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Abstract

Heterotopic ossification is a pathological condition in which bone forms outside the skeletal
system. It can also occur in skin, which is the case in some genetic disorders. In multiple miliary
osteoma cutis (MMOC), tiny bone fragments develop in the dermis and nearby subcutaneous
tissue of the face and upper chest region during middle age. The etiology of the disease is poorly
understood. The origin of the osteoma-forming cells is not known and also unknown are the
signaling factors that direct the skin cells towards an osteogenic lineage. 

The purpose of this study was to investigate MMOC and the pathogenesis of ectopic bone
formation by combining patient study and cell biology methods. 

The results from an extensive review of the literature and five new cases revealed MMOC as
a distinct disease entity, where heterotopic bone formation is intramembranous. No correlation
was found between MMOC and acne scars, hormonal disturbances or GNAS gene mutations. 

In cell culture studies mouse and human dermal fibroblasts and mouse dermal papilla (DP)
cells were found to differentiate into osteoblast-like matrix mineralizing cells. The bone
morphogenetic protein 4 (BMP-4) homodimer and BMP-2/7 heterodimer had significant effects
on the osteogenic differentiation of the above mentioned cells. Interestingly, the BMPs enhanced
the differentiation of mouse cells but reduced it in human cells. In mouse DP cells and human
fibroblasts BMP-2/7 was more potent than BMP-4. 

The skin area affected by osteomas in patients was compared to their unaffected skin and also
to the corresponding skin areas in controls with regard to osteogenic differentiation and gene
expression studies. MMOC patients’ skin differs from controls both in osteoma and unaffected
skin areas, which suggests MMOC is not only a local but also a systemic skin disease. The results
confirm the previous findings that gene expression in skin is different in different parts of the
body, which could explain why the osteomas develop in certain skin areas. 

The results of this study provide new information about MMOC and heterotopic ossification
in skin and could be useful when developing treatments for MMOC. This study also presents new
information about BMPs and their different effects in mouse and human cells, which may
stimulate discussion about the generalization of mouse studies in humans and the clinical use of
BMPs. 

Keywords: bone morphogenetic proteins, fibroblasts, G-protein α-stimulatory subunit,
heterotopic ossification, multiple miliary osteoma cutis, skin





Moilanen, Riina, Virhesijaintinen luunmuodostus ihossa. Erityistarkastelussa ihon
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Tiivistelmä

Virhesijaintinen luutuminen on patologinen tila, jossa luuta muodostuu luisen tukirangan ulko-
puolelle. Tätä voi tapahtua myös ihossa, kuten käy tietyissä sairauksissa. Ihon lukuisat jyvämäi-
set osteoomat on tauti, jossa pieniä luujyväsiä ilmaantuu verinahkaan ja ihonalaiskudokseen kes-
ki-iässä. Taudin syytä, osteoomia muodostavien solujen alkuperää tai sitä, mitkä viestinvälittäjät
saavat esiastesolut siirtymään luusolulinjalle, ei tiedetä. 

Tässä työssä tutkittiin ihon lukuisia jyvämäisiä osteoomia ja virhesijaintista luutumista yhdis-
tämällä kliinisiä ja solubiologisia menetelmiä. 

Laajasta kirjallisuuteen perehtymisestä ja viidestä omasta potilaasta saadut tulokset osoitti-
vat ihon lukuisten jyvämäisten osteoomien olevan oma erillinen tautinsa, jossa virhesijaintinen
luutuminen tapahtuu suoran luutumisen mekanismilla. Tauti ei näytä olevan yhteydessä aknear-
piin, hormonihäiriöihin tai GNAS-geenin mutaatioihin. 

Soluviljelykokeissa hiiren ja ihmisen verinahan fibroblastien ja hiiren karvatupen nystyn
solujen havaittiin erilaistuvan osteoblastityyppisiksi soluväliainetta mineralisoiviksi soluiksi.
Luun morfogeneettisillä proteiineilla (BMP) 4 ja 2/7 oli merkitsevä vaikutus yllä mainittujen
solujen erilaistumisessa. Yllättävää kyllä, ne edistivät hiiren solujen, mutta vähensivät ihmisen
solujen erilaistumista. Hiiren karvatupen soluille ja ihmisen fibroblasteille BMP-2/7 oli tehok-
kaampi kuin BMP-4. 

Potilaiden osteoma-aluetta verrattiin heidän terveeseen ihoalueeseensa samoin kuin vastaa-
viin ihoalueisiin kontrollihenkilöillä käyttäen menetelminä solujen erilaistamista luuta muodos-
tavaan suuntaan sekä geenien ilmentymisen tutkimista. Potilaiden iho erosi kontrollien ihosta
sekä osteooma-alueella että terveellä ihoalueella, mikä viittaa taudin olevan koko elimistöön vai-
kuttava. Tulokset vahvistavat aikaisempia löydöksiä siitä, että geenien ilmentyminen ihossa on
erilaista eri puolilla kehoa. Tämä voisi selittää osteoomien esiintymisen vain tietyllä alueella. 

Tämän tutkimuksen tulokset antavat uutta tietoa ihon lukuisista jyvämäisistä osteoomista ja
virhesijaintisesta luutumisesta ja saattavat olla hyödyksi kehitettäessä taudin hoitoa. Tutkimus
antaa uutta tietoa luun morfogeneettisten proteiinien erilaisesta käyttäytymisestä hiirellä ja ihmi-
sellä, mikä herättänee keskustelua hiirikokeiden yleistämisestä ihmiseen ja luun morfogeneettis-
ten proteiinien kliinisestä käytöstä. 

Asiasanat: fibroblastit, G-proteiinin stimuloiva α-alayksikkö, heterotooppinen
luutuminen, iho, ihon lukuisat jyvämäiset osteoomat, luun morfogeneettiset proteiinit
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1 Introduction 

Bone formation is a carefully regulated process. During embryogenesis, 

mesenchymal stem cells (MSCs) that are committed to an osteochondrogenic 

lineage condense and form bone either directly or via a cartilaginous template. 

The formation and growth of the skeleton is under strict genetic control. The 

surrounding tissue environment also substantially affects the size and shape of 

growing bone. After birth, bone formation is normally restricted to the skeletal 

system. 

However, a pathological condition called heterotopic ossification (HO) exists 

in which bone forms outside the skeletal system. It can occur in different soft 

tissues and result from various conditions such as trauma, surgical operation or 

degenerative disease. HO can occur also in genetic conditions without an external 

cause.  Primary HO in skin is found in several disorders, some of which have a 

known genetic background. Fibrodysplasia ossificans progressiva, progressive 

osseous heteroplasia, Albright hereditary osteodystrophy and plate-like osteoma 

cutis have a known genetic mutation and are quite widely studied diseases. In 

contrast, multiple miliary osteoma cutis is mainly known only from case reports. 

Its etiology and pathogenesis are poorly understood. 

The purpose of this study was to investigate multiple miliary osteoma cutis as 

a model of heterotopic intramembranous ossification. After reviewing the 

previous literature of the disease, the patients and their skin samples were studied 

carefully with various methods. Mouse skin cells were used to develop 

experimental cell culture methods and to test the effects of bone morphogenetic 

proteins, which have a role in other primary HO in skin, before studies with 

human cells. The skin area affected by osteomas was compared to an unaffected 

area of patients and also to the corresponding skin areas in controls. 
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2 Review of the literature 

2.1 Bone 

The function of the skeleton is to give mechanical support to the body, to protect 

its organs and to enable movement together with muscles. Bone also has 

functions in physiological processes, since it stores calcium and phosphate and 

regulates their balance in blood. Additionally the bone marrow of long bones is 

the site for production of hematopoietic cells. (Marks & Hermey 1996). 

Two forms of bone can be distinguished at the macroscopic level. Compact 

bone appears as a solid mass. Spongy bone consists of a network of trabecular (or 

cancellous) bone. Compact bone forms a dense but hollow cylinder which 

functions as a cortex for other sections of the bone. In the shaft or diaphysis area 

of long bones there is a marrow cavity inside compact bone. The ends of the long 

bones (epiphysis and metaphysis area) consist of spongy bone covered by a thin 

layer of compact bone. Most bones are surrounded by a layer called the 

periosteum, and an inner surface between the cortex and the marrow cavity is 

called the endosteum. Both layers contain osteoprogenitor cells, blood vessels and 

nerves. (Kierzenbaum 2007). 

Bone can be divided into two types based on bone matrix arrangement: 

lamellar and woven bone. Mature compact bone is typically lamellar with 

collagen fibers arranged in lamellae. In compact bone the lamellae are organized 

concentrically around a longitudinal vascular channel, called Haversian canal or 

osteon. The borders of osteons are seen as cement lines, marks of previous bone 

remodeling. Osteocytes are located in cavities called lacuna, which are connected 

with branching canaliculi. Woven bone is observed in the developing or immature 

bone. (Marks & Hermey 1996). 

Bone is composed of cells and matrix. There are four different cell types: 

osteoblasts, osteocytes, osteoclasts and bone lining cells. Osteoblasts are bone 

forming cells on the surface of bone. When osteoblasts have completed the matrix 

forming function they either die, become osteocytes embedded in the matrix or 

remain on the surface as bone lining cells. Osteoclasts are multinucleated cells of 

hematopoietic origin which resorb bone. (Boyce et al. 2013). 

The bone matrix consists of organic and inorganic components. The organic 

component contains type I collagen fibers, proteoglycans and noncollagenous 

proteins (e.g. osteocalcin, osteopontin, osteonectin and bone sialoprotein). The 
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inorganic component contains mainly hydroxyapatite, a complex phosphate of 

calcium. (Robey & Boskey 2008). 

2.2 Bone development 

The mammalian skeleton has three distinct origins: neural crest, paraxial 

mesoderm and lateral plate mesoderm. Bone formation occurs through two 

different mechanisms, by intramembranous or endochondral ossification. Paraxial 

mesoderm gives rise to the axial skeleton and lateral plate mesoderm to the 

appendicular skeleton. These both are of mesodermal origin and undergo mainly 

endochondral bone formation. The neural crest is of ectodermal origin and gives 

rise to the facial bones through intramembranous ossification (Figure 1). (For 

review, see Hojo et al. 2010). 

Fig. 1. The embryonic origins of mammalian skeleton and types of bone formation 

mechanisms. (Modified from Chung et al. 2004). 

In both types of ossification pre-existing connective tissue is replaced by bone. 

Mesenchymal cells condense and form skeletal elements which eventually 

calcify. In intramembranous ossification, a mesenchymal template is replaced by 

bone when progenitor cells differentiate directly into bone-forming osteoblasts. In 
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endochondral ossification, mesenchymal progenitor cells differentiate into 

chondroblasts and form a cartilage template, which is later replaced by bone. (For 

review, see Hall & Miyake 1995, Ornitz & Marie 2002). 

2.2.1 Intramembranous ossification 

Intramembranous ossification generates flat bones that compose the braincase, 

facial bones and medial clavicles. Parts of the scapula and sesamoid bones such as 

the patella also undergo intramembranous ossification. The majority of 

intramembranous bones derive from the neural crest, but also paraxial mesoderm 

can give rise to bones via intramembranous ossification. Facial bones, entire 

frontal and parietal bones, parts of temporal and occipital bones and medial 

clavicles are derived from neural crest. However, parts of the scapula and 

sesamoid bones are not of neural crest origin although they ossify 

intramembranously. (For review, see Franz-Odendaal 2011). 

Osteogenesis has three key phases: induction of cells to the skeletogenic 

lineage, condensation formation and differentiation of the cells. Induction is an 

interaction between cells or tissues, which directs their development. Neural crest 

cells are suggested to be determined to a certain fate prior to reaching their final 

destination. This means that neural crest derived cells, which are migrating to the 

site of skeletal formation, are already osteoprogenitor cells destined to the 

skeletogenic lineage. Epithelial-mesenchymal interaction occurs at their final 

destination and results in osteogenesis. After induction, mesenchymal cells 

aggregate and form condensations. The formation of a condensation requires an 

increase of cell number within the condensation and/or decrease of cell number 

surrounding the condensation. The process that enables condensation formation is 

the migration of cells towards the center or the lack of movement away from a 

center. The condensation needs to reach a critical size to enable the 

differentiation. (For review, see Ornitz & Marie 2002, Franz-Odendaal 2011). 

The different phases of condensation as well as other parts of ossification 

require specific sets of genes upregulated and others downregulated. These genes 

include hedgehog, homeobox, wingless-type integration site (Wnt), bone 

morphogenetic protein (BMP) and fibroblast growth factor (FGF) family 

members. In addition to these, runt related transcription factor 2 (Runx2) plays a 

critical role in osteoblast differentiation. Msh homeobox 2 (Msx2) is a target of 

FGF and BMP signaling and is suggested to be an upstream regulator of Runx2. 
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Msx2 is important in intramembranous ossification in the scull. (For review, see 

Hall & Miyake 1995, Franz-Odendaal 2011). 

After condensation has reached the critical size, undifferentiated 

mesenchymal cells differentiate to osteoprogenitor cells. These cells mature 

further to osteoblasts that express type I collagen in addition to Runx2. 

Osteoblasts deposit and mineralize bone matrix. Finally they either undergo 

apoptosis or become osteocytes embedded in the matrix. (For review, see Ornitz 

& Marie 2002). The main phases of intramembranous ossification are illustrated 

in Figure 2. 

Fig. 2. Schematic illustration of intramembranous bone formation. (Modified from 

Kierzenbaum 2007). 

2.2.2 Endochondral ossification 

Endochondral ossification generates long bones that compose the appendicular 

skeleton, vertebrae, base of the skull and lateral clavicles. In endochondral bone 

formation, the cells in mesenchymal condensations differentiate into 

chondrocytes, which secrete the various components of cartilage extracellular 

matrix (ECM). The cartilage model of a prospective bone expands through 

chondrocyte proliferation. Hypertrophy of the chondrocytes precedes the 

ossification of the cartilage model. Cells in the connective tissue surrounding the 

cartilage (perichondrium) differentiate into osteoblasts that deposit a mineralized 
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matrix and give rise to the cortical bone. (For review, see Ornitz & Marie 2002, 

Mackie et al. 2011). 

Blood vessels, osteoclasts and osteoblast progenitors invade the model from 

the cortical bone and proceed to form the primary ossification center in the 

midshaft. The cartilage is eroded and replaced by bone marrow and trabecular 

bone in the ossification center, which expands towards the ends of the cartilage 

model. Later, secondary ossification centers form at each end of the cartilage 

model. They leave cartilaginous growth plates between the primary and 

secondary ossification centers. The growth plate is responsible for further 

longitudinal bone growth. Skeletal maturity occurs when the expanding primary 

ossification center meets the secondary ossification center, thus obliterating the 

growth plate. (For review, see Mackie et al. 2011). 

2.3 Bone cells 

In bone there are four different types of cells, which originate from two different 

sources. Osteoblasts, osteocytes and bone lining cells, which are responsible for 

bone formation, originate from mesenchymal progenitors. Osteoclasts, which 

degrade bone, differentiate from hematopoietic progenitor cells. 

Osteoclasts originate from mononuclear myeloid lineage hematopoietic 

pogenitor cells, which fuse to form multinucleated cells. Osteoclastogenesis 

requires transcription factors, signaling molecules and cytokine receptors. The 

most important cytokines required for osteoclast formation are macrophage-

colony stimulating factor (M-CSF) and receptor activator of NF-κB ligand 

(RANKL), which are expressed by different cells in bone and other tissues. Their 

expression is increased in response to the factors that induce osteoclast formation, 

including cytokines, hormones, growth factors, and mechanical stress. Osteoclasts 

degrade bone and are thought to be under the control of osteoblastic, stromal and 

immune cells in the bone marrow. (Boyce et al. 2013). 

Osteoblasts are bone-forming cells on the surface of the bone. They are 

cuboidal or columnar in shape and highly polarized. Osteoblasts synthesize the 

organic components of bone matrix: type I collagen and non-collagenous proteins 

such as bone sialoprotein, osteopontin and osteocalcin. They are also responsible 

for regulating the mineralization of newly formed bone matrix. Osteoblasts are 

derived from the same MSCs as fibroblasts, adipocytes, myoblasts and 

chondroblasts. (Boyce et al. 2013). 
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After the formation of bone tissue, some of the osteoblasts become 

osteocytes, some become bone lining cells and some undergo apoptosis. 

Osteocytes are the most abundant bone cell type, which are located in separate 

lacunae enclosed in the bone matrix. They are connected to each other, to cells on 

the bone surface and to the blood supply through dendritic processes. The 

dendritic processes extend through bone via tunnel-like structures called 

canaliculi. Osteocytes function as sensory cells mediating the effects of 

mechanical loading through this lacuna canalicular network. Osteocytes respond 

to mechanical strain by sending signals of resorption or formation. Recently it has 

been shown that osteocytes also have an important function in regulating 

phosphate homeostasis. (Bonewald 2008). Osteocytes synthesize sclerostin, 

which inhibits bone formation via Wnt pathway. Sclerostin production is 

increased by calcitonin and inhibited by parathyroid hormone and is used as a 

marker of osteocytes. Anti-sclerostin antibodies are studied as a possible 

therapeutic approach to osteoporosis. (Balemans et al. 2001, ten Dijke et al. 2008, 

Costa & Bilezikian 2012). 

Bone-lining cells are the post-proliferative osteoblastic cells, which have an 

inactive appearance at the bone surfaces. They participate together with matrix 

metalloproteinases in removing demineralized collagen that was not digested by 

osteoclasts from the bottom of a resorption pit, thus they participate in linking the 

resorptive and formative remodeling phases. (Everts et al. 2002). 

2.4 Bone formation 

2.4.1 Mesenchymal stem cells 

MSCs are multipotent stem cells located mainly in the stromal compartment of 

the bone marrow. They have also been isolated from other tissues, such as adipose 

tissue (Zuk et al. 2002), umbilical cord blood (Lee et al. 2004), placenta (Li et al. 
2005), dental tissues (Huang et al. 2009) and skin dermis (Al-Nbaheen et al. 
2013). Different tissues have niches, microenvironments where stem cells are 

found and which interact with these cells to regulate cell fate. In the human body, 

theseniches maintain adult stem cells in a quiescent state. After tissue injury the 

surrounding micro-environment actively signals to stem cells to either promote 

self-renewal or differentiation to form new tissues. Stem cell characteristics 

within the niche are regulated by various factors including cell-cell interactions 
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between stem cells, interactions between stem cells and neighboring differentiated 

cells, as well as interactions between stem cells and adhesion molecules, 

extracellular matrix components, growth factors or cytokines. The 

physiochemical nature of the environment including the pH, ionic strength and 

metabolites is also important (Scadden 2006). MSCs are positive for stromal-

associated surface antigens and negative for endothelial and hematopoietic 

antigens (Dominici et al. 2006). Stromal cells can proliferate without 

differentiation or differentiate into any of the mesenchymal tissues such as 

adipose, osseous, cartilaginous or connective tissues depending on various 

influences from cytokines or growth factors (Martin et al. 1997). 

In addition to multilineage differentiation capacity, MSCs have 

immunosuppressive ability, susceptibility to gene modification and extensive 

capacity for in vitro expansion. MSCs can migrate to some tissues, especially 

when injured or under pathological conditions, and they also secrete a broad 

spectrum of bioactive macromolecules that are both immunoregulatory and help 

to structure the regenerative microenvironments (Vishnubalaji et al. 2012). These 

bioactive factors secreted by MSCs have both paracrine and autocrine activities 

and they can alter the local immune system and thereby repair the injured tissues 

with their trophic effects (Caplan & Dennis 2006). Because of all this, MSCs 

have been used for tissue engineering and clinical trials for gene therapy for a 

variety of diseases (Trounson et al. 2011). Lately, the criteria and naming of 

mesenchymal cells isolated from various tissues with various differentiation 

capacities has stimulated discussion especially because of their therapeutic use 

potential (Bianco et al. 2013, Shen 2013). 

2.4.2 Osteoblast differentiation 

Osteoblast formation begins when MSCs commit to osteogenic precursors, which 

then differentiate to pre-osteoblasts and mature to osteoblasts. This occurs under 

the influence of transcription and growth factors, cytokines and hormones (Boyce 
et al. 2013). Runt related transcription factor (Runx2, also called core binding 

factor 1, Cbfa1) is essential in bone formation and is at the intersection of many 

signaling pathways regulating osteoblast differentiation (For review, see Lin & 

Hankenson 2011). Runx2 is required for mesenchymal condensation in osteoblast 

differentiation (For review, see Komori 2005) and its absence prevents osteoblast 

formation and further both intramembranous and endochondral ossification (Komori 
et al. 1997). Osterix is a transcription factor which functions downstream from 
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Runx2 and together with Runx2 is essential in the commitment of multipotent 

mesenchymal cells to the osteoblastic lineage. Runx2 inhibits adipogenesis and 

Osterix inhibits chondrogenesis (For review, see Komori 2005).  Forced expression 

of Runx2 in non-osteoblastic fibroblasts is reported to be sufficient to induce 

expression of osteoblastic markers such as type I collagen, osteopontin, bone 

sialoprotein and osteocalcin (Ducy et al. 1997). Runx2 can be activated by a variety 

of signals including FGF2, BMPs and hormones such as parathyroid hormone (PTH) 

(For review, see Franceschi & Xiao 2003). 

Notable paracrine signaling pathways in osteoblast formation and bone 

homeostasis in general include BMP, Wnt, and Notch. BMPs are signaling 

factors, which are required for Runx2-dependent induction of osteoblast 

formation. BMPs can induce bone specific gene expression also via Runx2 

independent pathways (Phimphilai et al. 2006). Wnts are secreted proteins that 

signal via a canonical or non-canonical pathway. Canonical Wnt signaling acts 

through a receptor of the frizzled family and co-receptor LRP5/6 (low-density 

lipoprotein receptor-related proteins) to activate intracellular signal transducer β-

catenin, which then induces the transcription of target genes. Non-canonical Wnt 

signaling is independent of LRPs and β-catenin (For review, see Lin & 

Hankenson 2011). Notch are receptors that take part in cell fate determination. 

Notch signaling acts to maintain mesenchymal progenitors and inhibit 

differentiation of osteoblast progenitors, but it does not affect the function of 

mature cells. Factors that negatively regulate osteoblasts are mainly secreted 

proteins that prevent the binding of BMPs or Wnts to their receptors leading to 

downregulation of canonical BMP or Wnt signaling. BMP inhibitors include 

noggin, chordin and gremlin, and Wnt inhibitors include secreted frizzled-related 

proteins, dickkopf WNT signaling pathway inhibitor 1 (Dkk1) and sclerostin 

(Boyce et al. 2013). 

Cytokines and hormones important in osteoblast differentiation include PTH 

and PTH related peptide (PTHrP), vitamin D and glucocorticoids. PTH regulates 

serum calcium levels and also has both anabolic and catabolic effects on bone. 

PTH and PTHrP have a common PTH/PTHrP receptor (PTH1R) which is expressed 

in PTH and PTHrP target cells, such as osteoblasts in bone. Continuous 

administration of PTH or PTHrP induces bone resorption. PTH can also induce 

stimulation of bone formation and there is evidence that this stimulation involves 

insulin-like growth factors (IGF), transforming growth factor β (TGF-β) and other 

growth factors. PTHrP can direct the osteoblastic commitment of mesenchymal cells 

and enhance BMP-signaling (For review, see Datta & Abou-Samra 2009). Due to its 
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anabolic effects, such as increasing osteoblastogenesis and osteoblast survival, PTH 

has been used as a therapeutic approach for the treatment of severe osteoporosis 

(Esbrit & Alcaraz 2013). The secretion of PTH itself is regulated mainly by the 

calcium concentration through negative feedback. 

Vitamin D (1,25-(OH)2D3) regulates mineral ion homeostasis increasing both 

calcium and phosphate dietary absorption, but it also has direct effects in osteoblasts. 

Vitamin D is produced upon sunlight irradiation of skin or ingested from the diet and 

metabolized in the liver and kidney to become active. The vitamin D receptor, which 

belongs to the nuclear receptor family of transcription factors, is expressed also in 

osteoblastic cells and the effects depend on the differentiation stage of the cells. 

In rodents both cell culture and transgene studies suggest that the effects of 

vitamin D on osteoblasts vary depending on the stage of differentiation and the 

duration of exposure. Vitamin D inhibits osteoblast specific gene expression in 

early phases of differentiation but increases mature osteoblast activity. Vitamin D 

also suppresses osteoclastogenesis via increasing osteoblast osteoprotegerin 

production in compact bone targeting the resorption to cancellous bone. (Owen et 
al. 1991, Baldock et al. 2006). 

Endogenous glucocorticoids, as well as synthetic glucocorticoids used for 

inflammatory diseases, have adverse effects on bone such as lowering bone 

mineral density and increasing fracture risk. Several mechanisms have been 

proposed for these effects but the most important effect seems to be altering the 

proliferation and differentiation of the osteoblast lineage cells. Glucocorticoid-

induced effects on osteoblasts are dependent on the duration and concentration of 

the treatment, and on the differentiation stage of the cells (Cooper et al. 1999). 

Dexamethasone, a synthetic glucocorticoid, increases osteoblast proliferation, 

alkaline phosphatase (ALP) activity, calcium nodule formation and osteoblast 

specific gene expression in rat osteoblast cultures after a short exposure (48 h) in 

small amounts (10–8M and 10–6M) while larger amounts (10–4M) have no effect 

or suppress all these responses (Lu et al. 2012).  

Osteoblasts express various proteins during differentiation including ALP, 

type I collagen, osteopontin, bone sialoprotein and osteocalcin. ALP is used as an 

early marker, while osteocalcin is considered to be a late marker for osteoblast 

differentiation (Krause et al. 2008). In cell culture studies it has been shown that 

ALP expression increases after 7 days of osteogenic differentiation. In MSCs and 

periodontal ligament cells ALP activity continued to increase from 1 week to 3 or 

4 weeks (Cheng et al. 1996, Khanna-Jain et al. 2010) and in adult human skin 

derived fibroblasts ALP RNA increases from 1 to 2 weeks (Al-Nbaheen et al. 
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2013). In human MSCs both type I collagen and osteopontin expression have a 

peak during the first week of osteoblastic differentiation, while expression of 

bone sialoprotein and osteocalcin starts to increase after one week and continues 

to increase until five weeks of differentiation (de Frutos et al. 2009, Grayson et 
al. 2011). 

2.4.3 BMP-signaling in bone 

Bone morphogenetic proteins (BMP) are growth and differentiation factors 

belonging to the TGF-β superfamily (Wozney et al. 1988). BMPs, around 20 of 

which have been identified so far, are shown to be important in the development 

and morphogenesis of several tissues and organs (For review, see Bragdon et al. 
2011). BMPs signal through their receptors in canonical and non-canonical 

pathways. BMPs bind as dimers to type I and type II serine/threonine receptor 

kinases, forming an oligomeric complex. On oligomerization, the type II receptors 

phosphorylate and consequently activate the type I receptors. In the canonical 

pathway the activated type I receptors phosphorylate BMP receptor–regulated 

transcription factors Smad1, -5, and -8, which then associate with the Co-Smad, 

Smad4. This complex translocates into the nucleus to regulate the expression of a 

number of genes, including Runx2, and thus activate osteoblast differentiation 

(Figure 3). Non-canonical BMP signaling is through the mitogen activated protein 

kinase (MAPK) pathway (Krause et al. 2008, Boyce et al. 2013). 
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Fig. 3. A schematic illustration of canonical BMP signaling. (Modified from Lin & 

Hankenson 2011). 

BMPs have variety of functions in several tissues and organs. They also have the 

ability to induce ectopic bone formation, which was the first function detected 

and the reason they are named BMPs. In bone, BMPs are produced by 

osteoprogenitor cells, osteoblasts, chondrocytes and platelets. BMPs are deposited 

in the extracellular matrix, which functions as a temporary storage for them. The 

effects of BMPs depend on the target cell type and its differentiation stage, as 

well as the local concentration of BMPs and the interactions with other proteins. 

(For review, see Groeneveld & Burger 2000).  

Different BMPs have overlapping functions and they function together in 

some tissues. In bone formation it is known that human intramembranous and 

endochondral bones show different patterns of BMP expression. Studies suggest 

that BMP-3, -4, -7 and -8 are more strongly related to intramembranous and 

BMP-2 and 5 to endochondral ossification (Aono et al. 1995, Suttapreyasri et al. 
2006, Yu et al. 2010). Interestingly, also the environment affects the type of bone 

formation; fibroblasts transduced with the BMP-2 gene induced endochondral 

ossification after intramuscular injection and intramembranous ossification when 
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injected into calvarial defects (Wang et al. 2009). Separate BMPs can induce bone 

formation but there is evidence that they normally work together. For example, 

BMPs 2, 4, and 7 are expressed in overlapping patterns during limb development 

(Lyons et al. 1995, Nishimatsu & Thomsen 1998) and fracture healing (Cho et al. 
2002). BMP heterodimers have been shown to have greater biological activity 

than their constituent homodimers (Aono et al. 1995, Zhao et al. 2005, Zheng et 
al. 2010). 

Many BMP studies have been performed with rodents, and a difference in 

BMP response between rodent and human cells has been reported. In human 

MCSs, but not in rat, BMP-2 induces overexpression of Msx-2, a homeobox 

protein and transcription factor (Osyczka et al. 2004). Msx-2 is expressed in 

proliferating osteoblast progenitors and it inhibits the terminal differentiation of 

osteoblasts, probably by repressing Runx2 activity (Dodig et al. 1999, Shirakabe 

et al. 2001). Another homeobox protein that is expressed in differentiating 

osteoblasts is distal-less homeobox 5 (Dlx5), which inhibits Msx-2-mediated 

suppression of Runx2 activity and is required for BMP-2-induced osteogenesis 

(Shirakabe et al. 2001, Lee et al. 2003). 

Some BMPs are used clinically to promote bone healing (Waris et al. 2010, 

Lissenberg-Thunnissen et al. 2011). BMP-2 and BMP-7 are the most extensively 

evaluated BMPs, comparable to the use of unspecific preparations such as 

autologous bone grafts or platelet-rich plasma in bone healing (For review, see 

Lissenberg-Thunnissen et al. 2011). The potency of BMP-2 and BMP-7 has been 

compared. In vitro the ALP production was markedly higher with BMP-2 

compared to BMP-7 (Barr et al. 2010), whereas in vivo the comparison results of 

different studies are contradictory. Although the efficacy of BMPs has been 

demonstrated in several studies, a Cochrane review concluded that the times of 

fracture healing were comparable between controls groups and groups treated 

with BMP-2 or BMP-7 (Garrison et al. 2010). The clinical use of BMPs is 

controversial also because of several side effects, such as ectopic bone formation, 

stimulation of cancer cells and development of antibodies against BMPs or carrier 

vehicle (For review, see Lissenberg-Thunnissen et al. 2011).  

2.5 Heterotopic ossification 

After birth, bone formation is normally restricted to the skeletal system, but in 

heterotopic ossification (HO), bone is formed outside the skeletal system. 

Heterotopic ossification can be traumatic, post-surgical, neurogenic, genetic or 
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related to neoplasms or degenerative conditions. It can occur in skeletal muscle, 

ligaments, subcutaneous tissues, skin and fibrous tissue next to joints or walls of 

blood vessels (For review, see McCarthy & Sundaram 2005). Heterotopic bone 

resembles normal mature bone both histologically and radiographically, but it can be 

distinguished from simple calcifications by the presence of osteogenic cells. The 

pathogenesis of heterotopic bone requires the presence of progenitor cells capable 

of osteogenic differentiation, an inductive signal and the appropriate tissue 

environment (For review, see Shore & Kaplan 2010). In many tissues there are 

MSCs which have the potential to differentiate into bone forming osteoblasts, 

cartilage forming chondroblasts as well as adipocytes (Dominici et al. 2006). In 

different types of HO the role of the inductive signal and tissue environment 

varies. It has been suggested that there are pathways of the immune system, the 

central nervous system and the indigenous inflammatory response that lead to the 

release of osteoinductive factors resulting in HO (For review, see Sakellariou et 
al. 2012).  

Traumatic HO occurs in response to injuries such as joint fractures, blast 

injuries and burns. In studies concerning orthopedic trauma, HO formation is 

suggested to arise from a cell population that is similar to the osteoprogenitor cell 

population responsible for fracture healing. Systemic inflammation is thought to 

play a significant role in HO formation in trauma patients because these patients 

demonstrate a profound systemic inflammatory response. Commonly used 

prophylaxes against HO formation are nonsteroidal anti-inflammatory drugs 

(NSAIDs) and radiation therapy. NSAIDs are thought to interfere with HO 

formation by their inhibition of inflammatory prostaglandins, which are known 

potent co-stimulatory molecules with BMPs in the induction of heterotopic bone. 

(For review, see Nauth et al. 2012). 

Heterotopic ossification is common in several surgical operations such as hip 

and knee arthroplasty and cervical disc arthroplasty, where more than one third of 

the patients develop HO. Traumatic damage of the muscles or collagen fiber is 

thought to be the main reason for this phenomenon. Damaged or inflammatory 

cells reaching the injured area release signaling factors, which induce 

undifferentiated mesenchymal cells in the muscles and connective tissues to 

differentiate into osteoblasts and chondroblasts producing ectopic bone. (Rama et 
al. 2009, Chen et al. 2012). 

Neurogenic HO occurs in response to injury to the central nervous system 

(CNS) including traumatic brain injury and spinal cord injury. It has been 

suggested that humoral factors, so called neuro-osseous signals released by the 
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injured CNS and the following events (i.e. oxidative stress, effects of mechanical 

ventilation, free radical formation etc.) lead to the development of neurogenic HO 

(For review, see Sakellariou et al. 2012). Neuro-osseous signals may have a direct effect on the differentiation of progenitor cells. It has been suggested that neurogenic HO occurs in response to systemic factors in conjunction with local tissue stimuli that promote the osteogenic differentiation of progenitor cells when not suppressed by CNS signals (For review, see Nauth et al. 2012). 
Genetic HO occurs in patients with certain rare inherited conditions. In 

fibrodysplasia ossificans progressiva (FOP) there is a mutation in the gene for 

BMP type-I receptor, activin receptor IA/activin-like kinase-2 (ACVR1/ALK2), 

which results in dysregulation of BMP signaling and causes endochondral 

progressive ossification. Mutations in the GNAS gene encoding the G-protein α-

stimulatory subunit (Gαs) have been found to cause three diseases with 

intramembranous ossification, namely progressive osseous heteroplasia (POH), 

Albright hereditary osteodystrophy (AHO) and plate-like osteoma cutis (PLOC) 

(For review, see Shore & Kaplan 2010). The GNAS gene and genetic HO are 

discussed in more detail later. Heterotopic ossification can be related to 

neoplasms, although it is rare compared to calcification, which is commonly 

found in neoplasms. HO has been reported in many cancers including breast, 

lung, gastrointestinal tract and kidney carcinomas. Osseous metaplasia has been 

thought to be induced by intratumoral mesenchymal cells which are influenced by 

locally acting tumor cell factors (Hara et al. 2000, Lang et al. 2011). 

Heterotopic ossification can be found also in atherosclerotic vessels and 

valves, where trabecular bone emerges from amorphous mineralized matrix. The 

ossification is found to be endochondral, while bone is located near cartilaginous 

material. Mature vascular cells, such as smooth muscle cells and valvular 

interstitial cells, are thought to transdifferentiate into osteochondrogenic cells. 

This differentiation seems to respond to mechanical and microenvironmental 

cues. Mineral deposits have been found to co-localize with sites of mechanical 

stress on valves. It has also been suggested that mineral crystallization may 

originate within extracellular membrane vesicles, such as matrix vesicles or 

apoptotic bodies, which offer a microenvironment high in calcium and phosphate 

and carry membrane-bound ALP. The role of calcium phosphate crystal formation 

inhibitors and lipid oxidation related to hyperlipidemia have been studied as 

possible causes of vascular calcification and further ossification. (For review, see 

Sage et al. 2010). 
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2.6 Skin 

The main function of the skin is to serve as a barrier between the internal and the 

external environment. It protects the individual against mechanical and chemical 

stimuli, sun ultraviolet radiation, abrasion and water evaporation. Skin 

participates in temperature regulation, vitamin D metabolism and sensation. It 

absorbs substances, secretes sebum and functions as an immunological organ. 

Skin also has a cosmetic function. 

Skin consists of two main layers, a superficial epidermis and a deeper dermis, 

which have different embryonic origins and different morphology. Epidermis is 

ectodermal while dermis, nerves, vessels and subcutaneous fat are all 

mesodermal. In the trunk skin, dermal cells are derived from mesoderm while in 

facial skin, dermal cells originate from neural crest derived ectomesenchyme (For 

review, see Dupin & Sommer 2012). The main structures in skin are illustrated in 

Figure 4. 
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Fig. 4. A schematic illustration of skin and its appendages. 

2.6.1 Epidermis 

Epidermis on the top of the skin is a multilayered sheet of cells with varying 

diameter in different parts of the body, on average 100 µm. It lacks nerves and 

vasculature and has only a very small amount of extracellular matrix. The main 

cell type in epidermis is the keratinocyte. Keratinocytes form four cell layers 

above the basal membrane separating epidermis from dermis. The regeneration of 

skin starts from the deepest basal layer. It consists of basal cells, the epidermal 

stem cells, which can divide giving rise to keratinocytes capable of 

differentiation, and to additional primitive stem cells. Keratinocytes mature, move 
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to the upper spinous and granular layers, die after terminal differentiation and 

finally peel off from the most superficial keratin layer. The thickness of 

epidermis, especially the keratin layer, varies between different skin areas. 

Keratinocytes produce a complex mixture of proteins called keratins and also 

different lipids. During maturation the amount and type of lipids change; 

phospholipids decrease and sphingolipids increase when the cells reach the 

keratin layer. In addition to keratinocytes, epidermis has also three other cell types 

that are few in number: melanocytes, which produce melanin pigment for 

protection from ultraviolet light, Merkel cells, which participate in sensation and 

Langerhans cells, which function in the immune system. (Braun-Falco et al. 2000, 

Slater 2009). 

2.6.2 Dermis and appendages 

The dermis is located under the epidermis and can be divided to an upper 

papillary layer consisting of extensions (dermal papillae) between the downward 

projecting rete ridges of the epidermis and a deeper reticular layer. In contrast to 

epidermis, dermis is composed mainly of extracellular matrix and has few cells. 

The main component of the dermal extracellular matrix is collagen composing 

more than 90% of the dry weight of dermis. The principal collagens in dermis are 

types I and III, which form fibrillar structures responsible for the resistance of the 

skin. The elasticity of the skin is provided by elastic fibers, composed of elastin 

and fibrillin.  Elastic fibers form a fine network throughout the dermis and also 

surround blood vessels and adnexal structures. Both collagen and elastic fibers are 

thin in papillary dermis and much thicker in reticular dermis. 

Glycosaminoglycans compose only 0.1–0.3% of the dry weight of the skin but 

absorb water and thus are important in hydration of the skin. Glycosaminoglycans 

are polysaccharides, and the main types in skin are hyaluronic acid and 

chondroitin sulfates (For review, see Bernstein & Uitto 1996, Watt & Fujiwara 

2011). The principal cells of dermis are fibroblasts, which produce the 

components of the extracellular matrix. Other cell types include lymphocytes, 

endothelial cells and adipocytes. The dermis contains blood and lymph vessels as 

well as nerves. The blood vessels are organized into superficial and deep vascular 

plexuses in the papillary dermis and near subcutaneous tissue, respectively. The 

nerves in the papillary dermis extend almost to the epidermis and often end in 

specialized structures such as Pacinian and Meissner corpuscles (Slater 2009). 
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Skin contains several specialized appendages extending from the epidermis 

into the dermis. Hair follicles, sebaceous glands and sweat glands develop as a 

result of interaction between basal epidermal cells and specialized mesenchymal 

cells. The hair follicles have multiple layers, which form as a result of epithelial-

mesenchymal interactions controlling the cyclic pattern of hair growth. Most of 

the hair follicle is epidermal including the follicle bulge containing stem cells 

while the dermal part is only inside the hair bulb in the bottom of the hair follicle. 

The skin in mammals contains thousands of hair follicles, which undergo 

continuous regenerative cycling. A hair follicle cycles through anagen (growth), 

catagen (involution) and telogen (resting) phases. The basis of this cycle is the 

ability of hair follicle stem cells to briefly exit their quiescent state to generate 

transient amplifying progeny and simultaneously maintain a cluster of stem cells. 

Hair stem cells located in the follicle bulge are regulated by the surrounding 

microenvironment. In mouse it has been shown that regeneration occurs in waves 

in a follicle population, implying coordination among adjacent follicles and the 

extrafollicular environment. Within a hair follicle, periodic activation of b-catenin 

in bulge stem cells is responsible for their cyclic activity, and periodic expression 

of BMP-2 and BMP-4 in the dermis regulates this process. (Plikus et al. 2008). 

The arrector pili muscle forms between a hair follicle and dermal connective 

tissue. The muscle contracts to pull the hair into a vertical position, which is 

important for temperature control in furry animals. The sebaceous glands are 

located near hair follicles and provide lipids that lubricate the hair shaft and, 

together with lipids produced by epidermal cells, maintain a lipid film on the skin 

surface. The eccrine sweat glands control temperature and are under neural 

regulation. They excrete sweat as a result of physical activity, excess temperature 

or emotional stress. Nails protect and support distal digits. Subcutaneous tissue 

below the dermis is closely connected to dermis both anatomically and 

physiologically. Vessels and nerves between skin and deeper tissues go through 

subcutaneous tissue and attach the skin to underlying tissues. Subcutaneous tissue 

consists mainly of fat, which serves as protective padding and a reservoir of 

energy. (Braun-Falco et al. 2000). 

2.6.3 Skin aging and photodamage 

Skin, as other organs, is subject to an unpreventable intrinsic aging process. 

Theories of intrinsic skin aging include cellular aging and shortening of telomers, 

mutations of DNA, oxidative stress and decrease of several hormone levels. The 
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deficiency of estrogens and androgens after menopause cause collagen 

breakdown and loss of elasticity as well as dryness, wrinkling and epidermal 

atrophy. Furthermore, parts of the skin are also susceptible to exogenous factors 

such as ultraviolet radiation, airborne particulate matter and tobacco smoke. 

Regardless of differences, intrinsic and extrinsic aging share several common 

factors. Formation of reactive oxygen species and DNA damage lead to increased 

induction of matrix metalloproteinases (MMP) in both keratinocytes and 

fibroblasts. MMPs degrade collagen generating fragmented collagen particles, 

which in turn reduce the mechanical tension of fibroblasts and inhibit the 

synthesis of new collagen. Both UV light and the influx of neutrophilic 

granulocytes upregulate the expression of elastase, which destroys elastic fibers. 

(For review, see Kohl et al. 2011). 

2.6.4 Different skin areas 

Skin is the largest organ of the human body and its properties differ according to 

anatomical sites. The density of appendages, the structure of epidermis and the 

thickness of the keratin layer varies from site to site. Hair follicles are dense and 

thick in the scalp, much thinner in the forehead and absent in the palms and soles. 

The epidermis and specially the keratin layer are thick in soles and palms and 

much thinner in other parts of the body. Apocrine sweat glands exist mainly in 

apocrine rich areas such as axilla and groin. Proteins of dermis, especially the 

collagens, are arranged in specific patterns that are characteristic for different 

sites of the body, called Langer’s lines. Surgical incisions should be made along 

the long axis of these lines to avoid scarring arising from disruption of collagen 

fibers. The different properties of the skin in different anatomical locations have 

an impact on the presence and symptoms of skin diseases. For example acne 

occurs on the face, where sebaceous glands are active and typical locations of 

atopic dermatitis are crooks and eyelids, where the skin is thin. (Braun-Falco et 
al. 2000, Slater 2009). 

Chang et al. have shown that fibroblasts from different skin areas have 

distinct phenotypes and characteristic transcriptional patterns. They found that 

differentially expressed genes included those participating in extracellular matrix 

synthesis, lipid metabolism, and cell signaling pathways that control proliferation, 

cell migration, and fate determination. Several genes involved in genetic diseases 

were found to be expressed in an anatomic pattern that paralleled the phenotypic 
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defects. Adult fibroblasts from various topographic sites express a unique pattern 

of Hox genes, which may direct topographic differentiation. (Chang et al. 2002). 

2.6.5 Stem cells in skin 

In skin there are many types of stem cells. The basal cell layer in epidermis 

contains epidermal stem cells, which are also found in the bulge area near hair 

follicle epithelium (Taylor et al. 2000). In dermis there are different clusters of 

mesenchymal cells such as fibroblasts, adipocytes and hair follicle dermal papilla 

cells. All these groups contain MSC-like cells capable of undergoing osteogenic 

differentiation under suitable conditions (Zuk et al. 2002, Jahoda et al. 2003, Al-

Nbaheen et al. 2013). The vascular endothelial cells in dermis are able to undergo 

endothelial mesenchymal transition (EMT) and further osteogenic differentiation 

(Chaudhuri et al. 2007, Medici et al. 2010). In the majority of studies concerning 

fibroblast-like cells the source of dermal cells has been neonatal foreskin (Toma 
et al. 2005, Lorenz et al. 2008). In some studies, osteogenic differentiation has 

also been shown to occur in mesenchymal cells isolated from adult skin (Lysy et 
al. 2007, Al-Nbaheen et al. 2013), while in other studies these adult cells were not 

able to differentiate (Lennon et al. 2000, Hee & Nicoll 2011). 

Dermal fibroblasts have been used to cure skin diseases such as chronic 

ulcers, burns and genodermatoses, as well as in reconstructive and cosmetic 

surgery (For review, see Wong et al. 2007). The use of allogeneic fibroblasts has 

many advantages since rejection of the graft is rare because dermal fibroblasts 

lack major histocompatibility complex class II antigens (Theobald et al. 1993, 

Falanga et al. 1998). It has been proposed that when skin cells are cultured in 

vitro the antigen presenting cells such as Langerhans cells are lost after serial 

passages and therefore do not stimulate a rejection process (Phillips et al. 2002). 

Hair follicle dermal papilla cells have been studied as a cellular therapy for the 

treatment of hair loss (Qiao et al. 2009). 

2.7 Heterotopic ossification in skin 

Skin is one place among the other soft tissues, such as skeletal muscle and walls 

of blood vessels, where heterotopic ossification (HO) can occur. HO in skin may 

be primary without pre-existing disease or secondary in which a cutaneous 

inflammatory or neoplastic process leads to ossification. Primary HO in skin is a 

rare condition and can be divided by the mechanism of bone formation into 
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endochondral and intramembranous types. These types can further be divided 

according to their clinical course to progressive and limited ossification.  Several 

forms of HO occurring in skin have a genetic background (Table 1). 

Table 1. Characteristics of diseases with heterotopic ossification in skin. 

Disorder Bone formation Clinical course Genetic background 

Fibrodysplasia ossificans 

progressiva (FOP) 

Endochondral Progressive ACVR1 mutation 

Progressive osseous 

heteroplasia (POH) 

Intramembranous Progressive GNAS mutation 

Albright hereditary 

osteodystrophy (AHO) 

Intramembranous Limited GNAS mutation 

Plate-like osteoma cutis 

(PLOC) 

Intramembranous Limited GNAS mutation 

Multiple miliary osteoma 

cutis (MMOC) 

Intramembranous Limited Not known 

Modified from Fairley 2008 (Fairley 2008) 

Endochondral progressive HO is found in fibrodysplasia ossificans progressiva 

(FOP, OMIM 135100), the most serious and widely studied form of primary HO. 

FOP-patients are born with malformations of the great toes. After birth patients 

have sporadic episodes of painful soft tissue swellings, which are often triggered 

by soft tissue injury, intramuscular injections, viral infection, muscular stretching, 

falls or fatigue. These flare-ups change skeletal muscles, tendons, ligaments, 

fascia, and aponeuroses into heterotopic bone, making movement difficult or 

impossible. FOP is caused by an autosomal dominant activating mutation in the 

ACVR1-gene, which encodes ALK2, a bone morphogenetic protein type I receptor 

(Shore et al. 2006, Pignolo et al. 2011). It has been suggested that the origin of 

HO in FOP might be endothelial cells, which undergo an endothelial 

mesenchymal transition probably triggered by inflammatory cytokines. Medici et 
al. found that osteochondrogenic lesions in FOP patients were positive for an 

endothelial marker. They showed that constitutively active ALK2, which is the 

case in FOP, caused EMT and acquisition of a stem cell like phenotype. These 

stem cell like cells could be triggered to differentiate into osteoblasts, 

chondroblasts and adipocytes. Similar EMT was also induced by treatment of 

endothelial cells with TGF-β2 and BMP4 (Medici et al. 2010). 

Intramembranous heterotopic ossification is found in four distinct diseases, 

namely progressive osseous heteroplasia, Albright hereditary osteodystrophy, 
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plate-like osteoma cutis and multiple miliary osteoma cutis (Kaplan et al. 1994, 

Yeh et al. 2000, Adegbite et al. 2008). In progressive osseous heteroplasia (POH, 

OMIM 166350) the ossification progresses from skin into deep skeletal muscle in 

contrast to other forms of intramembranous HO where bone formation is limited 

to skin and subcutaneous tissue (Adegbite et al. 2008). Limited 

intramembraneous ossification can be found with or without associated features. 

Albright hereditary osteodystrophy (AHO) is a syndrome where superficial 

intramembranous ossification is one symptom among other so called AHO 

features, such as short stature, obesity, round face, brachydactyly and cognitive 

abnormalities. AHO can exist with or without hormonal abnormalities including 

hypocalcemia, hypophosphatemia and end organ resistance to parathyroid 

hormone (PTH). AHO with described hormonal features is also called 

pseudohypoparathyroidism Ia (PHP Ia, OMIM 139320) and AHO without 

hormonal features is also called pseudopseudohypoparathyroidism (PPHP, OMIM 

612463) (For review, see Plagge et al. 2008). In plate-like osteoma cutis and in 

multiple miliary osteoma cutis there is only cutaneous intramembraneous 

ossification without other features. Plate-like osteoma cutis (PLOC) is a disorder 

where at least one plate-like bone lesion is found in the dermis at birth or during 

the first year of life (Yeh et al. 2000). In multiple miliary osteoma cutis (MMOC), 

tiny bone fragments develop in the dermis and near subcutaneous tissue in late middle 

age (Bergonse et al. 2002). In POH, AHO and PLOC there is a mutation in the 

same GNAS gene encoding the G-protein α-stimulatory subunit (Gαs) (Patten et 
al. 1990, Rao et al. 1991). These three form a clinical spectrum of disorders 

where the severity depends not on the specific mutation in the GNAS gene but 

instead at least partly on the inheritance mechanism (Adegbite et al. 2008). 

Diseases with a GNAS gene mutation also exists that lack heterotopic ossification. 

They are not discussed in this thesis. 

GNAS is a complex imprinted gene, which uses multiple promoters to 

generate several gene products. The main product is the G-protein α-stimulatory 

subunit (Gαs), which is ubiquitously expressed. It couples seven transmembrane 

receptors to adenylyl cyclase and is required for linking receptor stimulation to 

intracellular cAMP production. Gαs is imprinted in a tissue-specific way. It is 

expressed primarily from the maternal allele in certain hormonally regulated 

tissues such as renal proximal tubules, thyroid, pituitary and ovaries. Maternally 

inherited mutations are associated with AHO with hormonal resistance and 

paternal inherited mutations with AHO alone or with POH (For review, see 

Weinstein et al. 2004, Adegbite et al. 2008, Plagge et al. 2008). In addition to 
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Gαs, other transcripts are produced from the GNAS gene using different 

promoters. An extra-long Gαs (XLαs) transcript encodes an extra-long form of 

Gαs and is expressed only from the paternally inherited allele. The 

neuroendocrine secretory protein-55 (Nesp55) transcript is structurally and 

functionally unrelated to Gαs and is maternally expressed (For review, see 

Weinstein et al. 2004, Pignolo et al. 2011). 

The connection between the GNAS gene and HO is becoming clearer. A 

reduction in the amount of Gαs protein has been shown to induce osteogenic 

differentiation in human MSCs (Lietman et al. 2005). Pignolo et al. have studied 

the role of the GNAS gene in the osteogenic differentiation of adipose tissue cells. 

They have found that Gαs, XLαs and Nesp55 are all expressed in adipocytes and 

adipose stroma and the abundance of these transcripts is enhanced by osteoblast 

differentiation of adipose derived mesenchymal progenitors. GNAS transcripts are 

suggested to prevent the osteoblast differentiation of adipose stromal cells.  

Heterozygous inactivation of GNAS eliminates upregulation of multiple GNAS 

transcripts and these changes may be connected to accelerated osteoblast 

differentiation of adipose stromal cells (Pignolo et al. 2011). Using pluripotent 

embryonic stem cells Zhang et al. showed that inhibition of cyclic adenosine 

monophosphate (cAMP) signaling enhanced osteoblast differentiation. Increased 

cAMP signaling instead inhibited osteoblast differentiation at early stages after 

osteogenic induction but also enhanced adipogenesis. They suggest cAMP to be a 

critical regulator of osteoblast and adipocyte lineage commitment. Additionally, 

increased cAMP signaling decreased the BMP pathway indicating that GNAS 

inactivation enhances osteoblast differentiation at least partly via the BMP 

pathway (Zhang et al. 2012). 

2.8 Multiple miliary osteoma cutis 

Multiple miliary osteoma cutis (MMOC) is a rare skin disease where 

intramembranous limited ossification occurs without any other symptoms. It was 

first described by Virchow at 1864 and later by Hopkins at 1928 (Virchow 1864, 

Hopkins 1928). To date, the MMOC literature has mainly been limited to case 

reports, which have used different names for same phenomenon, such as multiple 
miliary osteoma of the skin, multiple miliary osteoma of the face, miliary 
osteomas of the face, primary miliary osteoma cutis, miliary osteoma cutis of the 
face, multiple miliary osteoma cutis of the face, postacne osteoma cutis, osteoma 
cutis, miliary osteoma cutis, osteosis cutis multiplex, miliary osteoma of the face. 
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In MMOC tiny bone fragments develop in the dermis and nearby subcutaneous 

tissue in late middle age (Boneschi et al. 1993, Lo Scocco et al. 1997, Bergonse 
et al. 2002). In most of the cases the osteomas are found in facial skin, but also 

upper chest and back area may be affected (Goldminz & Greenberg 1991, 

Schuhmachers & Worret 1992). Osteomas usually remain localized but they may 

slowly increase in number (Burford 2007).  

The etiology and pathogenesis of MMOC is poorly understood. The role of 

inflammation and especially acne in osteoma formation has been discussed in the 

literature, since osteomas occur in the same skin area as acne lesions (Hopkins 

1928, Moritz & Elewski 1991). Since many of the patients are middle aged 

women there has also been discussion about the role of estrogen, which has been 

shown to stimulate osteogenesis (Goldminz & Greenberg 1991, Zhou et al. 2001, 

Dang et al. 2002, Stockel et al. 2002). The origin of osteoma forming cells in 

MMOC is unknown, but the role of MSCs and dermal fibroblasts in osteoma 

formation has been discussed (Oikarinen et al. 1992, Stanke et al. 2003, Junker et 
al. 2009). The signaling factors directing the precursor cells to an osteogenic 

lineage are also unknown. Under discussion have been BMPs, which are shown 

to have a role in osteoblastic differentiation of dermal fibroblasts and are found in 

mesenchymal cells surrounding the heterotopic bone in osteoma cutis (Kim et al. 
2008, Hee & Nicoll 2009). 

MMOC patients find osteomas to be disturbing cosmetically, especially when 

occurring on the face. No curative treatment has been discovered, although a 

variety of treatments have been described. Some studies have reported the 

benefits of topical tretinoin (Moritz & Elewski 1991, Cohen et al. 2001), while 

diphosphonate therapy has not caused any notable improvement (Goldminz & 

Greenberg 1991, Schuhmachers & Worret 1992). Furthermore, different types of 

surgical treatments have been described to remove osteomas (Lo Scocco et al. 
1997, Stockel et al. 2002). However, despite a 150-year history of reported cases 

of MMOC, the cause, pathogenesis and treatment of the disease remain obscure. 
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3 Aims of the study 

Heterotopic ossification is a pathological condition in which bone forms outside 

the skeletal system. It can also occur in skin, which is the case in some genetic 

disorders. In multiple miliary osteoma cutis (MMOC), tiny bone fragments develop 

in the dermis and nearby subcutaneous tissue during middle age. Previously the 

literature discussing MMOC has been primarily composed of single patient case 

reports, and the etiology of the disease is poorly understood. The origin of the 

osteoma-forming cells is not known nor are the signaling factors that trigger the 

progenitor cells to differentiate along the osteogenic lineage. The genetics of MMOC 

has not been studied previously. The purpose of this study was to investigate this rare 

skin disease and the pathogenesis of ectopic bone formation in order to gain more 

information about heterotopic ossification. This is a translational study, that combines 

the study of clinical patients and the application of cell and molecular biology 

methods. 

The specific aims were: 

1. To study what is known about multiple miliary osteoma cutis and about 

adult onset primary heterotopic ossification in general. 

2. To investigate whether MMOC has a connection to GNAS gene 

mutations or hormonal parameters. 

3. To analyze if skin derived fibroblasts can differentiate toward an 

osteogenic lineage and whether this is affected by certain bone 

morphogenetic proteins (BMPs). To determine if mouse and human cells 

respond similarly to differentiation inducers. 

4. To examine if there are differences between MMOC patients’ skin and 

control skin and if there are differences between different anatomical skin 

areas.  
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4 Materials and methods 

4.1 Patients (I, III) 

Five multiple miliary osteoma cutis patients and two age matched controls were 

examined clinically by experienced dermatologists at the Department of 

Dermatology, Oulu University Hospital. Skin and blood samples were obtained 

for diagnostic and research purposes. Skin samples (punch biopsies 6 mm and 

larger skin biopsies) were taken from the osteoma affected skin area on the upper 

chest and from an unaffected area on the lower abdomen. Four patients (patients 

1–4) were studied in publication I and four patients (patients 1 and 3–5) and two 

controls in publication III. These studies were approved by the Joint Ethical 

Committee of Oulu University Hospital and the studies were carried out in 

accordance with the provisions of the Helsinki Declaration (1983). The different 

experiments with patient material are shown in Figure 5. See below for detailed 

description of the methods. 

Fig. 5. The MMOC patients and controls were studied with various methods in original 

publications I and III. A triangle represents a skin sample from an osteoma area in the 

upper chest and a circle represents a sample from an unaffected area in the lower 

abdomen. Filled symbols represent patient samples and open symbols represent 

controls.  
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4.2 Histology and immunohistochemistry (I, III) 

Histology and immunohistochemistry were carried out using standard methods. 

Polyclonal antibodies to BMP-2 and -4 were diluted 1 : 50 (Abnova, Taipei City, 

Taiwan), a monoclonal antibody to estrogen receptor-a was diluted 1 : 40 to 1 : 80 

(Novocastra Laboratories, Newcastle-upon-Tyne, U.K.) and monoclonal antibodies 

to CD54 (Novocastra Laboratories, Newcastle-upon-Tyne, U.K.) and CD105 

(Dako, Glostrup, Denmark) were diluted 1 : 50. The secondary antibody and 

diaminobenzidine tetrahydrochloride (DAB) for color development were from the 

EnVision Detection System (Dako, Glostrup, Denmark). The samples were analyzed 

by light microscope by two experienced researchers. For BMP 

immunohistochemistry, normal human skin samples were used as negative controls 

and enchondromas as positive controls. 

4.3 X-ray, laboratory tests and DNA analysis (I) 

A hand X-ray was taken to exclude skeletal disorders in all patients. The laboratory 

tests performed in all patients were thyroid-stimulating hormone, free thyroxine, 

parathyroid hormone, calcium, phosphate, ALP and 25-hydroxide vitamin D. 

Peripheral blood for DNA analyses from patients 1 and 2 was collected at the 

University Hospital of Oulu, Finland, and analyzed at the Johns Hopkins DNA 

Diagnostic Laboratory, Baltimore, MD, U.S.A. DNA from the peripheral blood of 

patients 3 and 4 was isolated by the Puregene DNA purification kit (Gentra Systems, 

Minneapolis, MN, U.S.A.) at the Department of Clinical Genetics, University  

Hospital of Oulu, Finland. DNA from the skin of patient 4 (upper chest, near osteoma 

area) was isolated by the Macherey-Nagel NucleoSpin Tissue kit (Macherey-Nagel, 

Du¨ren, Germany) after homogenization of the skin sample. The GNAS gene was 

sequenced at the University Medical Center Utrecht, the Netherlands. Both 

sequencing methods used detect most mutations in the GNAS gene, with the exception 

of large deletions and duplications. 

4.4 Cell culture (II, III) 

All materials were from Sigma-Aldrich (Dorset, UK) if not otherwise stated. All 

animal experimentation was approved by the Animal Care and Use Committee of 

the University of Oulu. Medium was changed every 3–4 days. 70–80% confluent 
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cells were subdivided and used for experiments in the 3rd (mouse cells) or 4–6th 

(human cells) passages. 

4.4.1 Mouse fibroblasts (II) 

Nine to ten week old FVB/N HanHsd male mice (Friend Virus B-Type, inbred 

mouse strain) were sacrificed at the Laboratory Animal Centre of the University 

of Oulu. The fibroblast isolation method was modified from Seluanov et al. 
(Seluanov et al. 2010). Briefly, the dermis and underlying fascia were isolated 

from the upper thorax (area between front paws), cut to 1x1 mm pieces and 

digested in a solution containing αMEM, 500 U/ml collagenase I (Worthington) 

and 20 U/ml deoxyribonuclease I (DNAseI). After inactivation of digestion 

enzymes and washing, the cells were plated in culture medium (αMEM, 13.5% 

heat-inactivated fetal bovine serum (HyClone), 2mM L-glutamine, 100U/ml 

penicillin, 0.1 mg/ml streptomycin, 10 mM hydroxyethyl 

piperazineethanesulfonic acid (HEPES) and 1.25 µg/ml amphotericin B 

(Invitrogen)) in a 25 cm2 cell culture flask. The medium was changed every 3–4 

days. The amount of serum was decreased to 10% after the first division. 

4.4.2 Mouse dermal papilla cells (II) 

Seven to nine week old FVB/N HanHsd male mice were sacrificed at the 

Laboratory Animal Centre of the University of Oulu. Hair follicle dermal papilla 

(DP) cells were isolated as previously described (Jahoda et al. 1991). Papillas 

were plated in separate wells in 4-well plates, up to 15 per well, and cultured in 

medium containing αMEM, 20% heat-inactivated fetal bovine serum (HyClone), 

2mM L-glutamine, 0.5 mg/ml gentamycin and 2.5 µg/ml amphotericin B 

(Invitrogen). The amount of serum was decreased to 10% after the first division.  

4.4.3 Human dermal cells (III) 

Fresh skin samples from two patients (patients 1 and 5) and two controls were 

collected to PBS. The epidermis and adipose tissue were removed. The tissue was 

moved to αMEM, 500 U/ml collagenase I (Worthington) and 20 U/ml DNAse I 

and cut to 1x1mm pieces. Digestion was carried out for 30–90 minutes at +37 °C 

until the tissue was degraded to barely visible pieces. One volume of cell culture 

medium containing αMEM, 10% heat-inactivated fetal bovine serum (HyClone), 
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2mM L-glutamine, 100U/ml penicillin, 0.1 mg/ml streptomycin, 10 mM HEPES 

and 1.25 µg/ml amphotericin B (Invitrogen) was added and the suspension was 

centrifuged at 190g for 5 minutes. The cells were suspended in 10 ml cell culture 

medium, centrifuged again and plated in 5 ml culture medium in a 25 cm2 cell 

culture flask. The cells were cultured at +37 °C in a humidified atmosphere 

containing 5% CO2.( 2 should be subscript not superscript) After 3 days, the 

culture medium containing detached cells was moved to a 3 cm petri dish.  

4.5 Osteogenic differentiation (II, III) 

Cells were cultured in 24-well plates for 10, 21, 28 or 35 days in four different 

media. Osteogenic induction medium contained 10 nM (mouse cells) or 100 nM 

(human cells) dexamethasone, 10 mM β-glycerophosphate (Fluka Biochemica) 

and 0.17 mM ascorbic acid-2-phosphate in addition to basic cell culture medium. 

BMP-4 homodimer or BMP-2/7 heterodimer (50 ng/ml R&D Systems) was added 

to osteogenic medium for the first 7 days. For mouse cells osteogenic medium 

was used for the first week and after that replaced by an osteogenic medium 

containing β-glycerophosphate and ascorbic acid-2-phosphate but not 

dexamethasone or BMPs. For human cells, osteogenic medium containing 

dexamethasone was used continuously, but BMPs were present only for the first 

week. The basic cell culture medium, containing αMEM, 10% heat-inactivated 

special fetal bovine serum (Gibco), 2mM L-glutamine, 100U/ml penicillin, 0.1 

mg/ml streptomycin and 10 mM HEPES, was used as a control. Cells were plated 

(5000cells/well) in five replicate wells. 

4.5.1 Alkaline phosphatase (ALP) assay (II, III) 

ALP activity was measured after 10 (mouse cells) or 21 days (human cells) of 

osteogenic differentiation. For ALP histochemical staining (II), the cells were 

washed with PBS, fixed with citrate-acetone formaldehyde fixative, washed with 

deionized water and stained for enzyme activity with alkaline solution containing 

naphthol AS-BI phosphate and fast red violet LB base according to the 

manufacturer’s instructions (Alkaline phosphatase kit, Sigma-Aldrich). For ALP 

quantitative activity, the cells were washed with PBS, , the lysis buffer containing 

50 mM Tris-HCl (tris(hydroxymethyl)aminomethane-hydrochloric acid), 0.1% 

Triton-X-100 (polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether), 

0.9% NaCl, pH 7.6, was added and the plates were frozen at least overnight at -
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70 °C to complete the lysis. After thawing and mixing the content of the wells, 

ALP enzyme activity was determined by using 0.1 mM 4-p-nitrophenylphosphate 

as a substrate in assay buffer, containing 0.1 M Tris, 1 mM MgCl2, pH 10. After 

30 minutes incubation at room temperature, the reaction was stopped by adding 

1.0 M NaOH and the absorbance was measured at 405 nm (Victor 2, Wallac Oy, 

Turku, Finland). Five parallel samples were measured. The protein content was 

determined by Bio-Rad Protein Assay (Bio-Rad Laboratories) with bovine serum 

albumin as the standard. The specific ALP activity was calculated as absorbance 

at 405 nm / protein mg/ml. 

4.5.2 Calcium concentration (II, III) 

The calcium content was determined after 21, 28 or 35 days of osteogenic 

differentiation. For von Kossa silver staining of mineralized nodules (II) the cells 

were washed with PBS, covered with 1% silver nitrate (AgNO3) for 30 minutes 

under UV light, washed with deionized water, covered with 2.5% sodium 

thiosulfate for 5 minutes and washed with deionized water. For quantitative 

calcium concentration analysis the cells were washed with PBS, then 0.6 M HCl 

was added and incubated overnight at room temperature. The calcium content was 

determined based on the reaction of calcium with o-cresolphthalein-complexone 

according to the manufacturer’s instructions (Roche Diagnostics Corporation, 

Mannheim, Germany). The colorimetric reaction was measured at 540 nm (Victor 

2, Wallac Oy, Turku, Finland). Five parallel samples were measured (in DP cells 

only 2–3 parallel samples). 

4.5.3 Statistical analysis (II, III) 

Statistical analyses were performed with an IBM Statistical Package for the 

Social Sciences (IBM SPSS; version 19, Chicago, IL) using One-Way ANOVA 

(analysis of variance) and Scheffe and Tukey HSD PostHoc tests. The normality 

of distributions was tested by the Kolmogorow-Smirnov test. Values of P<0.05 

were considered as statistically significant. Graphs were drawn with Origin Pro 

8.6.0 (OriginLab Corp., Northampton, MA). 
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4.6 Flow cytometric analysis of surface antigens (III) 

The fibroblasts were characterized according to the minimal criteria panel of 

surface antigens proposed by the Mesenchymal and Tissue Stem Cell Committee 

of the International Society for Cellular Therapy (Dominici et al. 2006) as 

previously described (Pietila et al. 2012). Conjugated antibodies were: CD90 and 

CD200 (fluorescein isothiocyanate (FITC); StemCell Technologies, Vancouver, 

BC, Canada), CD105 (FITC; Abcam, Cambridge, UK), and CD44 (FITC),CD49e 

(phycoerythrin (PE)), CD54 (allophycocyanin (APC)), CD73 (PE), and HLA-

ABC (human leukocyte antigen, locus ABC) (APC) all from BD Biosciences, San 

Jose, CA, USA. Negative surface antigens for hMSCs were: CD14, CD19, CD34, 

CD45 and HLA-DR (all PE; BD Biosciences). Analysis was performed by a 

FACSCalibur instrument (Becton, Dickinson and Company, Franklin Lakes, NJ, 

USA), equipped with dual lasers emitting at 488 and 633nm. The fluorescence 

emissions were measured at 530±30nm, 585±42nm, and 661±16nm; and data 

were compensated and analyzed with CyflogicTM software (CyFlo Ltd, Finland). 

Positivity for a particular antibody was defined by negative controls. 

4.7 Gene expression studies (III) 

Frozen skin samples from three patients (patients 3–5) and two controls were 

individually homogenized with an Ultra Turrax T10 homogenizer (IKA, Staufen, 

Germany).  Total RNA was isolated with TRIzol® according to the manufacturer’s 

instructions. Experimental procedures for Gene Chip were performed at the DNA 

Sequencing and Expression Analysis Core Facility, Biocenter Oulu, Finland 

according to the Affymetrix Gene Chip Expression Analysis Technical Manual. In 

essence, using 3 μg of total RNA as a template, double-stranded DNA was 

synthesized by means of the One-cycle complementary deoxyribonucleic acid 

(cDNA) synthesis kit (Affymetrix) and T7 (dT) 24 primer. The DNA was purified 

using the Gene Chip Sample Cleanup Module (Qiagen). In vitro transcription was 

performed to produce biotin labeled complementary ribonucleic acid (cRNA) 

using an IVT labeling kit (Affymetrix) according to the manufacturer’s 

instructions. Biotinylated cRNA was cleaned with a Gene Chip Sample Cleanup 

Module (Qiagen), fragmented to 35–200 nt, and hybridized to Affymetrix Human 

Genome U133 Plus 2.0 arrays, which contain approximately 55,000 human 

transcripts. After being washed, the array was stained with streptavidin-

phycoerythrin (Molecular Probes). The staining signal was amplified using 
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biotinylated anti-streptavidin (Vector Laboratories) and a second staining with 

streptavidin-phycoerythrin, and the array was then scanned on the Gene Chip 

Scanner 3000. The expression data were analyzed using the dChip analysis 

program (Li & Wong 2001). The data discussed in this publication have been 

deposited in NCBI's Gene Expression Omnibus (Edgar et al. 2002) and are 

accessible through the GEO Series accession number GSE48129 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE48129). 
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5 Results 

5.1 Multiple miliary osteoma cutis in previous literature (I) 

Multiple miliary osteoma cutis (MMOC) is a rare disease and the etiology is still 

unknown. A literature search was performed using both PubMed and Web of Science 

citation analysis including articles published in languages other than English. Only 47 

cases which satisfy the criteria for MMOC were found. These cases included 41 

female and six male patients. Their osteomas started to occur at a mean age of 47 

years (range 17–79) and usually appeared on the face. Extrafacial osteomas occurred 

in only seven patients (four female, three male). In MMOC the osteomas appeared in 

the same skin areas as acne lesions, most often on the face, and 55% of the reviewed 

cases had a history of acne vulgaris. Forty-one of the 47 patient cases were women 

and six (13%) had used hormone replacement therapy. In one case osteoma formation 

was associated with oral estrogen. 

5.2 Examination of MMOC-patients (I, III) 

Patient 1 was a 60-year-old woman who had dozens of 1–5-mm papules on her 

temples, cheeks and anterior neck. They had gradually appeared on healthy skin over 

the past 12 years. The patient had a history of mild acne as a teenager. She had taken 

systemic hormone replacement therapy for 17 years. The patient received 

experimental treatment with oral isotretinoin and later tetracycline 500 mg per day 

with topical tretinoin. Despite the treatments her disease continued to progress slowly 

over a 6-year follow-up and the pre-existing osteomas did not resolve. 

Patient 2 was a 57-year-old man who had dozens of 1–6-mm diameter hard 

papules on the cheeks, chin, neck, shoulders, upper arms, chest and back. The largest 

papules were on the upper chest. The first lesions had appeared on the chest 8 years 

prior to presentation. The patient had a history of acne on his face, arms, upper back 

and especially his chest from his teens until his 30s, for which he had not used any 

medication. He had no preceding skin problems or systemic disease. The papules 

multiplied during 4 years of follow-up. 

Patient 3 was a 65-year-old man who had dozens of 4–10-mm hard papules on 

the upper chest concentrated at the neck-line. The papules had slowly appeared over 

the previous 15 years. The patient had a history of acne during his teens. Treatment 

with isotretinoin proved to be ineffective to diminish the papules. The larger osteomas 
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were removed surgically. Despite the treatments his disease continued to progress 

slowly over a 4-year follow-up and the pre-existing osteomas did not resolve. 

Patient 4 was a 64-year-old man who had dozens of 2–8-mm diameter hard 

papules on the chest. The first lesions appeared 5 years prior to presentation. The 

patient had a history of acne during his teens which continued in a milder form in 

adulthood. He had received no treatment for the acne. 

Patient 5 (described as patient 2 in publication III) was a 69-year-old man who 

had dozens of hard papules on the chest. The first lesions appeared over 10 years prior 

to presentation. The patient had a history of very mild acne on his face during his 

teens and mild psoriasis from his teens. 

The clinical and histological pictures from patients 1 and 3 are shown in Figure 6. 

 

Fig. 6. Multiple osteomas on the cheek of patient 1 (A) and on the upper chest of patient 3 

(C). Histology of punch biopsy samples reveal osteomas in the dermis (B, patient 1 and D, 

patient 3). Hematoxylin eosin stain; original magnification 1:4; scale bar 500 µm. 
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5.2.1 Histopathological findings (I, III) 

Histology of the biopsy samples revealed tiny round bone fragments, 0.5 to 5 mm 

in diameter. The bone nodules were located in the reticular dermis and near the 

subcutaneous tissue beneath the normal epidermis. The nodules were not 

connected to hair follicles, other adnexal structures, blood vessels or nerves. The 

collagen fibers were arranged in parallel arrays in the lamellar bone and fewer 

osteocytes were oriented in the same direction as the collagen fibers. Very few 

osteoblasts lined the bone fragments. Some mature haversian systems were seen, 

but there were very few osteoclasts. Cartilaginous material or chondrocytes 

forming a cartilage model were not seen. Some lymphocytes and plasma cells 

were observed. Part of the bone nodules contained also bone marrow cavity-like 

structures containing adipose tissue and clusters of cells. 

Immunostaining revealed BMP-2- and BMP-4-positive cells in normal skin 

and in the patients’ skin. BMP-2 and -4 were found in epidermal keratinocytes, 

dermal fibroblasts, endothelial cells, sweat gland cells, sebaceous gland cells and 

hair follicle cells. A subset of osteoblasts lining osteomas and osteocytes forming 

osteomas were positive for BMP-2 and ⁄or BMP-4. Immunostaining for estrogen 

receptor-α was negative.  

Both CD105 and CD54 stained endothelial cells, also in the small capillaries. 

In the control epidermal basal layer there were very few cells that showed 

positive staining for CD54. Otherwise epidermis, connective tissue, sebaceous 

glands or hair follicles were not stained. In both CD105 and CD54 stainings the 

extent and intensity of staining varied, but there were no clear differences 

between the samples. Accumulation of positively stained cells, such as MSC 

infiltrations, could not be found. 

5.2.2 Laboratory tests and radiography (I) 

Laboratory examination revealed normal serum chemistry and phosphate levels in 

all patients. A resistance to parathyroid hormone (PTH) and thyroid-stimulating 

hormone (TSH) are associated with AHO, one of the GNAS-associated 

endocrinological disorders. In the patients, however, there was no evidence of 

PTH or TSH resistance, with normal serum PTH, calcium, phosphate, TSH and 

thyroxine levels in all four patients. 

Hand radiographs were taken to exclude short metacarpals and ⁄or phalanges 

sometimes associated with GNAS gene-based disorders. They were all normal. Thus 
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there was no evidence of the typical laboratory and radiological abnormalities 

associated with AHO. 

5.2.3 GNAS gene studies (I) 

GNAS gene sequencing using DNA extracted from peripheral blood was normal in all 

patients. Analysis using DNA extracted from the skin sample of patient 4 also did not 

reveal any mutations. The sequencing methods used have detected most mutations in 

the GNAS gene, with the exception of large deletions and duplications. 

5.3 Osteogenic differentiation of mouse skin fibroblasts and 
dermal papilla cells (II) 

Mouse skin fibroblasts were able to differentiate into ALP positive cells capable 

of matrix mineralization. BMP-4 and BMP-2/7 elevated ALP activity and calcium 

concentration significantly more than osteogenic induction medium (OS) alone. It 

is notable, that the effect of BMP addition on mineral production was evident at 3 

weeks, yet at 5 weeks there was no difference in deposited calcium between the 

OS and OS + BMP groups. The effects of BMP-4 and BMP-2/7 were similar in 

magnitude in comparison to OS alone. 

Osteogenic induction medium alone could not induce osteogenic 

differentiation in hair follicle dermal papilla (DP) cells. However, osteogenic 

induction medium containing BMP-4 or BMP-2/7 could induce DP cells to 

differentiate into cells capable of matrix mineralization. In these cells, BMP-2/7 

seemed to be more potent than BMP-4. 

5.4 Osteogenic differentiation of MMOC patient and control dermal 

fibroblasts (III) 

5.4.1 Osteogenic differentiation 

Skin fibroblasts isolated from osteoma areas (upper chest) and unaffected healthy 

skin areas (lower abdomen) in one patient and equal areas from one healthy 

person were all able to differentiate into ALP positive cells capable of matrix 

mineralization. Fibroblasts isolated from another patient and another healthy 

person did not differentiate. Fibroblasts in both the osteoma area and healthy skin 
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area had slight ALP activity both in patient and control samples. Calcium 

production in cells from the patient’s healthy skin area was significantly higher 

compared to the cells from same area in control skin. There was significantly 

more calcium production in the osteoma area compared to the healthy skin area 

both in patient and control fibroblasts. In cells from control skin this difference 

was more considerable than in the patient sample, due to mild calcium production 

in cells from the healthy skin area. 

BMP treatment at the beginning of the differentiation process reduced 

calcium production in cells from all skin areas. The BMP-2/7 heterodimer was 

more potent than the BMP-4 homodimer in this reduction of calcium production 

in cells from other skin areas except the control upper chest area, where its’ effect 

was similar to BMP-4. In fibroblasts from unaffected areas in both patient and 

control, the BMP-2/7 heterodimer could almost completely prevent the 

differentiation to cells capable of matrix mineralization induced by osteogenic 

medium. The effects of BMP treatments differed between patient and control only 

in fibroblasts from the osteoma area since BMP-2/7 treatment reduced calcium 

production significantly more than BMP-4 in patient cells whereas in control cells 

both BMPs had similar effects on calcium production. 

5.4.2 Flow cytometric analysis of surface antigens 

Fibroblasts isolated from patient 1 and control 1 fulfilled the characteristics of cell 

surface antigens assembled by The International Society of Cellular Therapy for 

hMSCs. There were differences between the source of fibroblasts in surface 

markers CD105 and CD54. More than 95% of fibroblasts that differentiated into 

cells capable of matrix mineralization were positive for CD105, whereas less than 

90% of cells that did not differentiate were positive for CD105. In surface marker 

CD54 there were differences between the sources of the cells, but CD54 did not 

show as clear a correlation to calcium production as CD105. 



 60

5.5 Gene expression studies from MMOC patient and control skin 
(III) 

5.5.1 Comparing patients’ skin to controls 

Gene expression in patients’ skin differed from control skin. In the patients’ 

osteoma area 2274 genes were differentially expressed 1.5 or more fold compared 

to controls and in patients’ unaffected healthy skin area 1965 genes were 

differentially expressed 1.5 fold or more compared to controls. A skeletal 

development gene list was chosen to examine these differences in detail. Table 2 

lists the genes of skeletal development that changed 1.5 fold or more. In patients, 

4 genes were upregulated and 10 genes downregulated in both the osteoma area 

and unaffected skin area compared to controls. Three genes were upregulated 

only in osteoma areas and two genes in control areas. Four genes were 

downregulated in osteoma areas and three genes only in control areas. One gene 

was downregulated in the osteoma area and upregulated in a control area. One 

interesting gene outside the skeletal development gene lists is the GNAS complex 

locus, which was downregulated in patients compared to controls in both osteoma 

and control areas.  

5.5.2 Comparing osteoma affected skin area to unaffected area 

Gene expression in the osteoma affected skin area differed from that of unaffected 

skin in patients and the corresponding regions of controls (Table 3). In all subjects 

17 genes were upregulated 1.5 fold or more in the osteoma area compared to an 

unaffected area. These include genes taking part in inflammation and lipid 

metabolism. There were no genes downregulated more than 1.5 fold in an 

osteoma area compared to an unaffected area in all subjects.  

In patients’ osteoma areas 36 genes were upregulated and 9 genes 

downregulated 1.5 fold or more. Upregulated genes included the same or same 

type of genes as shown in Table 3. One interesting upregulated gene was secreted 

frizzled related protein 2. Downregulated genes include four homeobox genes 

(homeobox A5, A7, A9 and A10).  
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Table 2. Genes on the skeletal development gene list for which expression was 

changed more than 1.5 fold in patients compared to controls. Fold change is shown 

as lowest and highest values from three patients. 

 Gene Fold change 

Abbreviation  Name Osteoma area Unaffected area 

Downregulated in patients   

THRA thyroid hormone receptor, alpha  2.16-4.62 2.32-4.01 

WWTR1 WW domain containing transcription regulator 1 2.07-3.03 2.27-3.18 

TCOF1 Treacher Collins-Franceschetti syndrome 1 2.88-8.61 3.16-9.66 

FBN1 fibrillin 1 3.2-9.7 2.49-11.55 

BMPRII bone morphogenetic protein receptor, type II 7.82-12.22 6.88-11.45 

CALCA calcitonin/calcitonin-related polypeptide, alpha 2.5-7.08 1.96-6.88 

GNAQ 

Guanine nucleotide binding protein, q 

polypeptide 3.43-5.34 2.69-13.27 

EXT1 Exostoses (multiple) 1 (2 probe sets) 2.8-14.46 1.85-3.49 

HEXA Hexosaminidase A (alpha polypeptide) 10.86-32.67 5.56-53.61 

FGFR1 Fibroblast growth factor receptor 1 (2 probe sets) 2.06-5.8 2.29-5.7 

PTH1R parathyroid hormone receptor 1 2.06-3.1  - 1 

PTN pleiotrophin  3.08-5.21  - 1 

PRELP 

proline/arginine-rich end leucine-rich repeat 

protein 2.33-4.63  - 1 

FOXC1 forkhead box C1 2.48-8.49  - 1 

OSTF1 osteoclast stimulating factor 1  - 2 1.84-3.16 

COL11A2 collagen, type XI, alpha 2  - 2 3.39-23.07 

EGFR Epidermal growth factor receptor  - 2 2.89-4.39 

ANKH Ankylosis, progressive homolog (mouse) 2.41-3.84 3 

   

Upregulated in patients   

IGFBP4 insulin-like growth factor binding protein 4 7.37-18.51 13.37-20.62 

IGF2 insulin-like growth factor 2 (somatomedin A) 3.43-5.23 2.69-6.42 

EN1 engrailed homolog 1 6.37-37.99 4.71-11.86 

ZBTB16 Zinc finger and BTB domain containing 16 3.64-5.97 4.27-9.74 

TGFB1 transforming growth factor, beta 1 3.31-7.11  - 1 

CTNNB1 catenin (cadherin-associated protein), beta 1 1.66-4.6  - 1 

TRAPPC2 trafficking protein particle complex 2 2.15-4.76  - 1 

MAPK8 mitogen-activated protein kinase 8  - 2 5.17-7.81 

SOX5 SRY (sex determining region Y)-box 5  - 2 2.5-6.29 

ANKH Ankylosis, progressive homolog (mouse)  3 2.25-3.77 
1 gene expression not changed in control area 
2 gene expression not changed in osteoma area 
3 gene expression downregulated in osteoma area and upregulated in unaffected area 
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Table 3. Genes upregulated more than 1.5 fold in osteoma areas compared to 

unaffected areas in all subjects. Fold change is shown as lowest and highest values 

from five subjects.  

 Gene Fold change 

Abbreviation Name  

Related to inflammation  

SERPINA serpin peptidase inhibitor, clade A (antitrypsin) 3.42-8.24 

S100A8 S100 calcium binding protein A8 2.69-9.85 

S100A7 S100 calcium binding protein A7 3.69-32.55 

SPRR1B small proline-rich protein 1B (cornifin) 1.94-2.98 

ALOX15B arachidonate 15-lipoxygenase, type B 2.11-10.14 

CHI3L1 chitinase 3-like 1 (cartilage glycoprotein-39) 1.82-7.91 

  

Related to lipid metabolism  

FA2H fatty acid 2-hydroxylase 1.82-5.77 

SOAT1 sterol O-acyltransferase 1 2.02-11.63 

ELOVL elongation of very long chain fatty acids 2.58-79.58 

CIDEA cell death-inducing DFFA-like effector a  1.85-9.06 

THRSP thyroid hormone responsive (SPOT14 homolog, rat) 1.88-5.54 

FAR1 Male sterility domain containing 1 1.99-13.81 

   

Others   

CRAT carnitine acetyltransferase 2.03-9.62 

F7 coagulation factor VII  2.44-188.19 

SPRR1A small proline-rich protein 1A 2.28-3.55 

KRT79 keratin 6L 2.58-5.39 

GAL galanin 2.05-59.24 
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6 Discussion 

6.1 Multiple miliary osteoma cutis is a distinct disease entity 

MMOC was first described by Virchow at 1864 (Virchow 1864, Hopkins 1928). 

After that the disease has been described mainly by case reports, which have used 

different names for the same phenomenon namely miliary osteomas of the skin. 

The case reports have usually described a middle-aged woman with hard granules 

on facial skin, which have appeared to be real bone tissue in pathological 

examination. The etiology and pathogenesis of MMOC has been briefly 

discussed, but not extensively studied in these reports (Boneschi et al. 1993, Lo 

Scocco et al. 1997, Bergonse et al. 2002). The discussion has mainly concerned 

the origin of the osteoma forming cells and the role of acne and hormonal factors. 

The possible genetic background has not previously been studied. 

6.1.1 The review of the literature and five new cases 

We started the investigation of MMOC by doing an extensive literature search, 

including articles published in languages other than English. Only 47 cases were 

found which satisfy the criteria for MMOC. The mean age when osteomas started 

to occur was 47 years (range 17–79). This confirmed the middle age onset 

although there were some reports of the disease in young patients (Basler et al. 
1974, Goldminz & Greenberg 1991). The cases included 41 female and six male 

patients. Osteomas appeared usually on the face; extrafacial osteomas were found 

only in seven patients (four female, three male). Our own five new cases are 

compatible with previously published cases according to the age of onset 

(approximately 52 years in our patients). 

The sex distribution is different in our cases, including four males and only 

one female. The female had facial osteomas while all four males had most of the 

osteomas on the upper chest. This is compatible with published cases where 

extrafacial osteomas were more common among male cases. It is possible that in 

the literature female cases are over represented. Males may not contact doctors 

because of papules on the chest while females with papules on the face may feel 

more uncomfortable and seek treatment. A variety of treatments have been 

described , but no curative treatment has been discovered. It is surprising that 

topical application of tretinoin could reduce mature bone as described in some 
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cases, although only two patients were reported to benefit from topical tretinoins 

(Moritz & Elewski 1991, Cohen et al. 2001). Different types of surgical 

treatments have been used as an attempt to remove osteomas (Lo Scocco et al. 
1997, Baginski & Arpey 1999, Altman et al. 2001, Senti et al. 2001, Stockel et al. 
2002, Vergamini et al. 2007). They seem to be the best treatments thus far as half 

of the described cases have used surgical treatment with acceptable results. 

The histopathological samples taken from our patients show osteoma 

formation in the dermis without any association with pilosebaceous units or 

adnexa. The osteomas revealed normal lamellar bone. The smooth cement line 

and small amount of osteoclasts indicate weak resorption and only appositional 

growth of the osteomas. The osteoma formation seems to be very slow, since 

there is a lack of secretory type of osteoblasts. Chondrocytes were never found 

associated with the osteomas, which suggests intramembranous bone formation. 

6.1.2 The role of acne and estrogen 

The role of acne in osteoma formation has been widely discussed in the literature 

since osteomas occur in the same skin area as acne lesions (Hopkins 1928, 

Goldminz & Greenberg 1991, Moritz & Elewski 1991). It has been suggested that 

the osteomas could be secondary to dystrophic changes in acne scars (Bergonse et 
al. 2002). In 55% of the reviewed cases there was a history of acne. Three of our 

own cases had had moderate to severe acne while the other two had had only very 

mild acne. However, there was no correlation between the severity and location of 

acne and the osteoma formation. The prevalence of acne is about 50% in the 

population of teenagers and young adults. Thus, acne might not have an essential 

role in osteoma formation. It is still possible that inflammation in skin due to acne 

or other reason may influence the tissue environment to be favorable for 

osteogenic differentiation of mesenchymal cells that otherwise form normal skin 

structures. 

In addition to acne, another possible etiological factor discussed in the 

literature is the role of hormones, especially estrogens, in osteoma formation 

(Goldminz & Greenberg 1991, Boehncke et al. 1993, Senti et al. 2001). This is 

quite logical since most of the described cases are middle-aged women and some 

of them (13%) also used hormonal replacement therapy. In one case the osteoma 

formation was even described to be associated with oral estrogen (Stockel et al. 
2002). Estrogens are interesting also because they have been shown to stimulate 

osteogenesis and inhibit adipogenesis (Zhou et al. 2001, Dang et al. 2002). They 
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could be one factor changing the mesenchymal cells from an adipocyte lineage to 

an osteogenic lineage. However, we did not find estrogen receptor-α 

immunostaining in the skin samples of our patients. Among the patients there are 

also men and postmenopausal women. Thus, the role of estrogen may not be 

crucial in osteoma formation. 

6.1.3 The role of GNAS gene and BMP-signaling 

On the strength of our literature review and our five new cases osteomas in 

MMOC seem to occur in the area where fetal osteogenesis is intramembranous, 

namely in the facial and clavicular area. Intramembranous heterotopic ossification 

is also found in POH, AHO and PLOC, which are all GNAS gene mutation based 

diseases. Adegbite et al. have described a GNAS mutation in patients with 

superficial osteomas without AHO features, although the clinical features of these 

cases were not described (Adegbite et al. 2008). Reduction of Gαs, the protein 

encoded by the GNAS gene, has been shown to induce osteogenic differentiation 

in human mesenchymal stem cells (Lietman et al. 2005). On the basis of these 

facts we were interested to study the role of GNAS in MMOC. In our cases, we 

could not find any mutation in the GNAS gene when it was sequenced from 

peripheral blood of four patients. It could be hypothesized that MMOC is caused 

by somatic mutations in GNAS, possibly a mutation in specific cells such as 

neural crest-derived cells of the face and neck. In that area the bone formation is 

intramembranous compared to endochondral ossification in other parts of the 

body. However, searching for a GNAS mutation in the skin of one of our patients 

also gave a negative result, which does not support the somatic mutation theory. 

Furthermore, our patients had no evidence of PTH resistance or other classical 

clinical features associated with AHO. 

All other diseases with heterotopic ossification are somehow connected to 

bone morphogenetic protein (BMP) signaling. Endochondral ossification in FOP 

is related to an altered BMP-4 –signaling pathway, caused by a mutation in the 

ACVR1-gene encoding ALK2, a bone morphogenetic protein type I receptor 

(Pignolo et al. 2011). In GNAS gene based diseases it has been suggested that 

inhibition of cAMP signaling induced by reduced Gαs levels enhances osteoblast 

differentiation at least partly via the BMP pathway (Zhang et al. 2012). In 

addition, BMP-4 expression is found in MSCs surrounding heterotopic bone in 

osteoma cutis (Kim et al. 2008). BMPs are expressed also in skin and periodic 

expression of BMP-2 and BMP-4 are found to regulate hair degeneration (Plikus 
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et al. 2008). These facts raise the possibility of a role for BMPs also in MMOC. 

Our immunostainings revealed the presence of BMP-2 and BMP-4 in epidermal 

keratinocytes, dermal fibroblasts, endothelial cells and skin adnexa. However, the 

lack of considerable differences between patient and control samples suggests that 

BMPs may not have a remarkable role in existent osteomas. It is still possible, 

that BMPs take part in the initial occasion, which directs the progenitor cells to an 

osteogenic lineage. 

 The main limitation of the study with MMOC patients is the small number of 

patients studied, which is due to the rarity of this disease. More patients with the 

same tests performed would confirm our findings. We continued to collect 

patients after the first publication (I), but only one additional patient satisfied the 

criteria of MMOC. Furthermore, sequencing the GNAS gene from the skin of all 

patients would confirm the rejection of the somatic mutation theory. However, the 

first publication (I) of this thesis is the most extensive study of the disease thus far 

and gives important new information about the rare, but cosmetically disturbing 

skin disease. 

6.1.4 The possible role of extracellular matrix degeneration in 

osteoma formation 

In MMOC osteomas occur in the sun exposed area on the face and upper chest. 

The cumulative UV radiation throughout life damages skin in this area. UV 

radiation induced DNA damage upregulates matrix metalloproteinases, which 

degrade collagen, the most abundant protein in skin dermis, to fragmented 

particles (For review, see Kohl et al. 2011). These collagen particles affect 

fibroblasts reducing their mechanical tension, which could make them more 

responsive to the influence of other factors such as differentiative signals. 

Furthermore, the UV radiation and inflammation induced influx of neutrophilic 

granulocytes upregulate elastase, which destroys elastic fibers. Destruction of 

elastic fibers and connected fibrillin microfibrils could release microfibril-bound 

TGF-β and BMPs (For review, see Ramirez & Sakai 2010), which could induce 

the less controlled fibroblasts to differentiate further into another mesenchymal 

lineage such as an osteogenic lineage. In this thesis I have concentrated on the 

cells and several signaling factors as possible triggers of osteoma formation. In 

the future it would be interesting to study the effects of different ECM 

components on osteoma formation, for example in three dimensional cell cultures. 
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6.2 Mouse and human dermal fibroblasts have different 
requirements for osteogenic differentiation 

The pathogenesis of heterotopic bone requires progenitor cells capable of 

osteogenic differentiation, an inductive signal and the appropriate tissue 

environment (For review, see Shore & Kaplan 2010). The origin of the bone 

forming cells in MMOC is not known. MSC-like stromal cells have been isolated 

from the dermis in several studies and it has been shown that they are able to 

undergo osteogenic differentiation (Toma et al. 2005, Lysy et al. 2007, Lorenz et 
al. 2008, Hee & Nicoll 2011, Al-Nbaheen et al. 2013). The stromal cells in dermis 

with fibroblast morphology and potentiality for osteogenic differentiation are in 

this study as in many other studies called fibroblasts (Toma et al. 2005, Lysy et al. 
2007, Lorenz et al. 2008) while some studies refer to these cells using the broader 

term stromal cell or even mesenchymal stem cell (Al-Nbaheen et al. 2013). In 

addition, cells isolated from hair follicle dermal papillae (DP) exhibit the potential 

for differentiation toward an osteogenic lineage (Jahoda et al. 2003). 

Osteogenic differentiation of progenitor cells requires an inductive signal 

(For review, see Shore & Kaplan 2010), such as BMPs, which also have the 

ability to induce cartilage and bone formation in ectopic sites (Wozney et al. 
1988). BMP-4 and BMP-2/7 were selected from the various types of BMPs since 

BMP-4 and BMP-2 are present in skin (Plikus et al. 2008) and BMP-4 and BMP-

7 are more strongly related to intramembranous than to endochondral ossification 

(Aono et al. 1995, Suttapreyasri et al. 2006). 

6.2.1 BMPs enhance osteogenic differentiation of mouse skin 
derived fibroblast and dermal papilla cells 

In our studies both mouse skin fibroblasts and DP cells were able to undergo 

osteogenic differentiation. In fibroblasts, the dexamethasone containing 

osteogenic medium alone is sufficient to induce osteogenic differentiation which 

is shown by elevated ALP activity and calcium production. In contrast, osteogenic 

medium alone could not induce osteogenic differentiation in DP cells. Previously 

Jahoda et al. have shown that part of their clonal DP cell lines could differentiate 

into cells capable of matrix mineralization (Jahoda et al. 2003). This difference in 

results could be explained in at least two ways. In hair follicle dermal papillae 

there might be a mixture of committed progenitor cells from different lineages or 
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there could be a few cells with broader capabilities, which different mixtures of 

signaling factors direct to different lineages. 

BMPs had a significant effect on the osteogenic differentiation of both dermal 

fibroblasts and DP cells. In fibroblasts there were no significant differences in the 

osteogenic potential of the BMP-4 homodimer and BMP-2/7 heterodimer. This is 

interesting since on several mesenchymal cell lines combined transduction with 

adenoviruses containing BMP-7 and BMP-2 or BMP-4 has been shown to have 

more potent osteogenic induction capacity than transduction with individual 

adenoviruses containing BMP-2, -4 or -7 alone (Zhao et al. 2005). In addition, it 

has been shown that the BMP-2/7 heterodimer has a lower threshold 

concentration but similar maximum effect in inducing osteoblastogenesis of the 

preosteoblast cell line (MC3T3-E1) compared with BMP-2 and BMP-7 

homodimers (Zheng et al. 2010). 

In contrast to fibroblasts, DP cells were able to differentiate into mineralizing 

cells only after induction with BMP-4 or BMP-2/7. It has been shown that BMP-

signaling is important for DP cells to maintain their key characteristic features in 

vitro (Rendl et al. 2008). The BMP-2/7 heterodimer was significantly more potent 

than the BMP-4 homodimer for inducing calcium production in DP cells while 

these BMPs were equally potent in fibroblasts. The reason might be that the type 

of BMP is significant in the hair follicle area where BMP-signaling is especially 

important and therefore probably very well regulated. This might also explain 

why the osteogenic medium alone could not induce osteogenic differentiation in 

DP cells. BMP signaling may not be so carefully regulated around dermal 

fibroblasts, which react also to pure osteogenic medium. Therefore the type of 

BMPs may not be as important in their differentiation as it seems to be in DP 

cells. 

6.2.2 BMPs reduce osteogenic differentiation of human dermal 
fibroblasts 

In our study with human cells ALP activity was elevated in fibroblasts treated for 

3 weeks with osteogenic medium or with control medium. Different treatments 

did not cause any clear changes in ALP activity. Instead after 4 weeks 

differentiation there were significant differences in calcium production in 

response to different treatments. We consider calcium deposition to be a more 

specific marker for osteogenic differentiation because ALP activity can be 

influenced by other conditions as well (Moss 1982). The highest calcium 
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production was induced by osteogenic medium alone. Surprisingly, BMP-4 and 

BMP-2/7 added to the osteogenic medium reduced calcium production in all four 

separate experiments with fibroblasts isolated from two individuals. This is 

unexpected since in our mouse studies the BMPs had the opposite effect, i.e. they 

induced higher calcium production in dermal fibroblast differentiation. A 

difference in BMP response between rodent and human cells has been reported 

previously (Osyczka et al. 2004). It has been shown that in human MCSs, but not 

in rat, BMP-2 induces overexpression of Msx-2, a transcription factor that has 

been reported to inhibit osteogenic differentiation (Dodig et al. 1999). In vivo, the 

situation is much more complex with multiple other growth factors and 

interactions, which might explain why recombinant BMP-2 can be used as an 

osteoinductive agent (Lissenberg-Thunnissen et al. 2011).  

In addition, our data indicate that the BMP-2/7 heterodimer could be an even 

more potent inhibitor of osteogenic differentiation compared to the BMP-4 

homodimer in human fibroblasts. In fibroblasts isolated from the lower abdomen, 

BMP-2/7 induced almost complete inhibition of calcium production. BMP 

heterodimers are reported to have greater biological activity than their constituent 

homodimers (Zheng et al. 2010). In our studies with mouse DP cells, the BMP-

2/7 heterodimer was also more potent than the BMP-4 homodimer, in that case 

inducing calcium production. When BMPs are used clinically for induction of 

bone healing, only one recombinant BMP is usually used (For review, see 

Lissenberg-Thunnissen et al. 2011). Our data indicate that this could be enhanced 

by the use of the BMP-2/7 or even BMP-4 in combination, as shown already 

earlier for a different combination of BMPs (Wutzl et al. 2010). 

In the analysis of cell surface antigens on human fibroblasts, it was found that 

those cells that differentiated into cells capable of matrix mineralization fulfilled 

the human MSC minimal criteria panel of surface antigens (Dominici et al. 2006). 

Previously, it has been reported that MSC-type cells from different origins, also 

from skin, although expressing similar surface antigens, have variable 

differentiation capacity (Al-Nbaheen et al. 2013). In our study, one interesting 

observation was that fibroblasts that differentiated into cells capable of matrix 

mineralization were more than 95% positive for CD105, whereas cell populations 

that did not differentiate contained fewer CD105-positive cells. This kind of 

correlation between a surface antigen and differentiation capacity could be useful 

in the selection of MSCs for tissue repair in clinical use. It has been already used 

for the bone marrow derived MSCs (Aslan et al. 2006). 



 70

Although our differentiation studies with mouse and human dermal 

fibroblasts and the effect of BMPs on them gave clear results, the research frame 

has some limits. Osteogenic differentiation is rather difficult to determine, 

because there is no specific marker for it. Many suggestive markers are used, and 

for this study the frequently used parameters, specific ALP activity and ability to 

deposit calcium, were chosen due to their relatively easy quantitation. Bone 

formation would have been even more reliably proven if we had been able to 

extend the analysis to include other bone specific proteins such as osteocalcin, 

osteopontin and bone sialoprotein. The use of more careful and extensive protein 

and RNA-level studies of bone specific markers would confirm the results 

obtained in this study. As inductive signals we used the BMP-4 homodimer and 

BMP-2/7 heterodimer due to their presence in skin and suggested connection to 

intramembranous ossification (Aono et al. 1995, Suttapreyasri et al. 2006, Plikus 
et al. 2008). However, elucidating the proper role of BMPs in osteogenic 

differentiation would have required the use of various BMPs and different 

concentrations as well as more extensive study of the whole BMP pathway 

including BMP inhibitors. The extension of osteogenic differentiation studies to 5 

weeks also with mouse DP cells, as was the case with fibroblasts, would have 

confirmed whether the different cell types in mouse dermis really have different 

requirements for BMPs in osteogenic differentiation. 

However, the finding that BMPs accelerate osteogenic differentiation of 

mouse dermal cells but delay the differentiation of human dermal cells is 

extremely interesting since BMPs are used clinically for induction of bone 

healing. It many studies mice are used as models for human diseases and different 

factors are tested in mouse cells or cell lines. The results of this study show 

clearly that mouse cells behave differently from human cells. The results obtained 

from one species, even a closely related species, should not be generalized to 

another species. In the future is would be interesting and important to study 

further the effects of BMPs in human cells and fracture healing and examine even 

more thoroughly the effects of BMPs in different species. 

6.3 MMOC patients’ affected skin area is different compared to 
unaffected skin of these patients or to control skin 

In MMOC patients osteomas occur in certain skin areas, namely in the face and 

upper chest, but not in other areas. Therefore we studied whether patients’ 

osteoma areas on the upper chest and unaffected skin areas in the lower abdomen 
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differ from corresponding areas in controls. In addition, we compared the upper 

chest area and lower abdomen area within MMOC patients and also within 

controls. 

6.3.1 Comparing patients to controls 

MMOC patient skin and control skin were compared by both osteogenic 

differentiation studies and gene expression studies. In the differentiation studies 

calcium production was used for comparison while different treatments did not 

cause any clear changes in ALP activity, as discussed above. The main difference 

between patient and control cells was the rate of calcium production by cells 

cultured from unaffected skin in the lower abdomen where patient cells produced 

significantly higher levels of calcium compared to control cells. This difference in 

calcium deposition also in cell cultures from the unaffected area is interesting and 

suggests that MMOC is a systemic as well as a local skin disease. However, as 

already shown, there were no signs of hormonal disturbances. This indicates that 

the reason for the difference could be other than a systemic metabolic 

precondition. 

Another difference between patient and control cells was the effect of 

different BMPs on osteogenic differentiation. As discussed above, the BMP-2/7 

heterodimer was more potent in reducing calcium production compared to the 

BMP-4 homodimer. Interestingly, this difference between BMPs was more 

prominent in patient compared to control cells. This suggests that complex 

interactions of BMPs might possibly play a role in the disease mechanism also in 

MMOC, as is the case in FOP and most likely also in GNAS gene based disease. 

This could be an interesting topic for further studies. 

Patients’ osteoma affected areas and unaffected skin areas were compared to 

the corresponding skin areas of controls also by gene expression studies. When 

three patients were compared to two age and sex matched controls, it was 

surprising to note that gene expression differences between patients and controls 

were quite similar in both chest and abdominal skin areas. This finding 

corresponded to the cell culture studies and suggests that a systemic factor, such 

as a genetic, hormonal or environmental effector, is behind the MMOC disease 

process. From the bone development related genes one interesting gene with 

altered expression was BMP-receptor II, which was downregulated in both skin 

areas in patients’ compared to controls. BMP receptor type II binds to BMP 

ligands and after that interacts with receptor type I, which then causes signaling 
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cascades that result in the final activation of BMP response genes (For review, see 

Massague & Wotton 2000). This observation may be significant if further studies 

confirm that BMPs reduce osteogenic differentiation of human dermal fibroblasts, 

as suggested by our cell culture studies. Then downregulation of the BMP 

receptor in patients would enhance osteogenic differentiation by diminishing the 

inhibitory effects of the BMPs. 

Among genes suspected to have a role in heterotopic ossification is the GNAS 

complex locus, which was downregulated in both osteoma and unaffected areas in 

patients compared to corresponding areas in controls. GNAS gene inactivation 

causes heterotopic intramembranous ossification in POH, Albright hereditary 

osteodystrophy and plate-like osteoma cutis (For review, see Shore & Kaplan 

2010). Decreased GNAS gene expression in soft tissue stromal cells has been 

reported to correlate with accelerated osteoblast differentiation (Pignolo et al. 
2011). We have not found GNAS gene mutations in MMOC patients, but there 

seems to be other changes in patient skin, which lead to decreased GNAS gene 

expression.  Among the upregulated genes in patients compared to controls is b-

catenin, which is related to the canonical Wnt signaling pathway and required for 

the differentiation of mesenchymal precursors into osteoblasts. It has been shown 

that proteins associated with Wnt signaling regulate both osteoblast and osteoclast 

differentiation and function (Glass et al. 2005). 

6.3.2 Comparing different skin areas 

Different skin areas were compared by both osteogenic differentiation studies and 

gene expression studies. When the osteogenic differentiation of dermal fibroblasts 

isolated from the upper chest was compared to those from the lower abdomen, 

calcium production was significantly higher in the osteoma area both in patients 

and controls. This suggests that dermal fibroblasts have various differentiation 

potentials in different skin areas. It has been previously reported that fibroblasts 

from different locations might have different features and that dermal skin cells in 

facial and clavicular areas derive from neural crest and in other parts of the body 

from mesoderm (Chang et al. 2002, Dupin & Sommer 2012). In addition, the 

facial and clavicular areas differ from other parts of the body in that bone forms 

intramembranously in these areas and the bone forming cells are derived from 

neural crest (For review, see Franz-Odendaal 2011). This could be one of the 

reasons to explain why MMOC patients develop osteomas only in the skin on the 

face and upper chest. 
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In gene expression studies performed with patients’ skin, one interesting 

gene, which was upregulated in the osteoma area compared to the unaffected area, 

was the secreted frizzled related protein 2, which interacts with the Wnt signaling 

pathway. It inhibits both Wnt and BMP signaling, which has been reported to 

reduce heterotopic osteogenic differentiation in mouse (Alfaro et al. 2010). In 

human the effect on osteogenic differentiation via BMP inhibition could be the 

opposite as discussed above. Other interesting genes downregulated in the 

osteoma area compared to unaffected areas of patients are homeobox (Hox) 

genes. They encode transcription factors, which regulate a variety of effects 

including cell proliferation and differentiation. Our results were in concordance 

with previous studies, which showed that adult fibroblasts from various 

topographic sites express a unique pattern of homeobox genes, which may direct 

topographic differentiation (Chang et al. 2002). 

In all subjects, one gene that was upregulated in osteoma areas was 

coagulation factor VII, which is one of the central proteins in the coagulation 

cascade. The connection between coagulation factors and heterotopic ossification 

is vitamin K dependent γ-carboxylation, which is needed in posttranslational 

modification of coagulation factors and also in the assembly of osteocalcin, an 

important protein of bone matrix. The vitamin K antagonist warfarin has been 

used to treat calcinosis related to rheumatoid diseases (Berger et al. 1987, Yoshida 

& Torikai 1993). It has been reported that warfarin has reduced the size and even 

led to partial disappearance of heterotopic ossification nodules in a patient with 

systemic lupus erythematosus (SLE) (Valleala et al. 2007). 

The results of this study confirm the previous findings that the gene 

expression profile is different in skin from different parts of the body (Chang et 
al. 2002). There were differences in the expression of many genes participating in 

inflammation and lipid metabolism. In further studies it would be interesting to 

study the same skin areas after the small inflammation caused by normal skin 

biopsy. Cell culture studies would be interesting to perform also with adipocytes 

in addition to the fibroblasts studied in this thesis. Osteomas often occur in the 

lower part of the dermis and subcutis, where adipocytes are also present. 

The limitation of this study is again the scarcity of patients studied. In 

osteogenic differentiation studies we were able to study only two patients and two 

controls. Unfortunately, fibroblasts from only one patient and one control were 

able to differentiate in our experiments. Thus the results, where we compared 

osteogenic differentiation of patient and control cells are not highly generalizable. 

In the future it would be interesting to study further the reasons why skin 
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fibroblasts isolated from some persons differentiate and cells from other persons 

do not. In other words, why some people have more stem cell type cells in their 

dermis than others. The differentiation in BMP responses between mouse and 

human cells is, however, more reliable, since we compared cells from three mice 

to cells from two human beings and from two different skin areas in both humans. 

Gene expression studies are even more reliable since three patients and two 

controls were used and the changes in expression values were taken into account 

only when there was a parallel change in all patients or in all controls. 

The strength of the studies with human cells was the use of adult dermal 

fibroblasts from the same skin area where osteomas occur instead of neonatal 

foreskin cells used in several other studies (Toma et al. 2005, Lorenz et al. 2008). 

It has been shown that fibroblasts differ between different areas of the body and 

that dermal skin cells in facial and clavicular areas and trunk areas have different 

origins (Chang et al. 2002, Dupin & Sommer 2012). In this study also the 

osteogenic potential of fibroblasts isolated from different skin areas was found to 

be different. These results clearly show that when studying skin disease it is very 

important to use skin or skin cells from the same skin area where the disease 

occurs. 
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7 Conclusions 

This study concerns heterotopic ossification (HO) in skin and especially in 

multiple miliary osteoma cutis (MMOC). The results from an extensive review of 

the literature and five new cases reveal MMOC as a distinct disease entity, where 

heterotopic bone formation seems to be intramembranous. Our study found no 

correlation between MMOC and acne scars, hormonal disturbances or GNAS gene 

mutations. 

It was confirmed, as suggested previously, that primary mouse and human 

dermal fibroblasts and mouse dermal papilla (DP) cells are able to differentiate 

into osteoblast-like matrix mineralizing cells. In humans, fibroblasts isolated from 

the upper chest area, where osteomas occur, produced more calcium compared to 

an unaffected area in the lower abdomen. This suggests that the upper chest area 

is more susceptible to HO. 

Bone morphogenetic proteins (BMPs) were studied as potent inducers of 

osteogenic differentiation. The BMP-4 homodimer and BMP-2/7 heterodimer had 

significant effects on the osteogenic differentiation of mouse and human dermal 

fibroblasts and mouse DP cells. Interestingly, the effects of BMPs on dermal 

fibroblasts were opposite in mouse and human cells. BMPs enhanced osteogenic 

differentiation of mouse cells but reduced it in human cells. For the mouse DP 

cells BMP exposure was found to be essential for osteogenic differentiation. In 

mouse DP cells and human fibroblasts the BMP2/7 heterodimer was more potent 

than the BMP-4 homodimer. The results demonstrate that in skin there are 

progenitor cells capable of osteogenic differentiation, which could explain the 

pathogenesis of MMOC and other HOs. These cells and signaling factors, such as 

BMPs, can induce bone formation in the appropriate tissue environment. 

The results of this study indicate that MMOC patients’ skin differs from 

controls both in osteoma and unaffected skin areas, which suggests MMOC is not 

only a local but also a systemic skin disease. These results confirm the previous 

findings that gene expression in skin and the tissue itself are different in different 

parts of the body, which could explain why osteomas develop in certain skin 

areas. Knowing the difference between different skin areas could be beneficial 

also in studying other skin diseases that affect only certain parts of the body. 

This study provides new information about MMOC and HO in skin in general. 

The results could be useful when developing treatments for MMOC. Moreover, 

the results of this study give new information about BMPs and their different 

behavior in mouse and human, which could stimulate discussion about the 
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generalization of mouse studies to humans. The findings could be used also in 

studies concerning the clinical use of BMPs. 
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