCACATCCAGTCCCTCTTCAGCT - 3’) is specific to exon 2 of the 

Men1 gene. Primer B (5’ - CCCTCTGGCTATTCAATGGCAGGG - 3’) is specific to the wild-

type sequence in intron 2 that is deleted in the cloning of the loxP sequence. Primer C (5’- 

CGGAGAAAGAGGTAATGAAATGGC - 3’) is specific for the inserted loxP sequence. PCR 

with primers A and B generates a 300-bp amplicon, while PCR with primers A and C gives a        

236-bp amplicon. Men1flox/+ mice were identified as the ones having both the 300-bp and 236-bp 

amplicons, while Men1flox/flox mice would only show the 236-bp amplicon on an agarose gel. The 

2x green PCR Master-mix (ZmTech Scientifique, Qc, Canada) was also used for detecting the 

presence of the Cre recombinase. The two primers used for detecting the Cre transgene were 

forward 5’–CTAGGCCACAGAATTGAAAGATCT-3’ and reverse 5’- 

GTAGGTGGAAATTCTAGCATCATCC - 3’. The amplicon using these two primers corresponds 

to the internal positive control sequence that is put next to the Cre-recombinase transgene sequence 

in the transgenic mice provided by the Jackson Laboratory.  Prx1-CreTG/+ and Osx-CreTG/+ mice 

were identified as those possessing a 100-bp amplicon, whereas Prx1-Cre+/+ and Osx-Cre+/+ mice, 

not expressing the Cre transgene, would show no PCR product when using these two primers.  

 For genotyping, the PCR conditions, using the T100TM Thermal Cycler (Bio-Rad, 

California, USA), were as follows: 32 cycles of denaturation at 95oC for 30s, annealing at 60oC 

for 30s, and elongation at 72oC for 1 minute. The PCR products were separated by gel 



electrophoresis on a 2% agarose gel and were visualized using the Fluo-DNA/RNA gel staining 

solution (ZmTech Scientifique, Qc, Canada) with ultraviolet (UV) light using an electronic 

ultraviolet transilluminator (Alpha Innotech, California, USA).  

 

3.4 Primary calvarial osteoblast isolation 

 Individual 5-6 month-old knockout mice and their control wild-type littermates were 

euthanized and their calvarias were isolated as previously described (160). Each calvaria were 

washed for 2 seconds in 70% ethanol and then rinsed with 1mL of PBS 1X. The calvarias were 

then dissected under sterile conditions in PBS 1X, making sure to remove sutures and soft tissues 

with a sterile scalpel. Each individual calvaria was chopped into small fragments of approximately 

1-2 mm2 and then transferred into a sterile conical in order to begin a series of enzymatic digests. 

One mL of freshly prepared solution I (10 mL α-MEM (Gibco, Life Technologies, USA), 125μL 

0.25% trypsin (Wisent Inc.) + 5 μL collagenase P (Roche Diagnostics, Indianapolis, USA) 

(100mg/mL)) was then added in each conical and then incubated at 37oC for 15-20 minutes while 

shaking. Solution I was then discarded and replaced with 1mL of solution II (10 mL α-MEM 

(Gibco, Life Technologies, USA), 125 μL 0.25% trypsin (Wisent Inc.) + 10μL collagenase P 

(Roche Diagnostics, Indianapolis, USA) (100mg/mL)) at 37oC for 30 minutes while shaking. 

Lastly, solution II was aspirated and replaced with 1mL of solution III (10 mL α-MEM (Gibco, 

Life Technologies, USA), 125 μL 0.25% trypsin (Wisent Inc.) + 100uL collagenase II (Roche 

Diagnostics, Indianapolis, USA) (100mg/mL)) at 37oC for 60 minutes while shaking. For this last 

digestion, the tubes were shaken vigorously every 10 minutes. Solution III was then aspirated, and 

the fragments were washed with a solution of α-MEM (Gibco, Life technologies, USA) 

supplemented with 10% fetal bovine serum (FBS) (Wisent Inc.) and 1% penicillin-streptomycin 



(Wisent Inc.). Calvaria fragments were then plated on a 10cm petri-dish and cultured for 5-7 days, 

until confluent, in α-MEM (Gibco, Life Technologies, USA) supplemented with 10% FBS 

(Wisent Inc.) and 1% penicillin-streptomycin (Wisent Inc.). After reaching adequate confluence, 

the cells were trypsinized with 0.25% trypsin/EDTA (Wisent Inc.) in order to detach the cells that 

migrated out of the calvaria fragments. For subsequent experiments, the bone cells were plated in 

differentiation medium containing 50μg/ml L-ascorbic acid (Sigma-Aldrich) and 10mM β-

glycerophosphate (Sigma-Aldrich) at a density of 5 000 cells/cm2, with the cell medium being 

freshly renewed 3 times each week. 

 

3.5 Bone marrow stromal cell isolation  

 To isolate BMSCs, adult 5-6 month-old mice, including knockout from both the Prx1 and 

Osx strains and their wild-type littermates, were euthanized and their femurs and tibias were 

carefully dissected under sterile conditions. Bones were washed for 2 seconds in 70% ethanol and 

then rinsed with 1 mL of sterile PBS 1X. Epiphyses of each bone were then removed and the 

marrow was harvested by inserting a syringe needle (27-gauge) into one end of the bone and 

flushed with αMEM (Gibco, Life technologies, USA) supplemented with 10% FBS (Wisent Inc.) 

and 1% penicillin-streptomycin (Wisent Inc.) into cell culture flasks.  The next day, cells were 

washed three times with sterile PBS 1X in order to remove non-adherent cells. The adherent cell 

fraction was allowed to expand until 80% confluence and then passaged for differentiation assays. 

The cells were cultured in a 5% CO2 incubator at 37oC and the cell medium was replaced every 2-

3 days. 

 

 



3.6 RNA isolation, RT-qPCR 

 For gene expression analyses of primary cell cultures, bones and brown fat tissues, 

quantitative reverse transcription PCR (RT-qPCR) was performed. Total RNA was extracted using 

the standard TRIzol reagent (Invitrogen, USA) method as recommended by the manufacturer.  

 For primary calvarial osteoblasts and BMSCs cultures, RNA was extracted with TRIzol 

reagent (Invitrogen, USA) after the cells were incubated for 14 days in an osteogenic medium 

containing 50μg/ml of L-ascorbic acid (Sigma-Aldrich) and 10mM of β-glycerophosphate (Sigma-

Aldrich).  

 For brown fat tissues, after isolating them from mice, these were rapidly snap frozen in 

liquid nitrogen before placing them into chilled TRIzol reagent (Invitrogen, USA). The brown fat 

samples were subsequently homogenized using a Polytron PT 2500 E Homogenizer (Kinematica, 

Switzerland) and RNA isolated as per manufacturer’s instructions using TRIzol reagent 

(Invitrogen, USA).  

 For the femurs and tibias, these were isolated from 5 month-old mice, making sure to 

quickly remove any attached tissues using a scalpel before placing them into RNAlater solution 

(ThermoFisher Scientific, USA) at 40C. To proceed with the RNA isolation, the epiphyses of both 

femurs and tibias were removed and the marrow flushed. The femurs and tibias were then cut into 

small pieces and placed into 1mL of TRIzol reagent that was kept on ice. The bone samples were 

then subsequently homogenized using a Polytron PT 2500 E Homogenizer (Kinematica, 

Switzerland) and RNA was isolated as per manufacturer’s instructions using TRIzol reagent 

(Invitrogen, USA).  

 



 For each cell or tissue sample, 1-2 μg of total RNA was employed for the synthesis of 

single-stranded cDNA using the high capacity cDNA reverse transcription kit (Applied 

Biosystems, California, USA). RT-qPCR, using the Power SYBR Green PCR Master Mix 

(ThermoFisher Scientific, USA), was performed to estimate the abundance of specific mRNAs 

relative to GAPDH mRNA. 

The following primers were used:  

menin forward 5’ – GTGGCCGACCTATCCATCATT – 3’,  

menin reverse 5’ –  GGCCCGGTCCTTGAAGTAG – 3’.  

RUNX2 forward 5’ – GCTCACGTCGCTCATCTTG – 3’ 

RUNX2 reverse 5’ – TATGGCGTCAAACAGCCTCT – 3’ 

RANKL forward 5’ – GCAGAAGGAACTGCAACACA – 3’ 

RANKL reverse 5’ – TGATGGTGAGGTGTGCAAAT – 3’ 

OPG forward 5’ – TGGAACCCCAGAGCGAAACA – 3’ 

OPG reverse 5’ – GCAGGAGGCCAAATGTGCTG – 3’ 

OCN forward 5’ – CAGACAAGTCCCACACAGCA – 3’ 

OCN reverse 5’ – CTTGGCATCTGTGAGGTCAG – 3’ 

UCP-1 forward 5’ – CACGGGGACCTACAATGCTT – 3’ 

UCP-1 reverse 5’ – ACAGTAAATGGCAGGGGACG – 3’ 

PGC1-α forward 5’ – TCTCAGTAAGGGGCTGGTTG – 3’ 

PGC1-α reverse 5’ – TTCCGATTGGTCGCTACACC – 3’ 

ALP forward 5’ – GGGAGATGGTATGGGCGTCT – 3’ 

ALP reverse 5’ – AGGGCCACAAAGGGGAATTT – 3’ 

PPARγ forward 5’ – AGCTGACCCAATGGTTGCTGA – 3’ 



PPARγ reverse 5’ – GGCCATGAGGGAGTTAGAAGG – 3’ 

GAPDH forward 5’ – CACCATCTTCCAGGAGCGAG – 3’ 

GAPDH reverse 5’ – CCTTCTCCATGGTGGTGAAG – 3’ 

Annealing temperatures of each primer: 

Menin: 58oC 

RUNX2: 58oC 

RANKL: 58oC 

OPG: 56oC 

OCN: 60oC 

UCP-1: 60oC 

PGC1-α: 60oC 

ALP: 60oC 

PPARγ: 60oC 

GAPDH: 56-60oC 

 The PCR conditions, using the ViiATM 7 Real-Time PCR (Applied Biosystems, USA), 

were as follows: 40 cycles of denaturation at 95oC for 15s, annealing 56-60oC for 45s, and 

elongation at 72oC for 60s. All cDNA samples were ran in triplicate, averaged, and normalized to 

GAPDH, which was used as the housekeeping gene. The ΔΔCt method was used to assess changes 

in expression levels for each gene.  

 

 



3.7 Differentiation and mineralization assays of primary cell cultures 

 After 14 and 21 days of culture in a differentiation medium containing 50μg/ml L-ascorbic 

acid (Sigma-Aldrich) and 10mM β-glycerophosphate (Sigma-Aldrich), primary calvarial 

osteoblasts and BMSCs were washed with PBS 1X and fixed with 100% ethanol for 15 minutes at 

room temperature.  

 For assessing calcium deposition, the cells were stained with 40mM alizarin Red-S (Sigma-

Aldrich), pH 4.2 and incubated for 30 minutes at room temperature with gentle shaking.  Mineral 

accumulation was quantified as followed: Alizarin Red-S was extracted by destainng with 10mM 

HCl in 70% ethanol and the intensities quantified at 520nm in 96-well plates using a plate reader 

(SynergyTM H4 Hybrid Multi-Mode Microplate Reader, BioTek, USA).  

 ALP activity was determined by histochemical staining using NBT/BCIP tablets (Roche 

Diagnostics, Indianapolis, USA). Briefly, 1 tablet was dissolved in 10mL of distilled water and 

freshly prepared solution was used for staining. Prior to proceeding to the staining for ALP, 

primary cells were washed with PBS 1X and then fixed at room temperature for 10 minutes using 

100% ethanol. After washing, freshly prepared solution of ALP was added onto fixed cells 

followed by direct incubation at 370C for 30 minutes in dark. Stained wells were washed with 

distilled water and air-dried. To quantify ALP staining, 10X microscopic images were taken using 

the Evos XL Core light microscope (Life Technologies, California, USA) and relative staining was 

determined by calculating the mean gray area using the ImageJ software (NIH).  

 

 

 

 



3.8 Methyl Thiazolyl Tetrazolium (MTT) viability assay: 

 Primary calvarial osteoblasts and BMSCs were seeded at a density of 2-3 x 104 cells per 

well in 24-well tissue cultures plates and cultured with αMEM (Gibco, Life technologies, USA) 

supplemented with 10% FBS (Wisent Inc.) and 1% peninicllin/streptomycin (Wisent Inc.) at 370C 

in a 5% CO2 incubator. 48 hours later, 20μl of MTT labeling reagent (Roche Diagnostics, 

Indianapolis, USA) was added, and incubation was continued for 4h at 370C. After incubation, 

purple crystals formed were eluted in 500μl of DMSO and absorbance was read at 570nm using a 

microplate reader (SynergyTM H4 Hybrid Multi-Mode Microplate Reader, BioTek, USA). 

 

3.9 3D Collagen scaffolds preparation 

 Plastically compressed collagen gels were used as 3D scaffolds and were prepared as 

previously described (161,162). Briefly, 4 mL of sterile rat-tail collagen type I (First Link Ltd, 

Wolverhampton, UK) at a protein concentration of 2 mg/mL in 0.6% acetic acid was mixed with 

1mL of 10X DMEM (Sigma-Aldrich). Since this solution is acidic, it was neutralized by drop-

wise addition of 5 M NaOH to pH ~ 7.4, or up until the color turns dark-red. After neutralization, 

primary calvarial osteoblasts from 6 month-old Prx1-Cre; Men1f/f and control Men1f/f mice were 

incorporated into the collagen solution at a cell density of 60 000 cells/mL. Directly after this, 

1.5mL of this solution with the primary cells incorporated was added per well into 3 wells of a 48-

well plate, followed by 30 minutes of incubation in a 5% CO2 incubator at 37oC.  

 After polymerization, highly hydrated hydrogels were placed on a stack of blotting paper, 

stainless mesh and nylon mesh. Another piece of nylon mesh was used to cover the gel from the 

top. A sterile 40g flat glass block was then put on top of the mesh of each gel for 1min30sec. Dense 

collagen scaffolds with more than 10 weight % fibrillary collagen density were produced by the 



application of a compressive stress of 1 kPa to remove excess casting fluid (figure 3.1) (163). Each 

gel was then transferred into a 6-well plate to which 3 mL of αMEM medium (Gibco, Life 

technologies, USA) supplemented with 10% FBS (Wisent Inc.) and 1% penicillin/streptomycin 

(Wisent Inc.) was added. After a 48 hours recovery period, osteogenic differentiation with 50μg/ml 

L-ascorbic acid (Sigma -Aldrich) and 10mM β-glycerophosphate (Sigma-Aldrich) was initiated. 

The cell-seeded collagen gels were maintained in culture for up to 21 days in a 5% CO2 incubator 

at 37oC. The cell media was renewed 3 times a week. 

 

Figure 3.1: Schematic representation of the preparation of 3D collagen scaffolds. Hydrated collagen 
gels seeded with primary cells were put on a stack of blotting paper, nylon mesh and stainless steel mesh. 
Another piece of nylon mesh was used to cover the gels, and dense collagen scaffolds were obtained by 
plastic compression of the hydrated collagen gels using a 40g glass block. Reproduced with permission 
from Coyac BR, Chicatun F, Hoac B, Nelea V, Chaussain C, Nazhat SN, McKee MD. Mineralization of 
dense collagen hydrogel scaffolds by human pulp cells. Journal of Dental Research. 2013;92(7):648-54   

3.10 Alamar blue assay 

Cell metabolic activity among the dense collagen scaffolds was assessed using the alamar 

blue assay (ThermoFisher Scientific, USA) at days 2, 10, 15 and 21 of osteogenic differentiation. 

Briefly, 800μl of alamar blue solution was added and mixed with 8mL of osteogenic medium that 



was pre-warmed in a 15 mL conical vial. 1mL of this solution was thereafter added per well to the 

cell-seeded collagen gels of a 6-well plate, and incubation was thereafter followed at 370C in a 5% 

CO2 incubator for 3 hours. After the incubation period, three aliquots of 100μl of the alamar blue 

solution from each sample was transferred from the 6-well plate to a 96-well plate and the 

fluorescence was read using excitation and emission wavelengths of 530nm and 610nm with a 

microplate reader (SynergyTM H4 Hybrid Multi-Mode Microplate Reader, BioTek, USA).  

 

3.11 Scanning Electron Microscopy (SEM) 

   Scanning electron microscopy (SEM) was performed on primary calvarial osteoblasts 

cell-seeded dense collagen gels from 6 month-old male Prx1-Cre; Men1f/f and control Men1f/f 

mice to analyze cell-mediated mineralization processes, scaffold microstructure and cellular 

morphology. Gels were fixed in 4% paraformaldehyde overnight, then rinsed with deionized water 

for 10 minutes and finally dehydrated through an ethanol gradient followed by immersion in 

1,1,1,3,3,3-hexamethyldisilazane (Sigma-Aldrich). Dehydrated samples were coated with Pt using 

a Leica Microsystems EM ACE600 sputter coater (Austria). Images were acquired with a FEI 

Inspect F-50 FE-SEM (FEI Company, USA), at 5 kV.  

 

3.12 Fourier Transform Infrared Spectroscopy (FTIR) 

 Infrared spectroscopy of primary calvarial osteoblast cell-seeded dense collagen gels from 

6 month-old male Prx1-Cre; Men1f/f and control Men1f/f mice was performed with a Spectrum 

400 (Perkin Elmer, USA) to characterize the mineralized scaffolds. Gels were fixed in 4% 

paraformaldehyde overnight, then rinsed with deionized water for 10 minutes and finally 

dehydrated through an ethanol gradient followed by immersion in 1,1,1,3,3,3-



hexamethyldisilazane (Sigma-Aldrich). Spectra were collected using a resolution of 2 cm-1, an 

infrared range of 4000- 650 cm-1 and 64 scans. Spectra were then corrected with a linear baseline 

and normalized (absorbance of Amide I at 1643 cm-1 = 1.5) using Spectrum software (Perkin 

Elmer, USA). 

 

3.13 Energy-Dispersive X-ray spectroscopy (EDS) 

 Energy-Dispersive x-ray spectroscopy (EDS) was used for chemical characterization of 

particles deposited in seeded gels. EDS was performed on primary calvarial osteoblasts cell-seeded 

dense collagen gels from 6 month-old male Prx1-Cre; Men1f/f and control Men1f/f mice. Briefly, 

gels were fixed in 4% paraformaldehyde overnight, then rinsed with deionized water for 10 

minutes and finally dehydrated through an ethanol gradient followed by immersion in 1,1,1,3,3,3-

hexamethyldisilazane (Sigma-Aldrich). Spectra were collected with a FEI Inspect F-50 FE-SEM 

(FEI Company, USA) at 10kV. 

 

3.14 Forelimb grip strength test 

 A Grip Strength Meter (Bioseb, Chaville, France) was used to assess changes in skeletal 

muscle strength between knockout and wild-type control mice. Each individual mouse was lifted 

by its tail over the top of the grid so that it could grasp the grid platform with its front paws only. 

With its torso oriented in a horizontal position, the mouse was then gently pulled backward until 

it released the grid. The maximal force digitally displayed in grams on the grip strength meter 

applied by the mouse before releasing its grasp of the grid was recorded. The idea is that the mouse 

will keep holding onto the grid until it can no longer resist the increasing force being applied when 

pulling him backward. Genotype was blind to observer and the mean of ten consecutive trials was 



taken as an index of forelimb grip strength. The bodyweight of each individual mice was measured 

at the end of the experiment to normalize the mean grip strength force to bodyweight.  

 

3.15 Three-point bending test  

 To assess bone biomechanical changes, femurs from adult knockout mice and their control 

wild-type littermates were isolated. The right femora were used to perform the three-point bending 

test.  Femurs were loaded to failure using an Instron model 5943 single column table frame 

machine (Instron, High Wycombe, UK). The experiments were performed in the posterior-to-

anterior direction at a loading rate of 0.05 mm/s and using a support distance of 7 mm. The 

instrument produced load vs displacement curves for each test which were then subsequently used 

to determine individual bone structural properties. These were calculated in order to best 

characterize the specific aspects of the bone’s mechanical behavior under load. Those properties 

included stiffness (N/mm), maximum load at failure (N), load at yield point (N) and the load at 

break (N). 

 

3.16 Echo-MRI 

 Echo-MRI analysis was performed at the McGill Mouse Metabolic Platform on live 

animals using EchoMRI model ET-040, version 11,06,22 (EchoMRI LLC). Total body fat 

percentage was calculated as: [fat mass (g) / total bodyweight (g)] * 100% and total lean mass 

percentage as: [lean mass (g) / total bodyweight (g)] * 100%. 

 



3.17 Tissue Analysis 

 Upon dissection, the weights of inguinal subcutaneous white fat pads and anterior 

interscapular brown fat pads were assessed. The right femurs of control and knockout mice were 

also carefully dissected, representative images were taken and their lengths measured using a high 

precision digital caliper. 

 

3.18 Statistical analysis 

 All the results are expressed as a mean ± SEM. Statistical differences between groups were 

determined using the two-tailed unpaired Student’s t test with the GraphPad Prism analysis 

software version 7.0 (GraphPad Software, Inc., San Diego, CA, USA). For all statistical tests, a P 

value of < 0.05 was considered statistically significant (*<0.05; **<0.01; ***<0.001; 

****<0.0001).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 4: RESULTS 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 



4.1 Deletion of the Men1 gene is specific to bone 
 

 To confirm that the Men1 gene deletion occurred only in the osteoblast lineage, DNA 

extracts analysis was performed as previously described by our group to ensure that the deletion 

was present only in bone of Cre-expressing mice (155). By PCR analysis, our group demonstrated 

in the current study that Cre-mediated recombination only occurred in the femur, tibia and calvaria 

tissues of Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice, but not in wild-type control Men1f/f 

mice. Cre-mediated recombination was not present in the liver, kidney and heart tissues, which 

served as controls, of both knockout and wild-type mice.  

 

4.2 Mice deficient for menin early in the osteoblast lineage have a reduced body size and 

show differences in whole body composition 

 

 Our study is looking into the effect of menin early deletion in the osteoblast lineage using 

conditional knockout mice. Given the recent emergence of bone as an endocrine organ and because 

osteoblasts are derived from multipotent MSCs which have the potential to commit to the 

adipocyte, chondrocyte and myocyte lineages, we decided to further investigate whether the early 

disruption of the Men1 gene at the level of mesenchyme derived progenitors and osteoblast 

progenitors could also have an impact on whole body metabolism. To monitor the growth of our 

earlier menin knockout mice models, bodyweights of Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f 

mice were measured every week. The weights of male and female Prx1-Cre; Men1f/f mice in 

comparison to control Men1f/f littermates were reduced between 8 and 21 weeks of age (figure 4.1 

A-B). At 21 weeks of age, both male and female Prx1-Cre; Men1f/f mice demonstrated a 

significant decrease of ~13% in bodyweight in comparison to control mice (figure 4.1 A-B). The 



bodyweight of male Osx-Cre; Men1f/f mice was reduced by approximately ~18% between 4 and 

5 weeks, and by ~6-9% between 10 and 20 weeks of age (figure 4.1 C). Osx-Cre; Men1f/f females 

had marked decreases of ~18% in their bodyweight between 4 and 5 weeks (figure 4.1 D). Between 

8 to 15 weeks the bodyweight of knockout Osx females was significantly reduced by 

approximately ~11-14% in comparison to the control mice (figure 4.1 D). Although their 

bodyweights were roughly similar between 17 to 20 weeks of age, their weights began to decrease 

at 21 weeks of age and showed marked differences at a more advanced age (figure 4.1 D).  

 Since all our knockout mice strains showed more pronounce decrease in bodyweight with 

advancing age, Echo-MRI analysis was performed in adult 10, 12 and 14 month-old animals. No 

significant changes in terms of the percentage of fat and lean mass content were observed in male 

Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice at 12 and 10 months of age, respectively (figure 

4.2 A-B). However, in both cases, the overall lean mass content was significantly decreased by 

~8%, with the fat mass content of only male Osx-Cre; Men1f/f but not Prx1-Cre; Men1f/f mice 

being significantly reduced by ~20% (figure 4.2 A-B). Bodyweights of both male mice from the 

two knockout strains were also significantly decreased by approximately ~10-12% in comparison 

to age-matched Men1f/f controls (figure 4.2 A-B). Because no significant changes were perceived 

in the percentage of lean and fat mass in knockout adult male animals of the Osx and Prx1 strains, 

one reason explaining the decrease in bodyweight could be due to an overall decrease in body size, 

potentially attributable to the marked changes seen in bone growth. Interestingly, the percentage 

of fat and lean masses between 14 month-old Osx-Cre; Men1f/f and control Men1f/f female mice 

were significantly lower by ~24% and higher by ~9%, respectively (figure 4.2 C). The total 

bodyweight of female Osx-Cre; Men1f/f was also significantly decreased by ~20% at 14 months 

of age in comparison to control mice (figure 4.2 C). Menin has been shown to interact with both 



androgen and estrogen receptors, regulating their transcriptional activities (136,164,165).  Thus, 

female mice might show a metabolic phenotype that is different from male mice at a more 

advanced age, which is what we observe here.  

 Taken together, these findings indicate that osteoblast menin is required for the normal 

growth of mice. Its early deletion at the level of the MSC and preosteoblast impacts the metabolism 

of both Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice, as assessed here by the perceived changes 

in bodyweight and body composition between each group.  
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Figure 4.1.  Growth curves of Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice during postnatal 
development.  
The growth curves of male and female transgenic mice of both strains were analyzed. Bodyweight changes 
from 3 weeks to 21 weeks of age in (A) male Prx1-Cre; Men1f/f (n=8), (B) female Prx1-Cre; Men1f/f (n=7), 
(C) male Osx-Cre; Men1f/f (n=6) and (D) female Osx-Cre-; Men1f/f (n=6) animals. * P < 0.05, ** P < 0.01. 
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Figure 4.2.  Body composition analysis of Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice. 
Echo-MRI was performed on (A) 12 month-old male Prx1-Cre; Men1f/f (n=9,8), (B) 10 month-
old male Osx-Cre; Men1f/f (n=10) and (C) 14 month-old female Osx-Cre; Men1f/f (n=9,12) 
mice. Echo-MRI components analyzed included the bodyweight, fat and lean mass body 
content, and the % of lean and fat mass relative to total bodyweight. * P < 0.05, ** P < 0.01.  



4.3 Menin deletion in mesenchyme-derived progenitor cells alters brown adipose tissue 

activity. 

 Since Echo-MRI analysis revealed changes in the bodyweight, fat and lean mass content 

of knockout mice, fat deposits were further investigated. For this, the inguinal subcutaneous white 

adipose tissue (WAT) and the interscapular subcutaneous brown adipose tissue (BAT) were 

isolated from Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f adult male mice and their control wild-

type littermates. Nonstatistical tendencies of decrease in WAT and BAT weights were observed 

in Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f adult male mice (figure 4.3 A-D). These results are 

consistent with the Echo-MRI analysis that shows a more significant reduction in the fat mass 

content of knockout mice.  

In addition, total RNA was directly extracted from BAT tissues and the expression level of 

markers of energy metabolism, such as Pgc1α and Ucp1, along with the adipogenic marker, 

PPARγ, were analyzed. By RT-qPCR analysis, the expression level of menin was found to be 

similar between knockout and wild-type animals (figure 4.3 E). This reiterates results made by our 

group showing that deletion of the Men1 gene in our conditional knockout mouse models is 

specific to bone tissues. Through RT-qPCR analysis, the relative expression level of Ucp1 was 

approximately ~5-fold higher in Prx1-Cre; Men1f/f animals compared to controls (figure 4.3 G). 

Although not showing a significant statistical difference, the expression level of Pgc1α 

demonstrated a strong tendency of being ~2-fold reduced in male Prx1-Cre; Men1f/f animals 

(figure 4.3 H). Interestingly, the expression level of PPARγ was not significantly altered between 

knockout and wild-type animals (figure 4.3 F). Taken together, these data suggest that deleting 

menin early in the osteoblast lineage has profound effects on energy metabolism, in part by 

affecting BAT-dependent thermogenesis by altering expression levels of Ucp1 and Pgc1α. 
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Figure 4.3.  BAT & WAT fat analysis.  
WAT and BAT organ weights for (A-B) 6 month-old male Prx1-Cre; Men1f/f (n=6) and (C-D) 
9 month-old male Osx-Cre; Men1f/f (n=5) mice. The expression of (E) menin, (F) PPARγ, (G) 
Ucp1 and (H) Pgc1α from BAT tissues were analyzed by RT-qPCR. Gene expression was 
normalized to that of GAPDH, a housekeeping gene (n=6). * P < 0.05.  



4.4 Men1 knockout mice demonstrate altered forelimb grip strength abilities. 

 

 To determine whether changes observed in body metabolism and in lean mass content 

could affect the skeletal muscle strength of Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f animals, the 

forelimb grip strength test was performed using adult mice from both knockout strains along with 

age-matched control littermates (figure 4.4 A).  

 6 month-old Prx1-Cre; Men1f/f male mice demonstrated a significant decrease of ~30% in 

forelimb grip strength in comparison to control Men1f/f animals (figure 4.4 C). Interestingly, the 

forelimb grip strength of 9 month-old male Osx-Cre; Men1f/f mice showed no statistical 

differences in comparison to control animals (figure 4.4 F). However, because bodyweights of 

both strains of knockout mice were significantly lower by approximately ~12-13% than control 

mice (figure 4.4 B, E), individual values obtained in grams from the grip strength test were 

normalized to each mouse total bodyweight. When normalizing individual grip strength 

measurements to the experimental mouse bodyweight, Osx-Cre; Men1f/f males demonstrated a 

marked increase of ~18% in the forelimb grip strength, while Prx1-Cre; Men1f/f animals still failed 

in grasping the grid bar with the same force as wild-type mice (figure 4.4 D, G). Because findings 

with the Echo-MRI analysis revealed an increase of ~9% in the percentage of lean mass in 14 

month-old female Osx-Cre; Menf/f mice, the forelimb grip strength test was as well performed on 

the same animals. The forelimb grip strength of female knockout mice was similar to that of wild-

type littermates (figure 4.4 I). When values were normalized to the bodyweight of each individual 

mice, the forelimb grip strength of female Osx-Cre; Menf/f mice was ~13% higher than control 

animals, which is consistent with the substantial increase in the percentage of lean mass that was 

previously demonstrated by Echo-MRI analysis (figure 4.4 H-J).  
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Figure 4.4:  Forelimb grip strength test of Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice.  
(A) Grip strength of mouse forelimbs was measured by a grip strength meter by allowing individual mice 
to grip to a metal grid with only their forelimbs. The bodyweight and forelimb grip strength were measured 
using (B-C) 6 month-old male Prx1-Cre; Men1f/f (n=6), (E-F) 9 month-old male Osx-Cre; Men1f/f (n=10) 
and (H-I) 14 month-old female Osx-Cre; Men1f/f (n=10) mice. Grip strength values were normalized to 
bodyweight for each experiment (D,G,J). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
 



4.5 Reduced femur length & bone strength are observed in Men1 knockout femurs. 

 

 The substantial decreases seen in trabecular bone mass and in the BMD of 6 month-old 

Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice suggest a mechanically weaker bone strength in 

these knockout mice. To confirm this hypothesis, the three-point bending test was conducted on 

both adult Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f knockout femurs, and control Men1f/f femurs. 

Results from the 3-point bending test at the femur diaphysis indicated significant decreases in 

femur stiffness by ~26% , maximum load by ~30%, load at yield by ~35% and load at break by 

~25% in Prx1-Cre; Men1f/f mice. The same parameters were also significantly reduced by 

approximately ~18%, ~18%, ~13% and ~14%, respectively, in Osx-Cre; Men1f/f knockout mice 

compared to control Men1f/f littermates (figure 4.5 E-L). These finding are consistent with the 

DXA, μCT and histomorphometric analyses that show a significant decrease in the bone volume 

density of knockout animals. Importantly, these results also reveal biomechanically weaker bones 

that are more prone to fracture when menin is deleted early in the osteoblast lineage. Knockout 

mice also demonstrate a low bone quality in comparison to control Men1f/f animals in this regard.  

 Femur lengths of adult Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice were also 

significantly reduced by ~10% and ~4%, respectively, in comparison to wild-type mice, suggesting 

deficiencies not only in development, but as well in the growth of bones when menin is deleted at 

earlier stages of osteoblast differentiation (figure 4.5 A-D).  
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Figure 4.5: Reduced femur length and bone biomechanical parameters in Prx1-Cre; Men1f/f 
and Osx-Cre; Men1f/f mice.  
Femur images and femur length of (A-B) 6 month-old male Prx1-Cre; Men1f/f and (C-D) Osx-Cre; 
Men1f/f mice (n=6). Three-point bending analysis of femurs from (E-H) 6 month-old male Prx1-Cre; 
Men1f/f (n=6) and (I-L) 9 month-old male Osx-Cre; Men1f/f mice (n=10). With the load vs 
displacement curves generated parameters such as the stiffness, maximum load, load at break and 
load at yield were measured. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 



4.6 Primary calvarial osteoblasts and BMSCs of the earlier menin knockout mice models 

demonstrate no changes in proliferation. 

 

 To further provide an explanation as to what causes the observed reduction in bone mass 

and strength in Men1 knockout mice, primary cultures of calvarial osteoblasts and BMSCs from 

Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice and their control wild-type littermates were 

analyzed. Microscopic images taken of both primary calvarial osteoblasts and BMSCs showed 

osteoblast-like cells similar in both knockout and wild-type cell cultures (figure 4.6 A-C), as well 

as elongated shape cells characteristic of BMSCs in primary cell cultures of knockout and wild-

type mice (figure 4.6 D-F). No marked morphological differences were noted between primary 

cells derived from each mice strain.   

 Previous report by our group has shown that in mature osteoblasts menin controls 

proliferation events by preventing osteoblasts to enter premature apoptosis (125,126,155). 

Whether or not menin controls osteoblast proliferation when expressed at earlier stages of 

osteoblast differentiation was investigated in this study by performing the MTT cell viability assay. 

The MTT assay revealed no significant differences between primary calvarial osteoblasts and 

BMSCs isolated from Prx1-Cre; Men1f/f, Osx-Cre; Men1f/f and control Men1f/f mice 48 hours 

after the first passage of the isolated primary cells (figure 4.6 G-J).  

 These in vitro results indicate that the cell morphology of both calvarial osteoblasts and 

BMSCs, as well as their proliferative capabilities, are not affected when menin is deleted at earlier 

stages of the osteoblast lineage.  
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Figure 4.6: Morphological appearances and 
proliferative capabilities of calvarial osteoblasts and 
BMSCs. 
Light microscopy of isolated (A-C) calvarial osteoblasts 
and (D-F) BMSCs of 6 month-old Prx1-Cre; Men1f/f and 
Osx-Cre; Men1f/f mice. The MTT assay was performed 
48hrs after the first passage of primary cells and 
absorbance at 570nm was measured. The relative 
absorbance of calvarial osteoblasts of (G) Prx1-Cre; 
Men1f/f (n=3) and (H) Osx-Cre: Men1f/f (n=4,3) mice, as 
well as the relative absorbance of (I) BMSCs of Prx1-
Cre; Men1f/f (n=6) and (J) Osx-Cre: Men1f/f (n=4,3) 
mice were calculated. 



4.7 In vitro analysis of primary calvarial osteoblasts and BMSCs of Men1 knockout mice 

shows altered mineralization capabilities but no change in alkaline phosphatase intensity.  

 
 Previous reports have demonstrated that menin can mediate osteoblast differentiation and 

mineralization by modulating BMP-2 and TGF-β signaling pathways (125,126,155). Hence, to 

further investigate the differentiation capabilities of primary calvarial osteoblasts and BMSCs 

when menin is specifically deleted early in the osteoblast lineage, these cells were cultured in an 

osteogenic medium containing L-ascorbic acid and β-glycerophosphate for 14 and 21 days, and 

stained for mineralized matrix formation with alizarin red, and for ALP. BMSCs isolated from 

Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f animals and cultured in differentiation media for 14 days 

showed no differences in terms of the relative alizarin red staining in comparison to primary wild-

type BMSCs (figure 4.7 A-F). Primary calvarial osteoblasts of Prx1-Cre; Men1f/f and Osx-Cre; 

Men1f/f mice both demonstrated reductions of approximately ~23-28% in terms of the 

extracellular calcium deposition, as assed by alizarin red staining at day 14 of osteogenic 

differentiation (figure 4.7 G-L). At day 21 of osteogenic differentiation, calvarial osteoblasts of 

Prx1-Cre; Men1f/f mice again showed a significant decrease of ~22% in calcium deposition in 

comparison to control Men1f/f calvarial osteoblasts (figure 4.7 M-O). ALP staining of primary 

calvarial osteoblasts and BMSCs cultured in an osteogenic medium revealed no changes in terms 

of the relative intensity between knockout and control primary cells (figure 4.7 A-O).   

 These results show that while levels and differentiation capabilities of primary calvarial 

osteoblasts and BMSCs, as assessed by ALP staining, between wild-type and knockout mice are 

no different, the mineralization capabilities of calvarial osteoblasts are however slightly reduced. 

This suggests that calvarial osteoblasts of knockout mice are defective in producing and secreting 

a mineralized ECM. 
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Figure 4.7: Differentiation and mineralization assays for calvarial osteoblasts and BMSCs of Prx1-
Cre; Men1f/f and Osx-Cre; Men1f/f mice.  
ALP and alizarin red staining with quantification of differentiated (A-F) BMSCs and (G-L) calvarial 
osteoblasts of 6 month-old Prx1-Cre; Men1f/f (n=3 for calvarial osteoblasts and n=6 for BMSCs) and 
Osx-Cre; Men1f/f (n=4,3) mice at day 14 of osteogenic differentiation. ALP and alizarin red staining with 
quantification of (M-O) calvarial osteoblasts of 6 month-old Prx1-Cre; Men1f/f mice at day 21 of 
osteogenic differentiation (n=3). * P < 0.05. 



4.8 Disruption of the Men1 gene early in the osteoblast lineage alters the RANKL/OPG ratio 

in vitro.  

 

 To investigate the molecular basis explaining the decrease in bone mass in our Men1 

knockout mice, gene expression analysis was made on calvarial osteoblasts and BMSCs isolated 

from Prx1-Cre; Men1f/f mice and control Men1f/f littermates. The isolated primary cells were 

further cultured for 14 days in an osteogenic medium containing L-ascorbic acid and β-

glycerophosphate, and changes in mRNA levels of these cells analyzed by RT-qPCR. 

 RT-qPCR showed that the Men1 gene expression was reduced by approximately 70% in 

isolated populations of calvarial osteoblasts and BMSCs from 6 month-old male Prx1-Cre; 

Men1f/f mice. RT qPCR also showed that the relative expression levels of Runx2 and OCN, crucial 

osteoblastic markers, were not significantly altered in Men1-/- calvarial osteoblasts and BMSCs 

compared with that of control Men1f/f mice. Because histological sections showed a significant 

increase in the number and activity of osteoclasts, the expression levels of both RANKL and OPG, 

important markers for osteoclastogenesis, were analyzed. The relative expression level of RANKL 

was not found to be statistically different in primary cell cultures of calvarial osteoblasts and 

BMSCs of knockout and control mice. However, the expression of OPG was increased by ~2-3 

fold in both cultures of calvarial osteoblasts and BMSCs of Prx1-Cre; Men1f/f mice. Hence, when 

the RANKL/OPG ratio was analyzed, it was reduced by ~70% in osteogenically induced cultures 

of BMSCs and calvarial osteoblasts from Prx1-Cre; Men1f/f mice. Interestingly, RT-qPCR 

showed that the expression level of ALP was ~2.5-fold higher in Men1-/- calvarial osteoblasts, 

whereas its expression in BMSCs isolated from Prx1-Cre; Men1f/f mice was not statistically 

different compared to control cells (Figure 4.8 A-B).  



 These findings suggest that deleting the Men1 gene early in the osteoblast lineage does not 

alter the differentiation of osteoblasts, but rather attenuates their activity by altering ALP 

expression and changing the RANKL/OPG ratio.  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) 

B) 

Figure 4.8: Gene expression profiles of isolated calvarial osteoblasts and BMSCs of Prx1-Cre; 
Men1f/f mice.  
The expression of menin, Runx2, RANKL, OPG, ALP and OCN, along with variation in the RANKL/OPG 
ratio were examined by RT-qPCR in cultures of (A) calvarial osteoblasts (n=3) and (B) BMSCs (n=6) at 
day 14 of osteogenic differentiation. Gene expression was normalized to that of GAPDH, a housekeeping 
gene. White boxes indicate Men1f/f and black boxes indicated Prx1-Cre; Men1f/f mice. * P < 0.05, ** 
P<0.01, ****P<0.0001. 
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4.9 Osteoblast-specific early deletion of the Men1 gene results in the increase of the 

RANKL/OPG ratio from bone RNA favoring osteoclastogenesis. 

 

 To evaluate what drives the increase in osteoclast numbers observed through our 

histomorphometric analysis, mRNA levels of osteoclast markers, such as RANKL and OPG were 

directly examined from the bones of knockout and wild-type animals. It is important to note that 

roughly 95% of total bone cells are osteocytes (23-25). Hence, the main type of cells we are 

looking at when extracting bone RNA are osteocytes, which are also known to be the main 

producers of RANKL in bone and important regulators of osteoclast differentiation.  

 RT-qPCR analysis of bone RNA isolated from the femur and tibia of 5 month-old Prx1-

Cre; Men1f/f mice and their control wild-type littermates revealed a marked reduction of  

approximately 50-60% in menin’s expression from the femur and tibia of knockout mice. This also 

shows that recombination of the Men1 gene specifically occurs in bone tissues. RT-qPCR revealed 

no significant changes in the expression level of Runx2 from both the femur and tibia RNA which 

is consistent with in vitro gene expression analysis. Trends of increase in RANKL expression levels 

were however observed from the tibia and femur of Prx1-Cre; Men1f/f mice. In contrast to RANKL, 

the expression level of OPG was reduced in knockout mice. This reduction was statistically 

significant in the tibia where it’s expression was ~2-fold decreased in knockout mice. The femur 

on the other hand only showed a nonstatistical decrease of  ~11% in the level of OPG. Nonetheless, 

when looking at the expression level of the RANKL/OPG ratio, this demonstrated an important 

trend of being increased by ~2-fold in both the femur and tibia of knockout mice (Figure 4.9 A-

B).  

 



 The important increase in RANKL/OPG ratios observed from the femur and tibia bones 

suggests that deletion of menin early in the osteoblast lineage in vivo results in an elevated 

RANKL/OPG ratio from osteocytes that could induce osteoclastogenesis and promote bone 

resorption.  
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Figure 4.9:  Gene expression profiles of bone RNA of femurs and tibias of Prx1-Cre; 
Men1f/f mice.  
(A-B) The expression of menin, Runx2, RANKL and OPG, along with variation in the 
RANKL/OPG ratio were examined by RT-qPCR (n=4). Gene expression was normalized to that 
of GAPDH, a housekeeping gene. White boxes indicate Men1f/f and black boxes indicated Prx1-
Cre; Men1f/f mice. * P < 0.05. 



4.10 Primary calvarial osteoblasts of the early Men1 knockout mice seeded within dense 

collagen gels show defective mineralization mediated processes. 

 

 The observed reduction in the mineralization capabilities of primary calvarial osteoblasts 

from knockout mice led us to further explore these changes. As opposed to two-dimensional (2D) 

cell-culture models done on plastic dish surfaces, dense collagen three-dimensional (3D) scaffolds 

better mimic the physiological bone microenvironment and also provide a more adequate natural 

matrix environment for mediating cellular differentiation and mineralization processes that are 

relevant to bone biology (166,167,168,169). As such, we decided to use 3D dense collagen 

hydrogel scaffolds as a cell-culture model to investigate the differentiation and mineralization 

capabilities of our primary osteoblast cell cultures. For this, primary calvarial osteoblasts isolated 

from 6 month-old control Men1f/f and knockout Prx1-Cre; Men1f/f mice were seeded into plastic 

compressed dense collagen gels and cultured for 21 days in an osteogenic medium to induce 

differentiation and mineralization.  

 Metabolic activity of calvarial osteoblasts seeded within dense collagen gels was monitored 

throughout the 21 days of osteogenic differentiation using the alamar blue assay. No significant 

changes were observed between wild-type and knockout derived calvarial osteoblasts at Day 2, 

10, 15 and 21 of differentiation (figure 4.10 A). These findings are consistent with MTT results 

also revealing no marked changes in cell viability between calvarial osteoblasts derived from our 

knockout and control mice.  

 Scanning Electron Microscopy (SEM) was performed on collagen scaffolds seeded with 

primary calvarial osteoblasts derived from Prx1-Cre; Men1f/f and Men1f/f mice. SEM of cell-

seeded scaffolds at day 21 of differentiation revealed the presence of a fine meshwork of collagen 



fibrils constituting the scaffold and of osteoblast-like cells that were well dispersed within collagen 

fibrils (figure 4.10 B-C; E-F). Cell mediated mineralization at day 21 was as well observed in both 

Men1f/f and Prx1-Cre; Men1f/f samples (figure 4.10 D, G). However, in contrast to collagen gels 

seeded with wild-type primary calvarial osteoblasts (figure 4.10 D), collagen fibres of Prx1-Cre; 

Men1f/f seeded gels (figure 4.10 G) appeared covered by overall smaller calcium phosphate based 

mineral quantities, suggesting a different cell mediated mineralization process that is carried out 

by knockout cells in comparison to wild-type cells.  

 These marked qualitative differences observed in terms of the mineralization capabilities 

of primary knockout osteoblasts where menin is deleted, led us to further evaluate ionic 

composition changes of the extracellular mineralized matrix. Energy-dispersive x-ray (EDS) 

spectroscopy of day 21 mineralized collagen gels seeded with knockout and wild-type cells 

showed the presence of major spectral peaks for calcium (Ca) and phosphorus (P). As opposed to 

collagen gels seeded with Men1f/f calvarial osteoblasts, the intensity peaks for Ca and P in the 

collagen gels seeded with Prx1-Cre; Men1f/f calvarial osteoblasts were lower (figure 4.10 H-I). 

 Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed on day 1, 15 and 

21 cell-seeded samples. FTIR revealed characteristic peaks for collagen (amide I band at 1637cm1, 

amide II band at 1544cm-1 and amide III band at 1237cm-1) in day 1, 15 and 21 cell-seeded samples. 

Characteristic phosphate (PO43-) and carbonate (CO32-) absorbance peaks at 1020cm-1 and 872cm1, 

respectively, were also observed in day 15 and 21 samples, but not in day 1 samples. The shape 

and value of the PO43- band as well as the presence of a CO32- peak suggest a mineral phase that is 

composed of carbonated apatite, the main component of hard bone tissues. Under osteogenic 

conditions, mineralization, assessed by the intensity of the PO43- peak, of cell-seeded scaffolds 

gradually increased over time and reached the highest level at day 21 in both Men1f/f and Prx1-



Cre; Men1f/f cell-seeded gels. However, starting at day 15, the absorption band intensities 

attributable to phosphate and carbonate species of Prx1-Cre; Men1f/f cell-seeded gels appeared 

reduced in comparison to Men1f/f cell-seeded gels. This difference was found to be even more 

pronounced at day 21 (figure 4.11 A-B). 

 All together, these results indicate that using 3D dense collagen hydrogel scaffolds as an 

alternative to conventional 2D systems of primary cell cultures is both a better and more sensitive 

model for the study of cell-mediated mineralization processes. In our case, we also show here that 

early expression of menin is important for regulating osteoblast mineralization.  
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Figure 4.10: Metabolic activity and microscopic analysis of primary calvarial osteoblast in dense 
collagen scaffolds under osteogenic conditions. 
(A) Alamar blue assay of cell-seeded gels of 6 month-old Prx1-Cre; Men1f/f and Men1f/f mice at day 2, 
10, 15 and 21 of osteogenic differentiation (n=3). Scanning electron microscopy (SEM) micrographs of 
day 21 cell-seeded scaffolds with calvarial osteoblasts of 6 month-old (B-D) Men1f/f and (E-G) Prx1-
Cre; Men1f/f mice (n=3). (C,F) Calvarial osteoblasts (asterisks) were evenly distributed within the 
collagen gels. Energy-dispersive x-ray (EDS) spectroscopy of day 21 mineralized collagen gels of (H) 
Men1f/f and (I) Prx1-Cre; Men1f/f samples reveals the major spectral peaks for phosphorus (P) and 
calcium (Ca) (n=3). 



 

 

 

 

 

 

 

 

A) B) 

Figure 4.11: FTIR analyses of mineralization of calvarial osteoblast-seeded dense collagen 
scaffolds under osteogenic differentiation.  
(A-B) FTIR spectra of cell-seeded gels of 6 month-old Men1f/f and Prx1-Cre; Men1f/f mice at 
day 1, 15 and 21 of osteogenic differentiation (n=3). Phosphate (1020 cm-1) and carbonate (872 
cm-1) peaks characteristic of hydroxyapatite formation were identified at different wavelength.  
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CHAPTER 5: DISCUSSION 
 

 

 

 

 

 

 

 

 

 

 

 



5.1 General discussion 

 In humans, bone is an important organ which besides providing support for other body 

organs plays essential roles in regulating metabolic processes (1,2). For the bone functions to be 

adequately maintained, bone itself must continuously be renewed. This is achieved by a 

mechanism called remodeling which persists throughout human life whereby old bone is degraded 

by osteoclasts and replaced with new bone via the action of osteoblasts (1,2). The processes of 

resorption and formation are maintained within a tightly regulated balance. Any imbalance in bone 

remodeling will cause metabolic bone disorders categorized through either loss (e.g. osteoporosis) 

or gain (e.g. osteopetrosis) in bone mass (1,2,46-48). Osteoporosis is the most prevalent metabolic 

bone disease characterized by a reduction in bone mass and deterioration of the overall bone 

microarchitecture. The causes of osteoporosis can be many, but generally speaking it is caused as 

a result of either low bone formation, increase bone resorption, or both (41,48,49). Therapeutically, 

anti-resorptive agents like bisphosphonates, which downregulate osteoclast activity, are often used 

after initial diagnosis of osteoporosis. However, their use does not increase bone mass or 

ameliorate the already damaged bone microarchitecture (49,56). Anabolic agents on the other hand 

can increase bone mass by stimulating bone formation. Presently, only teriparatide and 

abaloparatide, synthetic analogues of PTH and PTHrP, respectively, are approved for clinical use 

(56). In order to design new and better anabolic agents for treating low bone mass disorders such 

as osteoporosis, it is important to elucidate the functions of regulators affecting molecular 

pathways directly implicated in bone homeostasis.  

 

 Our group and others have identified the nuclear protein menin, encode by the MEN1 gene, 

as an important mediator of osteoblast differentiation needed to maintain bone mass 



(125,126,154,155). The first evidence of the implication of menin in bone development was 

suggested by studies by Crabtree et al, in 2001, and Bertolino et al, in 2003 (150,151). In these 

studies, using conventional knockout mouse models in which the Men1 gene was constitutionally 

deleted, it was demonstrated that besides being embryonically lethal, homozygous Men1-/- fetuses 

exhibited important developmental delay, neural tube defects and craniofacial defects, suggesting 

the potential for menin to mediate intramembranous bone ossification. From these initial 

observations, other studies looked at the effects of osteoblast menin in mediating bone 

homeostasis. Our group has specifically shown that when expressed in osteoblast cell lines, menin 

regulates the TGF-β/BMP-2 signaling pathways which are important for osteoblast differentiation. 

In fact, menin associates with Smad1/5 and Smad3, crucial transducers of the  BMP-2 and TGF-β 

signaling, respectively, in order to facilitate the commitment of MSCs to the osteoblast lineage 

and to control osteoblast apoptosis (125,126). These findings were demonstrated through in vitro 

studies, but were also recently confirmed by Kanazawa et al., in 2015 using primary calvarial 

osteoblast cultures from osteoblast-specific Men1 knockout mice (155). Others have confirmed in 

vivo the important role that menin plays in bone development. Using neural crest-specific knockout 

mice whereby exons 3-8 of the Men1 gene were deleted, Engleka et al., illustrated the importance 

of menin for the adequate development of cranial and rib bones (154). From these results, it is 

clear that when expressed in neural crest cells or in mature osteoblasts, menin plays an important 

role in the development of bones and for maintaining bone mass in vivo. While menin modulates 

the TGF-β and BMP-2 signaling pathways in the mature osteoblast, it may be working through 

additional pathways when expressed at earlier stages of osteoblastogenesis, from the commitment 

of MSCs to the osteoblast lineage and later differentiation.  



 In the present study the role that menin plays early in the osteoblast lineage is being 

examined by conditionally disrupting the Men1 gene at the level of the MSC (Prx1-Cre; Men1f/f) 

and osteoblast progenitor (Osx-Cre; Men1f/f). The hypothesis is that menin plays a crucial role in 

the early stages of osteoblast differentiation, and that its conditional knockout will be manifested 

as defects in bone development.  

 

 While osteoblast numbers, differentiation and proliferation were not altered between 

knockout and wild-type animals, results obtained have thus far clearly demonstrated that specific 

disruption of the Men1 gene early in osteoblastogenesis significantly impacts bone development. 

In fact, skeletal phenotyping performed at 6 months of age showed significantly reduced BMD 

and bone volume in the Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f knockout mice strains. Three-

dimensional μCT imaging of both strains of knockout mice showed reduction in the trabecular 

bone volume and altered trabecular bone structure. The femur length of 6 month-old knockout 

mice of the Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f strains was also found to be significantly 

reduced, indicating changes occurring not only in the development of bones, but as well as in their 

growth. Histomorphometric analyses showed an increase in osteoclast numbers and activity along 

with unaltered osteoblast numbers and bone formation rates in both strains of transgenic mice 

(156).  

 

 Analysis of the biomechanical properties by mechanical testing using the 3-point bending 

test demonstrated that the decrease in bone mass and microarchitecture after menin deletion in the 

osteoblast lineage also translated into substantial decreases in bone strength and stiffness. In fact, 

when assessing parameters such as the femur stiffness, maximum load, load at yield and load at 



break, all were significantly reduced in adult Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice.  

These results illustrate that the bones of knockout mice are more prone to fracture which is 

characteristic of low bone mass disorders, such as osteoporosis.  

 

 It is clear that disruption of the Men1 gene both at the level of the MSC and osteoblast 

progenitor impacts bone development and formation. Based on the in vivo results so far presented 

the significant reduction in bone mass seems to be a priori a consequence of the marked increased 

in osteoclast number and activity favoring bone resorption. This is a striking feature that is different 

from when the Men1 gene is deleted specifically at the level of the mature osteoblast in vivo, where 

the result is also a decrease in bone mass, but that is primarily attributable to a decrease in 

osteoblast differentiation and enhanced apoptosis rather than to an increase in osteoclast activity 

(155).  

 

 To unravel the cellular mechanisms that account for the low bone mass in our study, in 

vitro differentiation experiments with primary calvarial osteoblasts and BMSCs were performed. 

Assessment of the morphology, growth and differentiation capabilities of the primary cells isolated 

from 6 month-old knockout mice was made. The morphology as well as cell viability, assessed 

through the MTT assay, of both primary calvarial osteoblasts and BMSCs of Prx1-Cre; Men1f/f 

and Osx-Cre; Men1f/f mice were similar to the primary cells isolated from age- and sex-matched 

control mice. To investigate whether Men1 disruption could influence osteoblast differentiation in 

vitro, primary calvarial osteoblasts and BMSCs were isolated and cultured in the presence of an 

osteogenic medium to induce cell differentiation. ALP and alizarin red histochemical staining were 

performed to assess changes in cell differentiation and mineralization, respectively.  



 

 ALP staining of primary calvarial osteoblasts and BMSCs isolated from 6 month-old Prx1-

Cre; Men1f/f and Osx-Cre; Men1f/f mice and cultured in the presence of an osteogenic medium 

showed no significant changes in intensity in comparison to wild-type primary cells isolated from 

Men1f/f control mice. The metabolic activity of osteoblasts of knockout and control mice was 

monitored at weekly intervals throughout the 21 days in culture using the alamar blue cell viability 

assay, and revealed no significant changes at any time point. These results are consistent with in 

vivo static histomorphometric analysis that demonstrate no differences in the total osteoblast 

number per bone area in Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f animals. Alizarin red staining, 

which shows the presence of calcium deposits in the extracellular matrix produced by 

differentiated osteoblasts, revealed a slight reduction in the mineralization capabilities of primary 

calvarial osteoblasts from both Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice. However, BMSCs 

of knockout mice didn’t demonstrate any marked changes in alizarin red staining in comparison 

to the control mice. These differences could be attributable to site-specific differences between 

calvarial osteoblasts and BMSCs, as well as to changes in the isolated cell type itself. In addition, 

it is important to note that calvarial bones are formed predominantly through intramembranous 

ossification whereas long bones, such as the tibia and femur, are formed through endochondral 

ossification (3-6). Hence, it is possible that osteoblasts derived from these two different sites have 

properties that differ as suggested by other studies (170).  

 

 Interestingly, the slight reduction observed in vitro in terms of the mineralization 

capabilities of the primary calvarial osteoblasts from knockout mice is in contrast to the in vivo 

dynamic histomorphometric analysis which do not show differences in both the bone formation 



rate and mineral apposition rate between knockout and wild-type mice. Culturing the primary cells 

ex vivo in a cellular environment that does not precisely reflect the in vivo bone environment could 

be a reason explaining these differences. Hence, to address this particular question, we decided to 

culture primary calvarial osteoblasts in 3D-collagen gels which better mimic the bone 

microenvironment and provide a better alternative to 2D cell-culture models for the study of 

cellular differentiation and mineralization events (166-169). Such a technique also allows the 

observation of nanoscale changes in mineralization which can occur but that dynamic 

histomorphometry analysis won’t necessarily reveal at the cellular level. In doing so, we found 

that the collagen fibres seeded with calvarial osteoblasts of Prx1-Cre; Men1f/f mice were covered 

by overall smaller calcium phosphate based mineral quantities than the collagen gels seeded with 

calvarial osteoblasts derived from Men1f/f control mice. This was confirmed by both SEM, FITR 

and EDS analysis, and is suggesting a different cell mediated mineralization process carried out 

by osteoblasts of knockout mice compared to wild-type. Overall, these results indicate that deletion 

of menin early in the osteoblast lineage affects the osteoblast-mediated mineralization of collagen 

fibrils (171).  

 

 In vitro gene expression profiling of RNA extracted from primary cultures of calvarial 

osteoblasts in our Prx1-Cre; Men1f mice revealed increases in the expression of ALP and decreases 

in the overall RANKL/OPG ratio. Clinically, bone-specific ALP can be used as a biochemical 

marker of bone formation and elevated levels generally indicate increased osteoblastic activity 

(172). It is also well established that high levels of bone specific ALP can lead to a higher 

probability of bone loss as a concurrent result of the high degree of bone resorption rate that is 

outweighing that of formation (173,174). Hence, the increased expression of ALP we observe from 



our osteoblast cell cultures is consistent with the high osteoclastic activity we also observe in vivo 

in our knockout mice. While it is surprising to see that the levels of osteoblasts are not altered in 

vitro even though the increase in ALP expression, we do observe an increase in the levels of OPG. 

OPG is a protein that can be produced by osteoblast and acts as a decoy receptor to RANKL (32). 

The noted high osteoblastic activity could translate into osteoblast producing more OPG in order 

to compensate for the substantial increase in osteoclast activity concurrently happening in our 

mouse models where the Men1 gene is disrupted early in the osteoblast lineage. It is also interesting 

to see that even though the activity of primary calvarial osteoblasts are elevated that there still is a 

slight reduction in their mineralization capabilities. In the literature, it has been reported that high 

bone turnover rate can lead to material and nanomehanical deformities in bone (175). In fact, 

compared to bones from patients with a normal turnover, bones from patients with a high turnover 

rate show lower mineralization as well as lower stiffness and hardness (175,176). These findings 

are consistent with our data, where we also demonstrate reductions in bone stiffness and strength 

as well as lower mineralization in the primary osteoblast of knockout mice. Hence, it is highly 

plausible that the observed increase in osteoblast activity, as a mean to produce more OPG to 

compensate for the elevated osteoclastic activity, alters their intrinsic functions leading to 

mineralization deficiencies and reduced overall bone quality.  

 

 The elevated numbers of osteoclasts observed in vivo along with the low RANKL/OPG 

ratio observed from primary osteoblast cell cultures in vitro led us to further investigate 

osteoclastic activity changes between knockout and wild-type mice by performing 

osteoclastogenesis experiments. Normal control osteoclastogenesis experiments consisting in 

exogenously stimulating osteoclast precursor cells with RANKL and M-CSF along with 



osteoblast-osteoclast co-culture experiments using osteoblasts and osteoclast precursors from 

knockout and wild-type mice were performed in this regard. Surprisingly, significant increases in 

the numbers of osteoclasts were observed in osteoclastogenesis experiments with osteoclast 

precursors of both Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f mice, while osteoblast-osteoclast co-

culture experiments revealed no significant changes between knockout and wild-type mice (Data 

not shown) (177).  This indicates an enhanced responsiveness of osteoclast precursors to RANKL 

and M-CSF, suggesting a priming effect occurring in the osteoclast precursors of knockout mice. 

  

 The lack of differences between knockout and control seen in co-culture experiments is 

intriguing considering the increase in osteoclastogenesis of knockout osteoclast precursors. These 

data are indicating that there could exist a mechanism by which osteoblasts could detect changes 

in osteoclastic activity and regulate it. Whether this would be at the level of differentiated 

osteoclasts or osteoclast precursors is unclear. The low RANKL/OPG ratio observed in primary 

osteoblasts of knockout mice is suggesting that such a mechanism could exist, whereby osteoblasts 

could detect the elevated differentiation capabilities of osteoclast precursors and regulate these 

levels to normal by lowering the RANKL/OPG ratio. In the literature, it is known that a possible 

means by which osteoblasts and osteoclasts could talk with each other is through the interplay of 

Ephrin receptor/ligand pathways (178). These are known to regulate important transcription 

factors involved in osteoclastogenesis, such as NFATc1 and c-Fos (178). Nonetheless, in our 

study, it is still surprising to see a low RANKL/OPG ratio considering the marked increase in 

osteoclast number and activity that are observed in vivo. From of these results, we believe that 

there must be another factor, other than RANKL and OPG produced and released by osteoblasts, 

that is mediating the increased osteoclastic activity in the knockout mice. In the literature, it is 



known that other than osteoblasts, osteocytes are the most important source of RANKL and OPG 

(179,180). Recent studies have demonstrated that osteocytes are in fact the principal source of 

RANKL participating in the recruitment of osteoclasts and initiation of bone remodeling 

(179,181,182). Since the Men1 gene is specifically disrupted early in the osteoblast lineage and 

osteocytes are mature osteoblasts trapped within the bone matrix, it could well be that factors 

released by osteocytes are promoting osteoclastic activity in our knockout mice models. To test 

this, we analyzed the expression levels of RANKL and OPG from RNA extracted directly from 

long bones, where ~95% of bone cells consist of osteocytes. Increases of ~2-fold in the expression 

of RANKL/OPG ratios from both the femur and tibia were found. Hence, increased osteoclast 

activity and bone resorption in our early menin knockout mice models could occur as a 

consequence of the higher RANKL/OPG ratio from osteocytes. 

 

 So far, we have established the role of menin in bone mass control through the study of in 

vivo mouse models. The recent emergence of the importance of bone as an endocrine organ led us 

to further investigate whether early deletion of menin in the osteoblast lineage also has a functional 

role in bone as a regulator of energy metabolism (59,63). For this, the bodyweights between both 

Prx1-Cre; Men1f/f and Osx-Cre; Men1f/f and their control wild-type littermates were measured. 

Significant decreases of approximately ~10-14% in bodyweights from both strains of knockout 

mice were observed in adult mice. Echo-MRI analysis showed changes in terms of the overall fat 

and lean mass content in adult mice from both strains of knockout animals, but when normalizing 

these values to total bodyweight, the percentage of fat and lean mass were not significantly altered 

in adult male mice. Since important differences in the bone phenotype of Prx1-Cre; Men1f/f and 

Osx-Cre; Men1f/f animals are seen, one reason could be that knockout animals have an overall 



reduced body size as compared to wild-type controls. However, due to alterations in only lean 

mass and not fat mass content in Prx1-Cre; Men1f/f animals and due to significant changes in the 

percentage of fat and lean mass in female Osx-Cre; Men1f/f mice, there must be alterations other 

than the reduction of bone mass occurring by menin early deletion in the osteoblast lineage. Certain 

studies have demonstrated that menin is important for the commitment of MSCs to the adipogenic 

and myogenic lineages (138-140). These findings are of relevance to our study because we are 

specifically knocking-out menin in mesenchyme-derived progenitors, which could have resulted 

in the differentiation of MSCs to lineages other than osteoblasts being impacted upon. In addition 

to the decrease in bodyweight and changes in body composition, we find trends of reduction in 

WAT and BAT weights in our study. In mammals, BAT is known to regulate energy expenditure 

and thermogenesis (183). When looking at the expression levels of energy metabolism markers, 

such as Pgc1α and Ucp1, directly from BAT, the relative expression level of Ucp1 was ~5-fold 

higher and the expression of Pgc1α  ~2-fold reduced in Prx1-Cre;Men1f/f mice. These suggest 

that BAT could be a mediator of the effect of menin deletion in mesenchyme-derived progenitors 

on body metabolism.   

 

 Furthermore, reports have also well established that a positive correlation exists between 

BAT activity and bone mass. Studies using mouse models of either loss or gain of function in BAT 

have demonstrated that impairing BAT activity reduces bone mass, while inducing it has anabolic 

effects on the skeleton (184, 185). These findings have been further correlated with human studies 

showing that children and young non-obese women with higher BAT activity display an overall 

better maintenance of bone mass (186, 187). Uncoupling protein-1 (UCP1) is critical for the role 

of BAT to dissipate energy in the form of heat (188). Although the functions of BAT and UCP1 



in energy homeostasis are well established, little is known about the precise mechanisms through 

which BAT activity mediated in part through UCP1 affects bone metabolism. A recent study by 

Nguyen et al., looking into the effects of UCP1 ablation in bone homeostasis, demonstrated that 

UCP1 is important in protecting bone mass under thermal conditions when BAT UCP1 activation 

is needed for temperature control (189). This study further illustrated that one mechanism by which 

UCP1 could control bone mass was through mediating changes in hypothalamic neuropeptide Y 

(NPY) pathways that regulate the sympathetic nervous system (SNS) activity. To date, most of the 

studies looking at the effect of UCP1 and BAT activity in bone metabolism have been 

unidirectional in that only the consequences of BAT loss of function in bone homeostasis were 

investigated. Whether or not bone loss directly affects UCP1 mediated BAT functions is not 

known. In our study, we provide evidence to suggest that UCP1 could mediate a physiological 

response to the important loss of bone mass, which supports the findings made by Nguyen et al., 

of UCP1 being protective of bone mass. However, whether this is due to the inactivation of menin 

in mesenchyme-derived progenitors, to the osteoblast functions being altered or as a result of the 

substantial bone loss in our study needs to be further determined.  

 

 The tendency of ~2-fold decrease in Pgc1α expression in BAT was also an interesting 

finding. PGC1α is a transcriptional co-activator expressed in many tissues that plays crucial roles 

in mitochondrial biogenesis and in the regulation of genes involved in energy metabolism (190). 

While it is well known that dysregulation of PGC1α causes metabolic disorders such as obesity 

and diabetes, not much is known about the role of PGC1α in metabolic bone loss (190). The only 

reports of its effect on bone come from findings made by Khan et al, which demonstrated that 

PGC1α downregulation leads to osteoblast apoptosis and that its upregulation in osteoblasts 



reverses type 2 diabetes-associated bone loss (191). In BAT, PGC1α can interact with the nuclear 

receptor PPARγ to regulate the transcription of thermogenic genes, such as Ucp1(192). Because 

the expression levels of both menin and PPARγ, a known molecular partner of menin, were 

unaffected in our knockout mice, this is suggesting that instead of menin, the observed changes in 

BAT activity might be mediated by a factor derived from Men1-deficient osteogenic cells which 

affects Ucp1 transcriptional regulation through a transcriptional co-activator other than Pgc1α.  

 

 Another important finding made through assessing the metabolic phenotype of our 

knockout mice were the changes in lean mass content. It is well known that muscle and bone both 

functionally and mechanically interact together, and that muscle mass content generally positively 

correlates with bone mass  (193). Hence, to determine whether the observed differences in bone 

and lean mass could affect the skeletal muscle strength of our transgenic mice strains, the grip 

strength test was performed. Interestingly, Prx1-Cre; Men1f/f male mice exhibited ~30% decrease 

in the forelimb grip strength, while both male and female Osx-Cre; Men1f/f mice showed ~13-

18% increase in the forelimb grip strength when normalizing the grip strength values to each 

individual mice bodyweight. These findings are consistent with the Echo-MRI data revealing an 

important decrease of ~8% in the lean mass content of male Prx1-Cre; Men1f/f and increase of 

~9% in the lean mass percentage of female Osx-Cre; Men1f/f mice. Although both male Prx1-Cre; 

Men1f/f and Osx-Cre; Men1f/f mice displayed significant decreases in lean mass content, male 

Osx-Cre; Men1f/f mice had decreases in both fat mass content by ~20% and lean mass content by 

~9%, whereas male Prx1-Cre; Men1f/f mice only demonstrated a significant reduction in terms of 

their lean mass content, but not in fat mass content. Because bodyweights of both male Prx1-Cre; 

Men1f/f and Osx-Cre; Men1f/f mice were reduced by ~10-12%, we can assume that the decrease 



in lean mass of ~8% in Prx1-Cre; Men1f/f male mice has a more severe effect than in Osx-Cre; 

Men1f/f mice as it is the main factor causing the reduction in bodyweight. A study by Aziz et al., 

has showed that menin potentiates TGF-β1 mediated Smad3 repression of myogenesis in the 

MSCs (140). The findings by Aziz et al., also illustrated that low expression of menin favors the 

differentiation of muscle cells and further demonstrated that knocking out menin specifically in 

neural crest cells in vivo increases intercostal muscle mass at birth (140). This would support the 

findings made with our female Osx-Cre; Men1f/f mice which showed a higher percentage of lean 

mass. Since Prx1-Cre; Men1f/f mice are deficient for menin at an earlier stage (MSC) than Osx-

Cre; Men1f/f mice (osteoblast progenitor cells), it could be that in vivo menin might be needed for 

the initial commitment of MSCs to the myogenic lineage, but when muscle differentiation is 

induced menin’s expression is downregulated. However, whether early deletion of menin in the 

osteoblast lineage directly affects myogenesis or not still remains to be elucidated in our study.   

 

 In summary, with the accumulated findings made so far, osteoblast menin plays a crucial 

role in bone development and maintenance of bone mass in vivo. With the mouse models presented 

herein, increased osteoclastogenesis and bone resorption, as a result of the elevated RANKL/OPG 

ratio from whole bone that includes osteocytes, are occurring in its absence. In vitro, menin 

deletion does not affect osteoblast differentiation but alters their activity by affecting 

mineralization. Early disruption of Men1 gene in the osteoblast lineage also decreases body size, 

changes BAT functions and alters grip strength of the conditional knockout mice. Thus, menin’s 

expression in mesenchyme-derived progenitors has overall important implications in body 

metabolism as well. 

 



 Like our current study, a recent publication by Liu et al., also analyzed the effects of loss 

of function of menin in the osteoblast lineage in vivo. The specific disruption of the Men1 gene at 

the level of the osteoblast progenitors and osteocytes was achieved using Runx2-Cre; Men1f/f Osx-

Cre;Men1f/f and Dmp1-Cre; Men1f/f mouse models, respectively (194). This study employed the 

Cre/LoxP recombination system for the generation of knockout animals. However, while the 

mouse models our group generated are deficient for exons 3-8 of the Men1 gene, only exon 3 was 

deleted in all the mouse strains that Liu et al. examined (194).  

 

 In all of their Men1-deficient mouse models, they reported significant decreases in bone 

mass and trabecular bone volume. No significant changes in osteoblast numbers and bone 

formation rate were observed. The levels of osteoclasts and osteocytes were however significantly 

elevated. These results are similar to the findings made by our study when looking at the effects 

of menin at the level of the MSC and the osteoblast progenitor. While our study did not look into 

the role of menin specifically at the level of the osteocyte, findings made by Liu et al., seem to 

suggest that it acts similarly as to when it is expressed early in osteoblast lineage (194).  

 

 Interestingly, results reported in this study showed no differences in terms of alizarin red 

and ALP staining between Men1-deficient primary calvarial osteoblast and wild-type cells (194). 

In our study, we also show no changes in ALP staining, but slight reductions in the mineralization 

capabilities of the primary calvarial osteoblasts isolated from both Prx1-Cre; Men1f/f and Osx-

Cre; Men1f/f mice. It is important to note that the results’ assessment between the two studies is 

different. Our group directly cultured primary osteoblasts from knockout mice, whereas the 

experiments by Liu et al., consisted in isolating primary calvarial osteoblasts from Rosa-Cre; 



Men1f/f mice and further inducing these cells with tamoxifen for three days to promote 

recombination of the Men1 gene. As to why the authors of this study did not decide to investigate 

the effects of menin’s deletion directly from primary cell cultures of the Men1-deficient mouse 

models from which they performed all their other in vivo analysis is unclear. In the literature it is 

also known that tamoxifen affects the cellular activities of osteoblasts, and its use could have had 

an impact in the differentiation process of the primary osteoblasts (195). The same method was 

used in their primary osteocyte cell cultures. 

 

 Nonetheless, similar to what our group is showing, Liu et al., also illustrate that the marked 

decreases in bone mass are primarily attributable to an increase in osteoclast number and activity 

leading to enhanced bone resorption. However, while we report elevated RANKL/OPG ratios from 

long bones, Liu et al., note unchanged RANKL and OPG levels of expression in DMP1-Cre; 

Men1f/f mice (194). It is important to note that their analysis was performed on the calvarial bone 

of 3-day-old mice, while we performed ours from the femurs and tibias of 5 month-old mice. These 

results also only come from mice lacking menin at the level of the osteocyte and whether this trend 

also follows in their other transgenic mice model, where menin is deleted early in the osteoblast 

lineage, is not known. Interestingly, in their osteoclastogenesis co-culture experiments, the authors 

report unaltered levels of osteoclast when osteoclast precursors cells are co-cultured with 

osteoblast, but high osteoclast numbers when co-cultured with primary tamoxifen-induced 

osteocytes from Rosa-Cre; Men1f/f mice. This suggests that a factor released by osteocytes 

promotes osteoclast differentiation in vitro when menin is deleted. While the osteoblast-osteoclast 

co-culture results corroborate our findings, control osteoclastogenesis experiments with only 

osteoclast precursor cells were not reported. In our study we demonstrate an enhanced 



responsiveness of osteoclast precursors to exogenous stimulation with RANKL and M-CSF, which 

is indicative of a priming effect occurring in the knockout mice. RANKL is a critical driver of 

osteoclastogenesis and it is well established that osteocytes are the major source of RANKL 

(179,181,182). It is thus strongly plausible that it is the high RANKL/OPG ratio we observe that 

is a driver of the elevated osteoclast activity in our early menin knockout mice model. While Liu 

et al., didn’t precisely investigate these effects early in the osteoblast lineage, they did found a 

significant increase in the C-X-C motif chemokine 10 (CXCL10) expression in their isolated 

fractions of tamoxifen-induced Rosa-Cre; Men1f/f osteocytes (194). CXCL10 is a chemokine that 

binds to the CXCR3 receptor to illicit its biological activities which include but are not limited to 

supporting osteoclast differentiation (196). In Liu et al., paper this seems to be the main driver of 

osteoclastogenesis and bone resorption when menin is deleted in the osteoblast lineage. Whether 

CXCL10 or other chemokine factors known to modulate osteoclast differentiation, like CXCL12, 

remains to further investigated in our study (197, 198).   

 One important point which our study addresses is menin’s implication in body metabolism. 

Our data along with results coming from other studies provide strong evidences to suggest that 

menin could be regulating the commitment of MSCs to other lineages, as well as having a role in 

mediating metabolic processes (138-140). Such effects of menin weren’t further analyzed in Liu 

et al., study. Nonetheless, Liu et al., results corroborate the data presented by our study in terms 

of the phenotypic bone parameter changes observed between transgenic mice lacking menin early 

in the osteoblast lineage and wild-type controls. Reviewing the mouse models used throughout the 

years to investigate the functions of the Men1 gene product, menin, it has become clear that this 

nuclear protein is essential for the normal development of bones (Table 5.1). Menin plays a definite 

role as a regulator of molecular pathways involved in bone homeostasis in vivo.  



Interestingly, another recent report by Lee et al., of the same German group as Liu et al., 

report mandibular ossifying fibroma occurring in aged (> 6 month-old) Runx2-Cre; Men1f/f and 

Osx-Cre; Men1f/f mice (199). Lee et al., are in fact showing that loss of menin in craniofacial 

osteogenic cells results in increased proliferation rate of ossifying fibroma-derived mesenchymal 

stromal cells causing a benign bone neoplasm in mandibles that resembles ossifying fibroma seen 

in humans (199). This study suggests a potential role of menin for the formation of craniofacial 

bones, more specifically for mandible development. Other studies have also reported craniofacial 

defects with the deletion of the Men1 gene, but the exact mechanism of actions leading to these 

abnormalities are unknown (150,151,154). This will be something to further investigate in our own 

study, although preliminary observations of 5 month-old mice do not reveal apparent irregularities 

between the mandibles of knockout and wild-type animals.  

 
Table 5.1: Men1 mouse models illustrating the role of menin in bone development 

*: Exons 3 - 8 of the Men1 gene were deleted; **: Exon 3 of the Men1 gene was deleted; ***: Exon 2 of the Men1 gene was 
deleted; ****: Exons 1-2 of the Men1 gene were deleted; ND: not determined.



5.2 Future work and perspectives  

 In this study, we established the importance of menin in maintaining bone mass as well as 

controlling metabolic processes. We show that loss of menin early in the osteoblast lineage 

increases bone resorption through the increase in the RANKL/OPG ratio from osteocytes resulting 

in low bone mass. We also demonstrated that osteoblast numbers and differentiation are not 

impaired by the disruption of the Men1 gene in mesenchyme derived progenitors and in osteoblast 

progenitors. However, we found that osteoblast activity is altered with the early loss of menin in 

the osteoblast lineage. This was illustrated through our findings of high ALP and OPG expression 

from primary osteoblast cultures as well as with the reduced levels of mineralization. 

Characterizing the metabolic phenotype of our knockout mice, we found that menin deletion at the 

level of the MSCs reduces the body size and alters the BAT activity and Ucp1 expression. We also 

demonstrated that menin has important implications in muscle strength that could well be 

explained through its known role in mediating the myogenic differentiation of MSCs (140).  

 

 The increase in bone specific ALP and OPG expression along with the elevated osteoclast 

activity and reduced osteoblast-mediated mineralization are indicative of a high bone turnover rate 

leading to deterioration of bone microarchitecture. Assessing changes in bone turnover through 

serum analysis of biochemical markers of bone formation and resorption would be relevant for our 

study. Serum procollagen type 1 amino-terminal propeptide (P1NP) and CTX have been 

recommended as reference markers of bone formation and resorption, respectively, by the 

International Osteoporosis Foundation (200). Besides measuring the levels of these two crucial 

markers of bone turnover, looking into changes in bone-specific ALP could provide further insight 

into the changes in osteoblast activity and mineralization we observe (201).    



  

 The increase trend in the RANKL/OPG ratio from bone RNA seems to be an important 

driver of osteoclastogenesis in our study. In this perspective, it would be important to increase the 

n number in order to see if with a larger sample size significance is reached, and also included 

RNA analysis from calvarial bone. It would also be important to perform osteocyte-osteoclast co-

culture experiments to illustrate that a factor released by the osteocyte, which bones are primarily 

composed of, is promoting osteoclast differentiation. From the population of osteocyte cells 

isolated, analyzing expression changes in RANKL and OPG and demonstrating increases in 

RANKL/OPG ratio would confirm in vivo findings. We also plan on analyzing the expression of 

other factors that are released by osteocytes and that are known to modulate osteoclast 

differentiation such as CXCL10 and CXCL12 (196-198). The enhanced responsiveness of 

osteoclast precursors to RANKL stimulation is an interesting finding which is suggesting a priming 

effect. Such an effect could well be due to the high RANKL concentration relative to OPG which 

could prime osteoclast precursors to undergo differentiation more rapidly at a given concentration. 

For this our group plan on doing dose responsive osteoclastogenesis experiments with increasing 

RANKL concentrations, and measurement of the expression of the RANKL receptor, RANK, 

along with downstream transducers of the RANKL signaling, such as NFATc1. 

 

 Our study also reports an impairment in the capabilities of primary calvarial osteoblasts of 

knockout mice to mineralize. Culturing osteoblast in 3D collagen gels revealed differences in the 

mineral crystals as well as in the calcium and phosphate content of the formed extracellular mineral 

matrix. To further investigate the molecular basis of these differences we plan on analyzing the 

expression levels of important markers of mineralization that the loss of menin could attenuate. 



Differences found in this perspective would unravel a novel mechanism through which menin 

could control osteoblast-mediated mineralization.  

 

 Elucidating the mechanism of action through which loss of menin leads to bone loss is 

important, and demonstrating the molecular pathway(s) affected upon menin deletion early in the 

osteoblast lineage is crucial for the design of pharmaceuticals that would target such pathways. 

For this our group plan on doing an unbiased RNAseq analysis to evaluate critical signaling 

pathways altered by the absence of menin in the osteoblast lineage. Because our group has already 

demonstrated that in the mature osteoblast menin promotes osteoblast function and bone formation 

by modulating the TGF-β/BMP-2 pathways, molecular components of this pathway will be 

investigated (125,126,155). However, when it is expressed early in the osteoblast lineage, menin’s 

role seems to be that of a modulator of osteoclastogenesis. Hence, other molecular pathways 

impacted upon menin in the osteoblast lineage that are independent of the TGF-β/BMP-2 pathways 

must exist.   An emphasis will particularly be put on the Wnt-β-catenin signaling pathway which 

plays a crucial role in the regulation of bone homeostasis by controlling osteoblastogenesis and 

osteoclastogenesis events (67). This pathway is of even more interest to us considering that our 

group has previously demonstrated in vitro that menin can interact physically and functionally 

with β-catenin in both MSCs and osteoblasts (123). Recent reports have shown that Wnt-β-catenin 

signaling in osteocytes and osteoblasts regulates osteoclast differentiation by repressing and 

promoting RANKL and OPG secretion, respectively (74,202,203). It has also been reported that 

the Wnt signaling can directly affect the differentiation and proliferation of osteoclast precursors 

(204). Taking all of these already established findings together, there is strong evidence to believe 

that the early loss of menin in the osteoblast lineage affects Wnt-β-catenin signaling, causing an 



increase in the RANKL/OPG ratio from osteocytes as well as attenuating the responsiveness of 

osteoclast precursors to RANKL. Such a pathway is of even more relevance for our study 

considering other reports showing Wnt signaling supporting the maturation and mineralization of 

osteoblast (73).  

 

 In our study we also report metabolic changes as well as differences in whole body lean 

mass and skeletal muscle strength when menin is deleted in mesenchyme derived progenitors and 

in osteoblast progenitors. To further pursue these findings, it will be important to analyze serum 

OCN levels between knockout and wild-type mice. OCN is an osteoblast-derived hormone which 

can mediate important endocrine functions of bone, such as increasing energy expenditure and 

glucose tolerance (59,60,62). Analyzing circulating levels of OCN would reveal to us whether the 

noted metabolic changes are a consequence of the altered osteoblast activity we observe. The inter-

functionality between muscle and bone has become evident in recent years, and factors released 

by muscle such as myostatin are known to impact osteoblast and osteocyte activity (205). To 

investigate whether loss of menin affects myogenesis, proceeding to the gene expression analysis 

of factors such as menin and myogenin, a crucial factor involved in skeletal muscle development 

(206), directly from muscle would reveal whether skeletal muscle changes are a consequence of 

the direct loss of menin and identify other factors impacted by the loss of menin that could have 

an effect on bone development. Lastly, histological analysis of fat and muscle would show whether 

changes are occurring in the development of these tissues when the Men1 gene is disrupted early 

in the osteoblast lineage.  

 



5.3 Conclusion 

 In light of this work, we can conclude that menin is important for the maintenance of bone 

mass. Mice deficient for menin specifically at the level of the MSCs and osteoblast progenitors 

show altered osteoblast activity and increase in the bone RANKL/OPG ratio which promotes 

osteoclastogenesis and bone resorption. This is different from when menin is deleted in mature 

osteoblasts, where reduced bone formation and enhanced osteoblast apoptosis are noted. These 

findings show the presence of different molecular pathways through which menin can mediate its 

functions during bone development. Such functions may vary depending on whether menin is 

expressed at an early or late stage of osteoblast differentiation. In our study, we also provide 

evidence of menin acting as a mediator of the functions of bone in regulating metabolic processes. 

We show reduced bodyweights and altered BAT activity changes in mice deficient for menin in 

mesenchyme-derived progenitors. We also demonstrate reduced skeletal muscle functions in our 

knockout mice, highlighting another important interplay of menin in mediating bone-muscle cross 

talk events. In conclusion, these studies demonstrate the crucial role that osteoblast menin and its 

interacting partners play in bone homeostasis, and also show the potential of menin being used as 

a molecular therapeutic target for treating disorders of low bone mass such as osteoporosis. 
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